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the red areas is the overhanging structure areas
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Fig. 2 SLM printing at seven different overhang angles™"

SV IR, Z 05 LA R S 26 2558 1 3 M
il 38 2 A ARG A F SR T R R R T
SRS ANMIE AL B S5 B SR BT IE S I AR
TR WA AR ML B S50 B SRR R L
R B TR 1) &5 0 A S BB 5E i e, IR ) 25
7RG R A A S RO A R B
VB T $E TR H SRR DL R 46 T 45 40 1k e 1 i D 2
FF XA R 19 1 H 5 5 DL K R R W WF Y S AT T
R,
29 bE s 5 R R 0 A

Jirt 2

TEIG M i 3 ok A b A BSOS ATED
JZ R RE T8 435 A2 E 1T — 2 AN BB 1) S5 A8 B ol A
SCHER AL 3T 7R o AN JUART £ 2R U, 465 4 2 1 119 Ak
TE A R T — AR 1 Il S A 2 A B2 (— L 407~
50° kil A,

N7 LA R B Sl e B R g A
AM JE % 25 5 g8 A 2 R (G B A AR K
kxR BEEARMILE T LI HEAT,
Langelaar 5 C £ 918 S0 8L TR MR [ S 4T B0, JF
H AT BT BUAS 19 BR X DAS B B 52 77 A T R R
PR S A 5 DA A AT] A 9F 5 TR Sy 481 A7 LA 1 it 2R
fift o Langelaar S ¥ 11 T 3% T 32 1 X 30 ) d5c K% B 1Y
H S ERCE R B AR . A E (4 ) Ab Ry 2B Ao
R Z i = 129 oo 2% P48 58 70 19 3045 (3R
(i=1)Z WA TR ATATED) s X TR 2, &
SCOCRWFTENE B & A REm T H XK S, A7

B3 ASCHE R, BERKEERRITHE, 86K ERT
EIE )2 o 2R 68 DXl mT LS BT B A, DU A O 32 45 A

& H SN
Fig. 3 Schematic diagram of self-supporting. The orange area
represents the print layer, and the green areas represent
the finish print layers. When the orange area can be

printed, the structure is considered to be self-supporting
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Table 1 Advantages and disadvantages of structural self-supporting design methods based on continuum structure topology optimization

Method

Advantages

Limitations

Based on SIMP
method

Based on the level
set method

Based on
bi-directional

(1) The optimization algorithm converges well and the
sensitivity is simple and easy to calculate

(2) Discrete design sensitivity calculations based on finite
elements can be performed directly

(3) Suitable for combining more complex nonlinear structural
topologies, such as geometric and material nonlinear problems

(1) Simple principles and clear boundaries
(2) No numerical instability
(3) No intermediate density

(1) Practical principles, simple algorithms

(1) Numerical instability
(2) Existence of intermediate densities
(3) Prone to local minima

(1) Geometry is limited by existing boundaries
(2) Weak convergence
(3) Presence of initial dependencies

(1) The more iterations there are, the less
efficient the computation becomes

(2) Instability of existing values

(3) The optimization scheme depends on the

evolutionary (2) Grid-independent
structural (3) Easy to generate good solutions
optimization

(1) Co-design and topology optimization of features

Based on feature-

driven approach ~ boundaries

(2) Few design variables, computationally efficient, clear

type and size of the mesh

(1) Stronger dependence on the number of
features and layout
(2) Presence of unsmooth boundaries

(3) Easy and seamless integration with mainstream CAD
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Fig.7 Two-dimensional test results of MBB and cantilever beams. (a) MBB beams obtained by Langelaar™”; (b) MBB beams obtained

by Garaigordobil ez al. ""; (¢) - (f) optimal topology structures with different critical angles of 45°, 60°, 80°, and 90° obtained by

Garaigordobil ez al. ™"
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Fig. 8 Smooth topology structure and density of grid points within elements™’ ( Divide the element points into N grid points. When

0..= 1, grid points are solid points; when o, , = p,,,,, the grid point is a void point)
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Fig. 9 Cubic univariate B-spline basis functions with uniform and open knot vectors'”
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Fig. 10 Optimal structural configuration of the cantilever beam
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Fig. 11 Graph of convergence history and calculation time of the cantilever beam re-optimization step'"’
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Table 2 Advantages and disadvantages of self-supporting design based on SIMP

Printing

Ref. Author platform Advantages Limitations
(1) Overcomes non-printability and related
Selective inefficiencies .
[30-31] Matthijs laser (2) Process simulations can be performed to Eé; Fler;t]?;f??z ger:ilfi(:clll}clritical overhan
o Langelaar melting  strictly consider overhang constraints and ensure an lel P g
(SLLM)  self-support at each layer g
(3) Extended to 3D design
Fused
. Martin Leary, deposition . . . . . o
[34] ot al modeling (1) Collapse of large overhanging areas is avoided (1) Not fully self-supporting printing
(FDM)

(1) Precise detection of contours
Alain (2) Any critical overhang angle can be specified
[37]  Garaigordobil, (3) The proposed constraints are easy to add to a
et al. topology optimization program and easy to
incorporate with any generic optimizer

(1) Not extended to 3D design

(1) The self-supporting index is continuous and

Yu Hsin Kuo, can be directly differentiated for sensitivity analysis (1) Imposed length constraints are not

[58] et al. FDM (2) Easily adapted to different overhang angles or  considered
self-supporting design domains
(1) The jagged and fuzzy boundary problems (1) AM-oriented topology optimization

[40-41] Yun-Fei Fu, FDM/  caused by the traditional SIMP method can be requires more material to form a complete
et al. SLM solved self-supporting structure when the structure

(2) Lower compliance can be obtained volume fraction is relatively small
(1) The number of design variables is
substantially reduced, allowing easy and accurate (1) Not extended to 3D design

[42] Wang Che, calculation of density gradients (2) The optimization results are highly

- et al. (2) Overhang constraints are independent of the dependent on the print direction and critical
finite element mesh and are suitable for design overhang angle
domains with irregular boundary shapes
1C i he le, hang length, . . -
.. (1) ¢ melaed overhang angie, overhang fengt (1) Computational efficiency needs to be
Wu Zijun, and print orientation .
[44] . . improved
et al. (2) Integration of structural design and . . .
. (2) Stress constraints are not considered
manufacturing
- Ye Jun, .
[45] ot al (1) Low loss of structural performance (1) Not extended to 3D design
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Fig. 12 Structural skeleton deposition path under level set and overhang constraint modeling based on multi-layer level set'"”
(a)-(b) Two examples of a horizontal set-based deposition path; (¢) modeling of overhang constraint base on multi-layer level

set, where d represents the maximum overhang length constraint and the critical overhang angle is set to 45°

Building direction

Building platform

BI13 1 T ke
Fig. 13 Downward cusp'™
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Fig. 14 Skeleton segmentation”. (a) Structural topology; (b) identified skeleton; (c) identified intersection and end points;

(d) segmented structural skeletons; (e) segmented structural areas
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Fig. 15 Threshold self-supporting conditions™. (a) Threshold self-supporting condition when the building direction aligns with the
y-axis; (b) threshold self-supporting condition when the building direction deviates from the y-axis
3 WRHETEN STE I TR AL RS54 B S BT IS Y R R B 4 O vk A0 3

Table 3 Achievements of some researchers on structural self-supporting design based on level set and the advantages of the proposed

methods
Ref.  Author Printing platform Achievement or advantages
(1) Proposing a structural skeleton based on deposition path planning to solve the material
[47] Liu Jikai, FDM anisotropy problem
et al. (2) Proposing a multi-story horizontal set frame incorporating overhang length to solve the
structural self-support problem
(1) The overhang constraint is expressed as a domain integral of the gradient of the level set
Wang . . .
(48] Yaguang function, which helps to detect violations of the overhang angle
ot al ’ (2) Can handle any initial design and overhang angle
o (3) Optimized design meets overhang constraints without much loss of stiffness
Liu Jikai, (1) Proposing new threshold conditions that synthesize overhang dimensions and inclination angles
[49] FDM . . ; .. . .
et al. (2) The proposed method is applicable to a wide range of additive manufacturing equipment
3.1.3 kT e it 4 AL 25 M B L AE BT AT R 2019 4F , Han 45" 6 TR A& W B IBUM M 3 HR R

i3

M BESO L ZEAT #AMIEAL , 255 75 I8 3 4 il 3 19 11 52

X ] 7 34E 45 44 £ A6 12: (BES O ) A5 2 — il B 34% fRf
it HARAC R i B S5 LA T 3 FE S5 4 R
b A AN B2 . MEAL %O IE IR Fag b S A R
T3 AT PP 3 4 BE 6 1 BT 3t 4 8 SR R AL i B A
LT LIAR 2 5y 3t R 5o R4 o) 28 38 S 000 0, PR T A
AT I R AT A SR T

5 200 SRR A T3 Y B ) 2 R, ST RO RS T
(1 SCPEES T . 2020 4F  Bi AR I T — R T
BESO &) =4k 454 [ Sc et I ik o %07 ikl i e
FABE Ty HrHE R v 51 A LA B3 29 30, 18 B Uk AU
PRI 9 T R e A B (AR (2] 16 9T/ ), [R] B 5l 2o 51 A4
LR A 1R o /) R IR 0 A TS ], SE B T AT AT

(@) Target element ©)

-
-
-

Supported region

.
.

 Supporting region

Target element

P16 BRI (a) S K Y 54 B (T R AT AR H AR T 5 (b) H b5 7T 3 AT DA S S S04 K i 5 A s T R
Fig. 16 Overhang recognition”™. (a) Five yellow elements in the supporting region can support the target element; (b) the target

element can support five green elements in the supported region
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Fig. 17 Optimization results of the self-supporting cantilever
beams. (a) Self-supporting cantilever beam proposed
by Bi et al. ™ (b) self-supporting cantilever beam
proposed by Langelaar™"
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(a Moving morphable components
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T B R R TR A BEM, X2
& 9E A7 & s R E B AL T BR T R 2 A RS 51 R 1
ANATFTEN G VIR X B, SE 8 T H S st (B, %07
25 T S BB 45 A8 S R DRI 45 R v R AR Y
I LI B2 3 A 00 R /INFITET B 5 1] 9 16 33 60 00 Ak 465 1

GRMAR K. 2021 4F , Zhou 28 %k iZ 7 vk gk AT TG
b, SR FH 520 22 30 8 0 22 T PR SRR AE 1 Ry — 4k = i 2%
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() Moving morphable voids
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Fig. 18 Basic idea of the MMC-based and MMV-based topology optimization approaches™. (a) Topology optimization evolution

process based on MMC; (b) topology optimization evolution process based on MMV
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Fig. 19 Definition of polygons with odd and even sides”™. (a) An 11-side polygon; (b) a 12-side polygon
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Robust formulation ensures the
minimum length scale

j Feature position control realizes

BodilpulsgrmXearton the elimination of V-shapes

Design variables:
o Length design variables
e Ratio design variables
¢ Center coordinates

‘** - ;E W

The dilated result The intermediate result The eroded result
(final output)

Feature distribution

20 FET IO 2 VIR R AR 0 B B SRR O i e

Fig. 20 Illustration of proposed approach for self-supporting design of cantilever beam proposed based on solid polygon features"™

Fd RRAER N LA TT Ik B A0k AT

Table 4 Advantages and disadvantages of feature-driven optimization methods

Ref.  Author Advantages Disadvantages
(1) Some of the inherent difficulties associated with stress-constrained topology (1) A smooth transition of
optimization (e. g. , locally stress-constrained singularities, accuracy of stress the boundary contour
(53] Guo Xu, calculations) can be directly eliminated around the intersecting
et al. (2) A direct link can be established between the optimization results and the CAE system  portion of the component is
(3) Improve accuracy of stress calculations along structural boundaries not achieved to mitigate
(4) Greatly reduces the computational effort of finite element analysis stress concentrations
Zhang . .
- . (1) Eliminate V- area not printable problem (1) Reduces the performance
[54] Weihong, .
ot al (2) Easily scalable to 3D cases of the structure
Zhou Lu. (1) Precise overhang angle control is available (1) Reduced structural

[55]

(2) Small overhang angles can be printed

L at. . . .
elal (3) Fine topology with more features can be designed

stiffness
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Fig. 21 Three-dimensional cantilever beam with virtual skeleton™’

Layout optimization SIMP (OC) SIMP (MMA) SIMP (MMA:: tightened bounds)
T /Yp """ T
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Case I I I v
Compliance Diff = 0% Diff = 0.655% Diff = 7.14% Diff = 3.56%
Nodal grid 16 x 16 151 x 166 151 x 166 151 x 166
No. variables 40534 (all potential) 50132 50132 50132
Max iterations 6 (LO) + 14 (GO) 200 198 181
CPU cost 1.2s (LO) + 2.4s (GO) 32.9s (FEM) + 187.3s (OC) 26.5s (FEM) + 38.7s (MMA) 24.8s (FEM) + 29.4s (MMA)

LO - layout optimization; GO - geometry optimization; FEM - finite elemet solver; OC - optimality criteria method; MMA - the method of moving asymptotes
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Fig. 22 Hemp cantilever: comparison of solutions obtained through layout optimization and continuous topology optimization™”
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Fig. 23 Test results of the structural layout, geometric optimization and 3D printing of the bidirectional center-stressed vertical truss

considering different self-supporting critical angles™™
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Fig. 24 A direction-driven shape optimization program that significantly reduces the use of support materials”. (a) Initial design;

(b) adjusted new scheme, with the support structure indicated in blue
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Fig. 25 Filling optimization process using a rhombic structure: by performing a so-called carving operation on each leaf node of the

rhombic tree, the rhombic element is converted into a rhombic shell with a given wall thickness""
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Fig. 26

Flow diagram of the self-supporting hollow filling structure algorithm™’. (a) A triangular mesh is first entered, and the self-

supporting infill structure is generated in its offset version; (b) randomly generate a large number of inner pillars and nodes, and

initialize the radius of all pillars; (¢) elimination of all redundant struts and non-self-supporting struts; (d) further optimization of

inner pillars and joints to reduce material usage; (e) the model is generated by three forces: one at the top and the other two on

the sides
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Fig. 27 Microscopic infill structures. (a) Multi-faceted Voronoi

structure™; (b) CrossFill-filled structure similar to
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Fig.28 Unit cells of the layer-based infill structure are
reconstructed by cross-sections, where p, represents the

starting point, the blue polygon is the hexagonal cross-

section, the red and green polygons are two equilateral
triangular cross-sections, and the orange and purple

polygons are two adjacent cross-sections””
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Fig. 29 Printing effect of a kitten model. (a) A porous structure

similar to a skeleton"”; (b) elliptical hollow structure'”
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Fig. 31 Overhang constraints based on AM filter™”
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Fig. 32 TImproved parametrization scheme based on the two fields formulation (green: the objective function; blue: global volume

constraint; red: local volume constraint; brown: overhang constraint)™”
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Table 5 Comparison of the contents and advantages of the self-supporting design of the filling structure

Ref. Author Details Advantages
(1) Boundaries that ensure optimized maximum
[61] Wu Jun, A filling structure based on the generation of self-support on  overhang angles and minimum wall thicknesses
] . . B
et al. rhombic cells is proposed for internal structures
(2) Good mechanical stiffness and static stability
Wang A sparsity optimization method is proposed to eliminate
[62] Weiming, redundant and unsupported struts, and overhang angle (1) More material saving
et al. optimization is proposed to achieve unsupported design
Jonas A microstructure based on Voronoi diagrams is proposed which
[63] Martinez, strictly enforces the three constraint requirements of continuity, (1) Good elastic properties
et al. self-support and overhang angle
Tim A foamy CrossFill structure with a single, continuous, non-

[64] Kuipers,

overlapping layer in each layer is proposed to realize self-

(1) The structure is more supple and suitable for
the application of objects such as shoes

et al. supporting of the filled structure
(1) No additional slicing process is required ,
Xu A novel lightweight infill structure based on a layer structure  reducing time-consumption
[65] Wenpeng, whose layers are continuously and periodically transformed (2) The proposed structure has comparable
et al. between triangles and hexagons is presented structural performance under different loading
conditions
[66] Wu Jun, A method for filling bone-like porous structures based on the (1) Good mechanical properties
00 . . . .
et al. voxel topology optimization method is proposed (2) Good resistance to damage
[67] Mokwon  An elliptic Voronoi filling structure based on greedy algorithm (1) Compared to Ref. [61], the problem of
) . . . B
Lee, et al. is proposed stress concentration is avoided
Xu A layer-based infill structure is proposed to realize the self-
[68] Wenpeng, supporting and connectivity oflhlc infill strgclgrc by adjusting (1) Good spatial connectivity
ot al the parameters to control the continuous periodic changes of the
’ ortho-triangles of different layers
Liu An m.flll Structu%‘e'demgn method that mtrod'uces ove.rhang (1) More design freedom
. constraints and minimum length scale constraints and 1s based o . .
[69] Yichang, . . . .. (2) Exhibits better mechanical properties
on the density method is proposed, and self-supporting of infill . L
et al. . compared to predefined periodic fill patterns
structures has been realized
A self-supporting infill structure design method based on the
Zhou . ! . . .
. density method is proposed, where overhang constraints are (1) Full self-support of the structure in the actual
[70] Mingdong, . . .
ot al introduced to ensure accurate control of overhangs and dual-field print can be ensured
al.

parameters are introduced to control the minimum length scale
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Abstract

Significance Additive manufacturing can be used to construct complex structures and facilitate the design of an overall structure by
adding materials layer-by-layer to form parts. Additive manufacturing technology has been widely used in the automotive,
electronics, aerospace, and medical fields and plays a crucial role.

However, during the additive manufacturing process, parts with overhangs are often encountered and cannot be successfully
printed without considering the overhangs. For traditional 2.5-axis 3D printers, two methods are used to solve the problem of
overhanging structures that cannot be printed. One method involves adding support structures below the area with the overhanging
structures, and the other requires achieving self-support of the structures through structural optimization. Adding support structures
can prevent warping and reduce the structural deformation of a part. However, this method increases the production time and material
costs. In addition, further postprocessing is required to remove unwanted support structures, which is time-consuming and affects the
surface accuracy of the part. Therefore, it is important to achieve self-support of a printed part to reduce the material cost, printing

time, and postprocessing time.

Progress We summarize the research progress in structural self-supporting design for additive manufacturing. First, the principle of
the structural self-supporting design of additive manufacturing is summarized, and the research progress in the self-supporting design
of the overall structure of additive manufacturing parts and the self-supporting design of additive manufacturing infill structures are
reviewed. Based on different structural optimization methods, it is further divided into structural self-supporting design using
continuum structural topology optimization, discrete structural topology optimization, and shape optimization. Next, the advantages
and disadvantages of each method are analyzed. Finally, solutions to improve computing efficiency and structural performance are

discussed, along with future application scenarios and research priorities.

Conclusions and Prospects Additive manufacturing of structural self-supporting designs is critical for saving printing time and
material, but it has not been systematically reviewed. This paper first summarizes the structural self-supporting design principle of
additive manufacturing and reviews the research progress of the self-supporting design of the overall structure of the part, which is
divided into three parts: research progress in structural self-supporting design based on continuum structure topology optimization,
discrete structural topology optimization, and shape optimization. Previous studies were mainly based on continuum structure
topology optimization, and the research progress in structural self-supporting design based on continuum structure topology
optimization is presented in four parts: research progress in structural self-supporting design using the SIMP method and its improved
version, the level set method, the BESO method, and feature-driven optimization. Subsequently, the research progress in the self-
supporting design of additive manufacturing infill structures is reviewed. Finally, self-supporting designs of additive manufacturing
structures are summarized and discussed. The structural self-supporting design of additive manufacturing is still in its infancy, and the
following prospects are proposed to further develop this field.
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(1) Perform 3D case extensions. Despite the rapid development of structural self-supporting design, the proposed method is still
in its infancy and has been mainly applied to 2D cases based on the “rule of thumb” of printable overhang angles. Therefore, the
extension to 3D cases still requires further investigation.

(2) Improve the computational efficiency of sensitivity. Previous studies were mainly based on continuum structure topology
optimization, and topology optimization design has problems, such as large design variables, which often leads to high computational
costs owing to the excessive number of elements in the sensitivity calculation design. Therefore, it is necessary to improve the
sensitivity calculation method and increase calculation efficiency.

(3) Comprehensive consideration of the overhang feature constraints, printing direction, and topological layout. Compared with
considering only the overhang angle constraint, a comprehensive consideration can further reduce the loss of structural performance.
Moreover, the threshold value of the overhang angle often depends on the direction of printing. Therefore, in future research, the
integrated consideration of printing direction and topological layout should be the focus.

(4) Combine self-support with other structural properties. During the melting and solidification of metallic materials printed by
additive manufacturing, residual stresses and deformations are typically induced, resulting in printing failure or a decrease in strength
and dimensional accuracy. Therefore, considering a self-supporting design that considers the residual stress and deformation of the
structure is an important direction for future development. In addition, lightweight design is required in the aerospace field and should
be considered in combination with light weight during the self-supporting design process.

Key words additive manufacturing; structural optimization; topology optimization; infill structure; self-supporting of structures
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