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Multi-Axis Additive Manufacturing Process Planning Method Based on Centroid Axis
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[ABSTRACT] Additive and subtractive hybrid manufacturing is one of the key technologies for aerospace manufacturing
at present. Owing to the rotational degrees of freedom provided by five-axis machining center, the build direction can be
continuously changed during additive manufacturing (AM) process, which can theoretically eradicate support structure.
However, the introduction of multi-axis motion capacity increases the solution space, which poses great challenge for
finding the solution of the process. In view of the above problem, a multi-axis AM process planning method based on
centroid axis was proposed. On the basis of the definition of the centroid axis, the extraction method of centroid axis
with “columnar” feature was studied, and sliced perpendicular to the centroid axis direction. Accordingly, the volume
decomposition constraint was constructed. The slice position that dissatisfies the constraint was searched from the bottom to
the top, where the part model was decomposed, and the direction of the centroid axis was used as the new build direction.
The search was continued until the decomposition was completed. Finally, the part models are designed, and the feasibility
of the method is verified through experiments, and support-free additive manufacturing of parts is realized.
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Fig.1 Diagram of centroid axis
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Fig.2 Diagram of centroid axis extraction process
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Fig.3 Diagram of decomposition constraint

BT ORI AT A BRI
LTI
Centroid_axis: Z L0 4
B, Wl RMES ) B,=[0,0,1]

o B AR AA

i i -

SubcomList : ZE4HERIF-H 4412 {Subcom,, Subcom,,
--+, Subcom,, -+, Subcom,,},H:H Subcom, 5 HF K}
e 7wy, BTN (B ORI T,

PR Gl

i=1;

repeat

PRI DL — DK o WO Ry ) T, #4781 F
FRAG4C 2L s Contour _point,;

if MFTYI 20 (B,, n;) >0+90° then

B Y HTY) R 2R — Ao 0 B I A AR
SubcomList HAH R A & ;

B, —T;

go to 2LHE 35

else

go to 2LHE 35

end if

until ( Contour_point=NULL )

45

3 IREeHE

ASCr R R A AE MATLAB Wi stl, 9F Hol
O UEAR SO R AT, B T AR R R ], A
SCHE AR R ( FDM) #8441 v T2 5 =2, (#
PLA MBHIE TR IR0 IE , 285 i g0hr e L A S #Im AA
a h 45°,

ASCERIT IR I Z RN 4 Frs, H s X
WEROR AL GE ) G b ] 2 B R AR T XA
SCPEGER , - Meshmixer #44-4E % T S 45 H4

K5 Ca) Fros i A SO R IR O, B E
Tz L I T R o YR Rk AR AR AR S
P2 R TIE ORI AR iS50 % 3 RN 2 R 2%
X C12) Y R AL B A% B TR T 00 i
bW R Ry 1) R R b S E MRS
i) PR o3 A, B AT DI % 7 1), SR Ja Ak 8 &
HERMEA e il 8IS e g a5 3 an &
5 (b) R IR FFBERIPE 53R 4 5

T SR TR, f AR G2 — il FDM 34441
o BB A T8 F A FRAEAE %5 FDM 3524 11
342 Z 7 NI R, X SO 2 (R AT DL S BTG S AR

2020465563 & 5 1110] - B BIE A 67



WF

PN
%tﬁx RESEARCH

68

i, 1 g6 M A P B A S S JN 3R 1 R, 58
PRl 4 R AN 6 i

4 45

SO A T 3 B AT S 1 T S PR
i ORI ZRIE A B AR T T2 MR R A 2s il , 4%
FARTE T TR MERE . R A 2 B I 1 22 e
B T AR 7 v (B AR IR B R 3 L
R, T H K22 H BB AL HI— B BRI A . A Sl
FHBT R IR R85 8 , BT AR Hh B AR

(a) BpFHR (b) SHssfs R 5 .
fifp AR S T 2 1 T S A 3, A Ao i 5
B4 RIETER WE T AR SO R 1 5
Fig.4 Experimental part model H AT E8 56 0k H (T A b il vk 10 Oy 5, e 2k

Sl R b B a AT — MR A s . 2 i sh
SR A RESE BRI B 7 o) O3 PR 8, RE S A 80

//// , EG SCHEASHA B ARG £ LR b DB AT B 26T
My, SRS T Z AP
Z ////;//
ZZ
= 5 % X #
. \\\i\: [1] 5, 25000, X8, & . SETAER B iR T2
\\\\\'\\7‘ \ Aall AT REFID]. s xR | 2016, 59(6): 58-63.
\\\ LI Qiang, LI Yingguang, LIU Xu, et al. Applications of feature-

based CNC programming technology in aviation enterprises[J].
Aeronautical Manufacturing Technology, 2016, 59(6): 58—63.
(a) 0ol (b ) 4MALE G [2] FLYNN J, SHOKRANI A, NEWMAN S T, et al. Hybrid

additive and subtractive machine tools-research and industrial

B5 KEER developments[J]. International Journal of Machine Tools & Manufacture,
Fig.5 Experimental results 2016, 101: 79-101.

F1 REEIEEXSH

Table 1 Related parameters of experimental verification

FTENHAR FTENMELEAZ /mm W B+ /mm FTEMIRE /°C FTEN)ZIE /mm B /%

PLA 1.75 0.4 210 0.2 60

E6 SEARFIELHR
Fig.6 Actual manufacturing results

(F#%757)
Das G A - 20204 563 & 55 1110]



PN
RESEARCH Hltﬁbtei

482.

[11] YANAGIMOTO J, IZUMI R. Continuous electric
resistance heating-hot forming system for high-alloy metals with poor
workability[J]. Journal of Materials Processing Technology, 2009, 209(6):
3060-3068.

[12] Zpiihy, NI, £, 45 . 5A90 AI-Li &MU ki
TR BIR R BT[], RHAR | 2017, 42(8): 28-32.

Y1 Zhuoxun, LAI Xiaoming, WANG Bo, et al. Pulse current
auxiliary deep drawing for Al-Li alloy sheet SA90[J]. Forging &
Stamping Technology, 2017, 42(8): 28-32.

[13] JASR, Ze408 , B, 55 . TC4 Bha @ Boatty B4 i
PERERYIRERH ST )], Sk TRRSA , 2015, 22(5): 52-56.

ZHOU Qiang, LI Xifeng, CHEN Jun, et al. Experimental study on
electroplastic V-bending properties of TC4 titanium alloys[J]. Journal of
Plasticity Engineering, 2015, 22(5): 52-56.

[14] DzJp, WAt ok, 5 . mimea Saok i kbl
BN 25 A BE T 2R FE (D). LS & £ER, 2017, 60(23/24): 42-47,
53.

MA Yunlong, ZHAN Lihua, XU Yongqian, et al. Study on
electric pulse assisted aging process of high-strength aluminum alloy
plates[J]. Aeronautical Manufacturing Technology, 2017, 60(23/24):
42-47, 53.

[15] RkERe, iR, akEUEE. ko b il B Be st 70 3028 iU g
2551 NiA1-ALO, BOW AL 2L 1 A ERE Y sZ [ T]. AR T AR, 2012,
40(5): 76-80, 86.

XU Guihua, LU Zhen, ZHANG Kaifeng. Influence of pulse current
auxiliary sintering and hot-pressed sintering on microstructures and
mechanical behavior of NiAl-Al,0; composite[J]. Journal of Materials
Engineering, 2012, 40(5): 7680, 86.

[16] AR, SO, SRas . kIR O 7075 SR 421 40R
PERERYRZIRI[T]. P A (B EI , 2014, 24(3): 600-605.

ZHAN Lihua, JIA Shufeng, ZHANG Jiao. Influence of electrical
impulse aging on microstructure and mechanical properties of 7075
aluminum alloy[J]. The Chinese Journal of Nonferrous Metals, 2014,
24(3): 600-605.

(17]  EW kol H X R AL SRR IR AT 54 RS He (1 5
W[D]. WA/RIE BRI Tl K2, 2013.

WANG Bo. Effects of pulse current on deep drawing deformation
and diffusion bonding of aluminum matrix composites[D]. Harbin:
Harbin Institute of Technology, 2013.

[18] 5, TKHULE , 9500 | Ti-6A1-4V &4 XCEEREG ik ol
LG B S OB (). #A G @ RS TR | 2012, 41(8): 1400-1404.

LI Chao, ZHANG Kaifeng, JIANG Shaosong. Pulse current
auxiliary superplastic forming of Ti-6Al-4V alloy double hemisphere
structure[J]. Rare Metal Materials and Engineering, 2012, 41(8): 1400—
1404.

BIRES : B, WL A, TR, W0F 5 J7 1) R 2 S A R RS/
HEFE, E-mail : jiexued20684@163.com.

(Vi 4 %)

(E#F 687 )

3] XUHH, SR, X5, & —FhEs 5okt 2 G Hpl
WFFE[I]. dlE AR LML , 2017(6): 49-52.

LIU Xiaoxiao, LU Fushun, LIU Yuanyong, et al. Research on a
composite machine for increasing material and reducing material[J].
Manufacturing Technology & Machine Tool, 2017(6): 49-52.

[4] ZEfhaE 250050, T BT 51 AR mob IR A T
UEE A B S ERIT]. s dilE A | 2018, 61(8): 97-101.

LI Zhongyu, LI Yingguang, LIU Changqing. Design and
development of an additive-subtractive-integrated hybrid machining
validation platform based on 5+1 axes[J]. Aeronautical Manufacturing
Technology, 2018, 61(8): 97-101.

[5] SINGH P, DUTTA D. Multi-direction slicing for layered
manufacturing[J]. Journal of Computing and Information Science in
Engineering, 2001, 1(2): 129-142.

[6] DWIVEDI R, KOVACEVIC R. Process planning for multi-
directional laser-based direct metal deposition[J]. Proceedings of the
Institution of Mechanical Engineers, Part C: Journal of Mechanical
Engineering Science, 2005, 219(7): 695-707.

[71 RUAN J Z, SPARKS T E, PANACKAL A, et al. Automated
slicing for a multiaxis metal deposition system[J]. Journal of
Manufacturing Science and Engineering, 2007, 129(2): 303-310.

[8] REN L, SPARKS T E, RUAN J Z, et al. Process planning
strategies for solid freeform fabrication of metal parts[J]. Journal of
Manufacturing Systems, 2008, 27(4): 158-165.

[9] WU C, DAI C, FANG G, et al. RoboFDM: A robotic system for
support-free fabrication using FDM[C]// 2017 International Conference on
Robotics and Automation (ICRA). IEEE, 2017: 1175-1180.

[10] WEI X Z, QIU S Q, ZHU L, et al. Toward support-free
3D printing: a skeletal approach for partitioning models[J]. IEEE
Transactions on Visualization and Computer Graphics, 2018, 24(10):
2799-2812.

[11] DING D H, PAN Z X, CUIURI D, et al. Automatic multi-
direction slicing algorithms for wire based additive manufacturing[J].
Robotics and Computer-Integrated Manufacturing, 2016, 37: 139-150.

[12] TLAR . EAEEM OGRS il 2RI (D]. #
a0 M A R R, 2019.

JIANG Sen. Process planning method of additive-subtractive
hybrid manufacturing for complex structural parts[D]. Nanjing: Nanjing
University of Aeronautics and Astronautics, 2019.

[13] CHEN L, XU K, TANG K. Optimized sequence planning
for multi-axis hybrid machining of complex geometries[J]. Computers &
Graphics, 2018, 70: 176-187.

[14] MOLLER T, TRUMBORE B. Fast, minimum storage ray-
triangle intersection[J]. Journal of Graphics Tools, 1997, 2(1): 21-28.

BIREE « /N B G, WFE 5 10 i T ah AR RR IR 9K 20 1 RE AL
PEINT RS R E2$45 , E-mail : xhao@nuaa.edu.cn,
(Bt 4 %)

20204E 5563 & M 1110] - Bt hERAR 75



