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Abstract Additive Manufacturing (AM, namely 3D printing) technology enables people to customize and
fabricate physical models easily. This technique has been proved to be an essential supplement that can overcome
many disadvantages of traditional manufacturing and significantly promote the developments of design and
manufacturing in a variety of industries. Although it claims the ability to fabricate highly complex objects such
as models with a high-genus number, the tool-paths used in conventional AM are still in a 2.5D manner — that is,
materials are accumulated on the top of previously printed planar layers. A multilayer composite gives the result
of a physically printed model. This reduction produces many problems that should be considered in the processes
of designing and slicing, for instance, overhanging regions and the significant structural anisotropy. Obviously, it

AIREFRIE K B AR EHESE (No. 61725204, 61432003.) Bill. RBREG, 59, 199447E, WLFA, PEENFEREERR, FEFRIUE T

RN 752N HL%%}\‘*% E-mail: wem15@mails.tsinghua.edu.cn. 88 1d, 55, 199144, M AAF AL, EEA RSO HHEHEIEY: . HLEE A, E-mail:

c.dai@tudelft.nl. EE#, B, 197544, fit, #HIR, FEHFFRAEON)UEE. FERE. JedtkflEAyLes A%, E-mail: cwang@mae.cuhk.edu.hk.

Xkt GRIEEE) %, 1977404, 1L, #a%, TEENESERS R, TERARSUEA TSIV, HRENLER 2. HEHE B st A
43 Hr. E-mail: liuyongjin@tsinghua.edu.cn.



2 DA 1= 2018 4

is not easy for novice users to take care of all these problems in the absence of expert knowledge. To ensure the
success of printing, researchers have contributed their efforts to the development of pre-processing software.
However, many parameters are closely connected to 3D printers, and these parameters need to be determined by
tedious trail-and-errors. Due to this reason, how to integrate advanced robots with more degrees-of-freedom
(DOF) into 3D printing becomes a popular topic as an interdisciplinary research area of robotics and advanced
manufacturing. As a highly interdisciplinary research area, robotics is gradually reshaping the paradigm of
traditional AM. In the past few years, the prompt developments on fabricating processes and computational
techniques have expanded the capability of AM in many aspects. The future of AM lies in robotics, which will
provide more flexible motions of material accumulation, integrate human-involved interactions into the process
of fabrication, and also make large-scale fabrication possible. A variety of recent works has already made
progress towards these goals by designing intelligent robotic devices and algorithms. In this survey, we provide
an overview of the recent progress on multi-DOFs AM. We firstly introduce the working principles of traditional
AM and multi-DOFs AM. We also compare these two techniques from the perspectives of printing trajectories,
difficulty, flexibility, stair-effect, and support structures. Then we elaborate the recently published works
regarding multi-DOFs 3D printing from the aspects of mechanical designs, principles and distinct advantages
comparing to traditional AM technologies. Specifically, these works are classified into four categories including
1) support-free printing for eliminating additional support structures near the overhanging regions of slices, 2)
fast and wireframe printing for rapid prototyping and efficient design iterations, 3) building-around-inserts that
can repair or modify existing objects, 4) fabrication methods for large-scale objects to solve the scalability
problem and robot-assisted AM in architecture to overcome the problems in contemporary construction (i.e.,
slow, labor-intensive, dangerous and expensive). This survey also analyzes the disadvantages of current
multi-DOFs printing in robot calibrations, motion planning, and the design of working spaces. Finally, several
challenging research problems for multi-DOFs printing are given, with discussions on potential future works.
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[F AT DL R RSHHT RN AR, 55— Rtt 4t
3D FTERHINLER AR RASTHTEIR G, 58 2821 A
BRHIE RN KRR RS . XNR R G
KEIASFELE T A RIA R, 57548 5 1%
4 3D FTENFEL (n ABS. PLA), J& & d FH Bk R}
FANE 2, Bl v 70 mRR AR g b
RO AT AT B YL R R (R A V2%,
(R b i 38 A A 75 2 B N A2 2% 1) 0 Ak B R i Ak 2 DA
PRAUEREAR B FT BN A2 € Al ¢ o
441 154 3D {THIIY J&

KT NRY BES 3D FTENRUER
B, BRI GAR I T — R 5177, BT DLP HoR
3D FTEPHLIE A1 H 20 13 B HLIR ST EPHL Z Hhiz 3,
T ESCK DLP e AL 2 H . bh s I
FIFFR DLP FTERHL A B B FAIE N BT e,
)5 BB R AN R BB TR E R I &
[l DLP #T B L& R AT 4T ERASE A AR AR 5 45 5 R
58 BEFNRIAR G 0, R # AT SR (L B YR AY

@ D-shape, https://www.d-shape.com 2017, 1, 20
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M RE 2R (R AR . W i 2 A U2 T3V L ot fof P il
IR IE A B S R RS R Ak ¥ DY H B B2 DLP 3D
FIEN . ZATEINLA = AN E T Z §h (Z1. Z2 F1 Z3),
iR WA - NS EH, Bhad
42BYGH60 U it FALIRBNE I FL L TiEsh . Fritk
ZAb, BRSPS IE A — A 42BYGH33 ik
MLA F e A8 & . B 1020 3k da L3 i
A4988 DMOS #4721 (W 12 AR . ZRE
#7445 DLP TERHRRZ /NI RR ], J8id Delta
BLEE N B SRV AT B & 725 — 2 KPR sl P 42
NSRRI o [ &4+
JiE 7 & S AL B B el B D T — AN A2 R AR
PHEZOR I EEIRAL T ATRE . 7ESVEE i R IIH:
AR AE T W pRs RARFR = 4EAE Y ) — 4 1) Fr 43
file BRSNS KN AT RS BRI 2 &
G, EEJUY, HsDHENIEREGE A
R Z U2 NP-Hard )@ . #F 50N 2 7 pifd
MR . 55— P57k B HORAE 2 10 T NI ie
YT A RE MR A R, P AR ) 2 R UL
— AN B B 2 R BT I A SR A e A, 25
I IE) A2 2 B8 O(n® log n) 5 &5 — Al Al il 214 %
R AT B E A, FIARN M ERER
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KA AL 1.6 K7, BT AR 07V A 8
S3AE5E 3D AT ENHLRAT BN AR Rt T — AN R
U (PR T 5

@ Irb 360 data sheet a4, http://new.abb.com/products/robotics/industria
I-robots/irb-360 2018, 1, 20

4.4.2 FFATIHKRT 3D 4TE

ITEEAESR, 3D FTERHIRAEFEF RS S 1)
ZIMNH. MNHYEEE, HAl 3D FTEHIAR I
I T B3 41 T i (Off-site  prefabrication)/MA AR
A, Pl ST s AN TR 7 2U5E R
AN . I ARG T VE AR 78 0 A% T
3D FTERTT AN v e A ) /R 3K, E IR
FHECAR G i HUE I BRI T, 98 B 55 3
. ke, G m e RS B 52 R ARG . ST
¥, Hizhlig (In situ fabrication)f5 3 1T E 1)
2R, X EgHE I FR ARG A RO
R RSN A, RS = H HEE 3D FTERHLAXE
IE N ARSI, #2 3NN 3D 4T
BN FH 21 5 SR 38 AT b 22 AR Sz Ry 1 S i
o AR TR AR TR T — RIUKIfiE
Wi, . AMEERIN T &% (Contour Crafting)™™
TR — R T b S IR B R G5 LA T
WIEFARMEM N Z 3 HEISR AT RS, 1%
ARG RN I IITH#E), LT URHEZ H
FH EE ()R R T8 & A R R (R A R 22 3 AR oAb
BB L RGARERVE LRIK &R, 2R
G AR, ANRERIEE S R B ERE, 1]
Ko RS IS, Btk Hack S8 A2 H
T KRR ST EDF- &5 Mesh Mould VPV sk ik
im] @, AT ENT Gl 2 3 B ENLES AT R
Ui (1) 55 SR AE S (B R T ER = 0 TR G, F i
BRAT EP R = e A 4540, 8 W A1 1 b SR 4HE n [ 4R
I, IR fg s 7IRVE AR “AR 4567 fnE.
SR, =T R R MR I o hr o g, 1R
MEEER TR ZNH. YRR T M “£
AR HLas A 3D FTEREITT 3, Al gk 223X
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WORRE e, R T IXFi R TE BT @&
UK B LSS 3D FTEN i AT e,

Kumar 55 NJE T MR 235e 7 88 Mg
BHFHRITR, &7 BN NFTEN R,
BB TE T A% o 3505 RN Ak DL K X % P B e &5 A
R EYE, PEH MRS ERIIENT & E1
ABB IRB 4600 7~ H H FEHLEE N FEERFTEN TR,
FBETE T RE 05 R AT AR 22 TR SR 1 RN 2% 25 L AE
PLas NTF B A om0,

Napp % A$g i — A2 A LA A
FHAE fib A5 44 8L (Amorphous  materials) i AT BN AE:
REAPRE DI R L™, LARGEREMSAE QIR TS
5 FHALAS N PO 78 IR B THT, P S TR0k 1
. Jokic £ A4 HUE 7F ST ENGE i Lt T R &
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BE ZANIA AR RS SHE M RGN N 1%
R Jeiiid Base HLEE AIE T ST EDET 10
EAEL, @R BE CATER 548 1 Grip HLEs A
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58 5 1)
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e s, Reve 4 B S E SR IIAIT Ep
AW, ZRGNEAERS, LR, B
LA N TR e B X3 F & F. DCP 5%y
A4%iH—4 2015 Altec AT40GW THE RS, —4&
KUKA AGILUS KR 10 R1100 sixx WP % [ H1E L
ANFEA Leica ATO0L WOLIRE: RGHMIK. 1EH
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AL, BPAE AR R ZERRE LS A 3D TEIm TR
i1 FH T 851G TR Bt LS M BB . X R A G
TREEPL. BRI MR 5 SEBURT AT i3 2 2 it
P A, RN RS PR A 1k RE, FRTHERIGE AL
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S SR R0, B E N E A
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H A3 457 H 1 3D 4T ERJ7 20452 90, B H T
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(%21, Magnenat % A\ 32 4 7 48 F marXbot HLa% ATH
E R R, % RGBT T AR BHEAL.
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WA TR B S A ' A 2.

1EAE49e 3D FTERH,  HhiR 22 51 S B~ A UER
AHTEIE SR« AL I G 5 S BCEANFT B
REFRRI, T2 H HE 3D FTERARSM A B AR
SEMERETE R, Rtk Z Bt 3D 4T E R G br e Al
R R AT R SR HE . £ HH
FENLAS N IIE 3l 22 A0 LA A5 58 )8 g T HL 2% N 2
2R B ), ORI 0] DA AR R A L S
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P 7k R RETE SRR B Bk iR 22, HATK
oy % AWM 3D FTEEE AR E f5, R EAS
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PHER 2 ] 00 S AR OR AT 7RG EE, DRI PR A )
Ji N )2 H HHEE 3D T ERH 2SR THT ERS 2 (1)
ez . HAEiMES: 3D T ERHL b1 PRz il Bl 7T
AT HAI g i B, BRI R EIE £ 4 3D
FTENAE X R 20 T T2 KiEe, (Bl THREA
B B 2S BAR A JEL R, W RT3 g Lh e 22
18, (A /DR TR IHIL, W Makerbot A &5 &
2 E RISk Smart Extruder+s FH T4 45 st A4 kL
TREB AL BT B LIE Sh s ) PR 32
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% HHEE 3D fTHHE LA 2 2090, 1%
H B R0E 7 A RIRT A6, T2 @ g 3D 47
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@ Closed-loop control for low-cost 3d printers, https://www.element14
.com /community/thread/30891/l/closed-loop-control-for-low-cost-3
d2018,7,3

@ Smart extruder+, https://www.makerbot.com/3d-printers/smart-extru
der/ 2018,7,3
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Ab, I IS AR R 23 AT IS 4T ED RE RS KR
BRARAIT TR K o S AR AR e 3 B AR D02 i ke,
U2 EFCEIHE T HKRMI R TAE, mEEEK
R iR R NASA 2013 “E#EH T SpiderFab %
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3D ITENA BHANAFAEVE ZAE AT RE — D BT TT I )
HAETHZ B B 3D TR gk 1B 2 1L 42
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@ Additive manufacturing facility unprecedented access to the iss na-
tional lab for iterative design, http://madeinspace.us/projects/amf/
2018, 1,20
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importantly, 3D printing can fabricate complicated objects
which are difficult for others. In recent years, the prosperous
developments of robotics offer many possibilities for 3D
printing. Due to that, the problem of intergrading advanced
robotics into 3D printing becomes a hot research topic of the

intersection of robotics and manufacturing disciplines. Many
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efforts have been devoted to this topic. Much interesting
hardware and software have been designed which strongly
expanded the range of applications of 3D printing. In this
paper, we offer a detailed survey with regards to the
multi-DOFs 3D printing. We classify the novel approaches and
techniques into four categories from different angles of view
including support-free printing, fast wireframe printing,
building-around-inserts, large-scale printing, which expects to
provide a full view for researchers and engineers. There still
have many challenging problems that are awaiting further
explorations, as well as potential research topics, which have
been discussed at the end of this paper.
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