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Abstract: 3D printing technologies have created a bridge between digital 3D models and modern product
development and become more and more popular in industrial practice. Compared to the traditional manu-
facturing technologies, 3D printing has significantly reduced the manufacturing constraints and decreases the
manufacturing skill requirements. Therefore it has effectively promoted the design and manufacture of per-
sonalized products. This paper provides an intensive survey on the works on structural analysis and optimi-
zation in designing 3D models for 3D printing purposes, with a classification of this huge field of research
and discuss about the relation between the single algorithms and a list of desirable objectives in structural
analysis. Specifically, it has overviewed various aspects of structural analysis including material saving,
strength enhancement, stability improvement, and support structure optimization. Finally, this paper offers
an analysis of the state of the art while discussing open and challenging problems from both an academic and
an industrial perspective.

Key words: 3D printing; structure optimization; material saving; strength enhancing; stability improving; support
optimization

: 2016-07-12; :2017-02-07. EE&WME: (61672482, 11626253);“* i
(162102310090), (16A520011). 3 HE(1976—),
CCF , , ; BAEFE0992—), , 3D
X FIRI(1975—), , , , CCF



1156 THENUH Bkt 5 B 2254 %29 %
3 ' 1[1] ,
) , 3D
1 l
a b. c
1
l[1-5]
3D )
, 3
, 4 .
L 4 3
1 ’ 3D SD
3D o , 3D
' [6-7].
* 1 HER
' 3D 3D
) ’ y 3D
( /em®)
) , 3D
CAD ,
3D 3D

http://www.productpilot.com/zh/industrial-equipment-plant-manufacturing/industrial-goods/
http://baike.baidu.com/view/69166.htm



%TH RIS, 4F: Wim 3D FTEN I SR 5T A 1157
L 2 1
51, (truss)
[8-10]
2 (1)
, Schroeder [
; (2)
(stochastic geometry) , '
) 3D
2
(1) :
L 2
2
(mesostructure), '
, , - (2)
, Rosen  [7
(lattice structure) , .
) 312 , [13]
2
5131
a b. Input Model Initialization
5 .
Wang 1

(skin-frame) , ,
4[13]

(frame) , ;

comb-cells)

3D

3D

6 [14]




1158 TP BB 5 BB 2224 %29 %

\Voronoi ,
\oronoi ; , \oronoi

d. e
6
(media axis)
Zhang [
. 3
(1) : : (2)
: E)
70131
Ll [16]
(porous structure)
1 3D
, gliel
sg [ (cellular structures)
3D , ,
Bunny

gl17]

Max Stress

Min Stress

[18]

Von Mises



BTH TRICHG, 2 1R 3D 3T EN A5 A DAL AT 5Tt 1159

: 101!

, Telea [9 3D ,

(L B :
(voxel-based representation)

a. bunny b. bunny

[20]

e. 0.9 £ e . , . 121201

g. bunny h. bunny
10

s

, 3D

: c. JRr e
12

, Stava 2%



1160 TR BB 5 B 22244 %29 %

. y
sllcmg clusterlng
L
1 L

input shape layers of cross clustered cross
21 sections sections
, Zhou [
stress analysis on
y cross sectlons
(WO rst-case) , sampling mu tlple
directions
detected weak optlmlged [_Jrlntlng
) cross sections direction
J 14
' 3D ,
' 3D
1 1
1
' 1
i [23]
' ' . Xie ,
' 3D

1

ﬁ‘ E ::3‘ )

. )

,
. 15[23]

= Soman Fiee
Input Mesh ~ Skeleton Domain Interactive
Construction Decomposition Shape Editing
~ :

13 Worst-case

, Umetani 22 - Scaling

Optimization

Fabrication

3D 15
1 y XU [24] =

3D 1

14172

?1994-2017 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net



BTH TROCHS, 4 TR 3D STENRY S AL o8t it 1161

1 6[24]

S3E451

JRAEHA SINES iR A RO BAUBIE SRR T eI

, 2

, Romain 28

) : 181
3D
, 3D
! i a b.
, Chen
(inverse elastic shape design)
c. T-Rex
) 18
L 2 1
, 17029 ' .
[25] ,
, . 191281
)
q
—
Target Shape  Force Setting Computed Shape
17 19 2
, 3D
3 REMML !
2 1

3D

: 3D ; 18b, 18c



1162 AU B 115 BB 22 4 529 %

, Christiansen 7] 291291

20[27]
a. b. C.
20 Kitten
' a b. c
' 22
, , , Musialski B9
. (offset surfaces) ,

, Moritz 8 . 3D
, Moritz

(cage-based deformation) ,

23

, , Manifold harmonics

21028 ,
[29]

, (stable equilibrium),

[31]



BTH TRICHG, 2 1R 3D 3T EN A5 A DAL AT 5Tt 1163

33, 3D
, ’ 2 6 [33]
2 L
— Build Material Build Material
’ Internal
Support
; 24[31] External External
Support Support
Base Support Base Support
a b.
26 Mesh
a b. )
24 1
Zhao P ’
: 3D (slice data)
25321 [34’35], 2 )

| | 27054
Lill-<}-H

AR RN ARV A RUREIS FTERIE
25

4 ZEMK

27
3D , ;
(fused deposition modeling), FDM ;
(stereo lithography appearance), SLA .
(digital light processing), DLP .
(selective laser melting), SLM 3D : 3D
, , 3D
, 2
: (1) [36-40],
. (2) [13, 41-44]

, (mesh) , 3D ,



1164 RN BT 5 B 222 47 %29 %

, Strano  [*1
(cellular structures) ,
3D a
, 2811 8
29
a b.
, 314
c. d. . Autodesk Mesh-
28 mixer ,
Wang [
. , 2901
[42]
a b.
302
Vanek [
, c d.
31

http://www.meshmixer.com/

?1994-2017 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net



BTH TROCHS, 4 TR 3D STENRY S AL o8t it 1165

Dumas 4 :
51 TiEMK
: 3D
) 32044 . ) )
a‘ 1
®1 PEMBIESA
Schroeder U (porous struc-
ture)
Rosen [ (lattice)
b. Wang ¥ - (skin-Frame)
Lu 4 (honeycomb) \Voronoi
Zhang [ (media axis tree)
Li s (porous struc-
ture)
sq b7 (cellular
structures)
c.
18]
32 Poppy
I%‘%Etfﬁ. ] )
3D (X3 > . ,
: ; (three dimensional printing), 3DP
. 3D (selective laser sintering), SLS
. 3D , , FDM
) SLA DLP
) SLM ,
3D )
3D ,
4



1166 TR B+ S BB %23k %520 %
52 mEM
, 2
5 #*3 BREMMHEIESSE
2 , , Romain  [¢ V4 v,
’ ! ' Christiansen 7] V4 ,
' ! Moritz [ 4 v,
' 29 J X
3D , :
Musialski % > v,
' 31 J J
Zhao [ J X,
#z2 BEMECIESZE T4 FTEMUCIESZE
Telea Jalba™ v/ < Strano 41 (cellular
v structures)
Stava % v ’ Wang 03
Zhou P4 4 > e
. [43]
Umetani v, <, Vanek
Schmidti?? Dumas 14
Xie [ V4 v,
Xu 4 4 Vv,
Chen @ 4 v, , , 4
) 3D
53 TREMMKL
’ : 5 ,
2 ) 3 )
' ’ 3D
’ : 3D
, . Musialski B

5.4 ZiEMi

&5 @ 3D ITENRI MR AL SRR G it

8 5
7 3
7 3
5 2

A b W




73]

TROCHS, 4 TR 3D STENRY S AL o8t it

1167

3D )

3D

£ & ik (References):

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

Li Fang, Ling Daosheng. Survey of the developing in engi-
neering structural optimization design[J]. Journal of Engineer-
ing Design, 2002, 9(5): 229-235(in Chinese)
( , . [J].
, 2002, 9(5): 229-235)
Zhou Kemin, Li Junfeng, Li Xia. A review on topology opti-
mization of structures[J]. Advances in Mechanics, 2005, 35(1):
69-76(in Chinese)
( , : : [31.
, 2005, 35(1): 69-76)
Guo Zhongze, Zhang Weihong, Chen Yuze. An overview on the
topological optimization design of structures[J]. Journal of
Machine Design, 2007, 24(8): 1-6(in Chinese)
( : : : [31.
, 2007, 24(8): 1-6)

Rozvany G | N. A critical review of established methods of
structural topology optimization[J]. Structural and Multidisci-
plinary Optimization, 2009, 37(3): 217-237
Deaton J D,Grandhi R V. A survey of structural and multidisci-
plinary continuum topology optimization: post 2000[J]. Struc-
tural and Multidisciplinary Optimization, 2014, 49(1): 1-38
Liu Ligang, Xu Wenpeng, Wang Weiming, et al. Survey on
geometric computing in 3D printing[J]. Chinese Journal of
Computers, 2015, 38(6): 1243-1267(in Chinese)
( , , , .3D

[J]. , 2015, 38(6): 1243-1267)
Hu Ruizhen, Huang Hui. Recent progress in 3D printing in-
spired fabrication optimization[J]. Journal of Computer-Aided
Design & Computer Graphics, 2015, 27(6): 961-967(in Chi-
nese)
( , . 3D

[9]. , 2015, 27(6): 961-967)
Fan Hualin, Yang Wei. Development of lattice materials with
high specific stiffness and strength[J]. Advances in Mechanics,
2007, 37(1): 99-112(in Chinese)
( ,

[91. ,2007, 37(1): 99-112)
Wu Linzhi, Xiong Jian, Ma Li, et al. Processes in the study on
novel composite sandwich panels with lattice truss cores[J].
Advances in Mechanics, 2012, 42(1): 41-67(in Chinese)
( , , .

[J1. , 2012, 42(1): 41-67)

Zeng Song, Zhu Rong, Jiang Wei, et al. Research progress of
metal lattice materials[J]. Materials Review, 2012, 26(3):

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

(19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

18-23(in Chinese)
( , , . [

, 2012, 26(3): 18-23)
Schroeder C, Regli W C, Shokoufandeh A, et al. Com-
puter-aided design of porous artifacts[J]. Computer-Aided De-
sign, 2005, 37(3): 339-353
Rosen D W. Computer-aided design for additive manufacturing
of cellular structures[J]. Computer-Aided Design and Applica-
tions, 2007, 4(5): 585-594
Wang W M, Wang T Y, Yang Z W, et al. Cost-effective printing
of 3D objects with skin-frame structures[J]. ACM Transactions
on Graphics, 2013, 32(6): Article No.177
Lu L, Sharf A, Zhao H, et al. Build-to-last: strength to weight
3D printed objects[J]. ACM Transactions on Graphics, 2014,
33(4): Article No.97
Zhang X L, Xia'Y, Wang J Y, et al. Medial axis tree-an internal
supporting structure for 3D printing[J]. Computer Aided Geo-
metric Design, 2015, 35/36: 149-162
Li D L, Dai N, Jiang X P, et al. Interior structural optimization
based on the density-variable shape modeling of 3D printed
objects[J]. The International Journal of Advanced Manufactur-
ing Technology, 2016, 83(9): 1627-1635
Medeiros e S& A, Mello VV M, Echavarria K R, et al. Adaptive
voids[J]. The Visual Computer, 2015, 31(6): 799-808
Xu Wenpeng, Wang Weiming, Li Hang, et al. Topology opti-
mization for minimal volume in 3D printing[J]. Journal of
Computer Research and Development, 2015, 52(1): 38-44(in
Chinese)
( , : .o 3D

[91. , 2015, 52(1): 38-44)

Telea A, Jalba A. Voxel-based assessment of printability of 3D
shapes[C]//Proceedings of the loth International Conference on
Mathematical Morphology and its Applications to Image and
Signal Processing. Heidelberg: Springer, 2011: 393-404
Stava O, Vanek J, Benes B, et al. Stress relief: improving
structural strength of 3D printable objects[J]. ACM Transac-
tions on Graphics, 2012, 31(4): Article No0.48
Zhou Q N, Panetta J, Zorin D. Worst-case structural Analysis[J].
ACM Transactions on Graphics, 2013, 32(4): Article No.137
Umetani N, Schmidt R. Cross-sectional structural analysis for
3D printing optimization[C]//Proceedings of SIGGRAPH Asia
Technical Briefs. New York: ACM Press, 2013: Article No.5
Xie'Y, Xu W, Yang Y, et al. Agile structural analysis for fabri-
cation-aware shape editing[J]. Computer Aided Geometric De-
sign, 2015, 35/36: 163-179
Xu W P, Li W, Liu L G. Skeleton-sectional structural analysis
for 3D printing[J]. Journal of Computer Science and Technol-
ogy, 2016, 31(3): 439-449
Chen X, Zheng C X, Xu W W, et al. An asymptotic numerical
method for inverse elastic shape design[J]. ACM Transactions
on Graphics, 2014, 33(4): Article No.95
Prévost R, Whiting E, Lefebvre S, et al. Make it stand: balanc-
ing shapes for 3D fabrication[J]. ACM Transactions on Graph-
ics, 2013, 32(4): Article No.81
Christiansen A N, Schmidt R, Berentzen J A. Automatic bal-
ancing of 3D models[J]. Computer-Aided Design, 2015, 58:
236-241



1168 TNV B BT 5 BDE 2244 %29 %
[28] Bécher M, Whiting E, Bickel B, et al. Spin-it: optimizing mo- proach to part-build orientations in rapid prototyping[J]. Jour-

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

ment of inertia for spinnable objects[J]. ACM Transactions on
Graphics, 2014, 33(4): Article No.96
Li Dawei, Dai Ning, Jiang Xiaotong, et al. Density aware bal-
ance optimization modeling of 3D printed objects[J]. Journal of
Computer-Aided Design & Computer Graphics, 2016, 28(7):
1188-1194(in Chinese)
( , : . 3D

[9. , 2016,
28(7): 1188-1194)
Musialski P, Auzinger T, Birsak M, et al. Reduced-order shape
optimization using offset surfaces[J]. ACM Transactions on
Graphics, 2015, 34(4): Article No.102
Wu Fenfen. Stable equilibrium optimization for 3D printed ob-

jects[D]. Hefei: University of Science and Technology of China.

School of Mathematical Sciences, 2016 (in Chinese)
( , 3D [D]. :

, 2016)
Zhao H M, Hong C K, Lin J C, et al. Make it swing: fabricating
personalized roly-poly toys. Computer Aided Geometric De-
sign[J], 2016, 43: 226-236
Alexander P, Allen S, Dutta D. Part orientation and build cost
determination in layered manufacturing[J]. Computer-Aided
Design, 1998, 30(5): 343-356
Chalasani K, Jones L, Roscoe L. Support generation for fused
deposition modeling[C]//Proceedings of Solid Freeform Fabri-
cation Symposium, Austin, Texas: 1995; 229-241
Huang X M, Ye C S, Mo J H, et al. Slice data based support
generation algorithm for fused deposition modeling[J]. Tsing-
hua Science & Technology, 2009, 14(S1): 223-228
Rattanawong W, Masood S H, lovenitti P. A volumetric ap-

(371

(38]

(39]

[40]

[41]

[42]

[43]

[44]

nal of Materials Processing Technology, 2001, 119(1-3):
348-353
Pandey P M, Venkata Reddy N, Dhande S G. Part deposition
orientation studies in layered manufacturing[J]. Journal of Ma-
terials Processing Technology, 2007, 185(1-3): 125-131
Sanati Nezhad A, Barazandeh F, Rahimi A R, et al.
Pareto-based optimization of part orientation in stereolithogra-
phy[J]. Journal of Engineering Manufacture, 2010, 224(10):
1591-1598
Zhang X T, Le X Y, Panotopoulou A, et al. Perceptual models
of preference in 3D printing direction[J]. ACM Transactions on
Graphics, 2015, 34(6): Article No.215
Zhang Y C, Bernard A, Gupta R K, et al. Feature based build-
ing orientation optimization for additive manufacturing[J].
Rapid Prototyping Journal, 2016, 22(2): 358-376
Strano G, Hao L, Everson R M, et al. A new approach to the
design and optimisation of support structures in additive
manufacturing[J]. The International Journal of Advanced
Manufacturing Technology, 2013, 66(9): 1247-1254
Chen Y, Wang S W, Yang Z W, et al. Construction of support
structure for FDM 3D printers[J]. Scientia Sinica: Informa-
tionis, 2015, 45(2): 259-269(in Chinese)
( , , , . FDM

. [J]. 2015, 45(2): 259-269)
Vanek J, Galicia J A G, Benes B. Clever support: efficient sup-
port structure generation for digital fabrication[J]. Computer
Graphics Forum, 2014, 33(5): 117-125
Dumas J, Hergel J, Lefebvre S. Bridging the gap: automated
steady scaffoldings for 3D printing[J]. ACM Trans on Graphics,
2014, 33(4): Article N0.98



