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R T SRR R X (3) X THEAREK
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14 172 RS/4
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ag L, W s

144
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3.4 ZEFEEWM MR RS

FH 55 1% P SRR A AU AT A . B s
AR AR 2, B B8 K R B ke [ Ak i R aE ot
VIR ZE R Ak s 7K 0 b B 2 i T 4T ENME T RE 2N
B Z KR, dem Y SRR IO TR ATER L, ©
U T PR & AT B Y B o 8K 6 B3 H 7E 20 ~ 30 mPas 3
FEIN (3, 13, 22, 23], JHH, BTRIR IR Rl A UR vk
P& PRI, AT B R AR K R R R AR R
BEE H R 20% ~ 30%. I, WEARFTENER A 70% ~
80% AR R A S S AW E L, WRERBS S
BTG BLSEAAR, SERIRFRAE T AL AT AR IR R, R4
TE G Ab B L BRIAE R b R, S A2 40 3 2R 9K 3 3L
SR A LI o BRI, DAV RIZE K 10 )7 L AR [ 1
B A5 31 ) [ A S A S5 A 50% L E RS AR 2y, TE)E Ak
PR SR A AR R AR AL s

B B T AN AR LR TS 1 [ R AN Y S
TE B R BV P AR T T IS, 40 B A8 i e A il
AR BN PRRTTR , X RIS TR IR FR Sy o2
B “MIMERRT . Deegan 4 [46] UEW] T 88 S LR £ THL
RO DA JRE S 4 i R 7E 2 o TR R PR IR, TS 307
P2 BT i 22 58 Z2 U RRUBORL ™ A “IHERR” o TR
finh £ B AU A0 RORE EL AR RO KR /L BT LA B AR
TR R, S TR A ET LAY, TR AT
J el R Hh BB KR BT DA B8 5 R XS AL [ e kR, A Bhs
TR W ) 4 A I T RUE B “BinHERR” [46, 47].
X “OMERR” BGRB8 )
AFITF = YEFTESLAA [48],

R F 0 7 v S 3 o R sl A 7 A S i R AT L
BN 7 1) A S 1) 3 30 A 45 T R R 2R o 33K s i)
(7B SN Bk A Marangoni Z% ;LA 8 520 48 S 3

Engineering Volume 1 - Issue 1 - March 20156 www.engineering.org.cn

8. REEEET Zr0, EBERIBEMREIRELE~E “i
MEEF” , (a) 25°C, (b) 35°C, (c) 50°C, (d) 100°Co (HEEMEMIZAY,
fEEE (52))

T 5K IR EE R S [0 it [47], W28 5 R BT R 478
e AT REZs I BRSELR I 7K S 46 . Marangoni i 7E
R T R A A B o] LU Marangoni BORAE L

Ma=5 (13)
X (13) s, Ay BN ORI S ) R TR5K 2%
roER RS g RIS IR D BV AR &
HINHK, 4 Ma>10 B, Marangoni {2t . De
Gans #il Schubert [49] 15 Zhang %5 [50] 43 B3H5% 7 HE% K
) Ma {E ( KL 10° x Ay ) SRR A, 14558 BoR.
ANE 107 - AR TATI 7 22 0 A LASkE S MIMERR 400 . Hu
F1 Larson [51] il i VE— A WF98 A B, 7E Marangoni i3
F= GV R I s 28 & AR S50 RO ACE T A HLE A
Bl mmeERs s XKL (Ma << 100) , /KM
175 Y12 Marangoni ZUFEAI%

K Z IR W TT K 4w B2 3] 7 A o ME 2R 1 1T BB
k. De Gans Fl1 Schubert [49] il i {f FHAS[RIAEF BIR &4
SIIF 5% 1 B 6 B ) Marangoni 5800 o A T3E 5 T PRI AS
[F) 78 Sy e i ok J1 s ). i 28 kR 1 s IR S
e MG 7E K, SFECLGALE R IEEK SRR,
FEr Az A 1) S5 a5 PG P R TR IR . SRR A,
TE Y bk PRV TR AL A AT DA A K SR TR SRR
Zhang 5§ [50] T £ 7 P & 8 17 W b s filt AT R G i
Ty kA mneEER

3.5 MERRZEIE R A A4 HiE
TE LA R SR, AR A SCHR AR E Qg 45 4247 B



£ A £, e 41T 1| SO g AT (1 0 GRS = 91 A ot e
NP LF-3EA REERIFE . Mott 25 [19] 058 1T HRRITH
TR PRI ST 28 VOB I 5 AT B e P, A28
TP IR TENERIE I k1t A 1IN %A T i k3 4%
FTENZRAR AT RE S5 BEATORT A5 15 O [T AL S50 2 (] B B,
WK — 20 FRIARER; T AF 0y PR TE 8 f Z ] il
HABLEEE, 7EmfbZ Arik s S 2 A B, TR
Tk SIVEFR , AHAR 88 AH T 128 A T 248 OB i 4T
B 1A1 I T B 26k [ 5530 22 (A1 19 1B, Di Biase 45 [52] i i
FTEN AT 390 58 f S5 R BIFSE T X P AR S T ED R ATFE B (5 4T ED
TR L

Tekin 5§ [53] W5 1 FH 4k 45 A B 0 2830 B —
YR, 8 AN R R O ) BRI, R
USRNG5 AT EQ RIS, R R AE 4T B 58 B =2 1 I 2 R F
WA, FTENAR RN AR TR, (R, FE TR
ik B2 i B2 B I AE AR SR UTRR, AR 2 K
RORE A R B ME SR AR, AR DARRA T 0 O SO
TEWE, F— B A AT - EERREZ
FOTF A Ak, D0 RT LT B X Rl SR80 . 1F 41 Davis
T A ) A2 SRR FTEDZR I 25 F [39], Kang 5§ [54]
T fl 0 2 B i ) A 2 R I SR K T B RS
B S20K T OB I 25 H AR € . Kang 5% [54] i
HAL TR TATEN I R EC# A AL, 5 Duineveld MBS
SERAHAL, R B IS B Al AR I SR OK AT BN R R A
e K R Fa B4, Soltman 45 [55] #F— 4 0 533X Fft b
TR Tk, B T R 4 fd A 0 AR 4 i A 2=
FAR /N BEOK, FTENRI I 7 T AR IE AR, B
A7 B2 R BB SR B A RRAE A SR AR RO T Y
£ 07 AR T ED — S Y AR LRI 3 SR 10 42
il 28 T FL AL W AT LA B 5 T B A O T VR AR AE B A
o AL, ATEN 4l S4TE—4e ki 2 LR Z ik .
JIT A ik LB ST A5 R R B, FT B 4 1 R ST N
ke, IFHEES HBIA M. Noguera 55 [23] HYHF
58 R 8 b R T X AN AN IR R AR, o, A2
EAE VER, JRAB T R 07 T A 9 e i B 8 b1 ) P
G HE T 384T B3GR i 1 I A R 0

WS B T B A il 3 1) e S5 B BORRTE | — )2 2 &1k
(R SR TR AR TEN T — 2. 55— 2 H TR LK
1T () BRI T AL B BUE IR AR L, 28 TR MBS A% )2
SRV T AL Y R IR B A S R B AEATERSE )22
Wi, 2R C SRR R A, )R T
ARSLATERSE )2, AR B AR — 2 9 A 3R 1 s i
BeIE B EAT 240, R 0RDRE B 0 B2 = 2 R fal A U
Je BN FE AR5 )RR Y R . AL AR

3D Printing—Review [{{Zo11(H 1)

SN EN TR KBS A ATENZ A i e, 722
FLAR AL B4 5 1 BHERR [48, 56].

4 HiBETENEELSH

RIS 24T BN E g B8 ol Hh i 1 A T BN
file BRZRERA T 58, TN JE 3G A W [57]0 A — R8s En
WA, AN B, WA TEN At il L B MUY = 4E45H4
MALGER AT it F T EDFN 5L 3T EN R R 3 g e o T ER
MR ATENZE T T —A A AR BB AE A s o Ay I o
JiTh, TSR T ERE % ) S A SR KRR 5 T
T S AT BT ] i P e A P 2 1) S5 ARAR R, IR
AT T AT BV it P15 P 1955 368 B 5 s /K T AR SR B
AT AGREE R 55 T IF K Al i e B e 280K . Best,
Y T 30 o R R A B R IR, 5 BT
AFSE FRYRE AT B o o L P e B P W T B S, 30T 8 4 o)

HEHOR I K R EA M
O 2 Uk 1Y g 88 M 2 4T B3 A 1 3 14 L e R UE 2

KRR JE 1 em’s ', ZFEIEHCRG RS, ©MR T REK
e TS N R A, e — AN EE A
SUHRFTEME S, R R, ARG, B
T A R — OB MR T R TR I T, R
FRARAY AN 7 2823 A s HoR . e SIS M G BOR
T A Y S e B I TR AR, HR AATHEL X
Pl T2 AT RE 23 W BRAR P B R R s B2, Ik, van
Noort [58] TELEA P42, A1 HRKEE A il 1 B A
TR . Ebert 5 [59] © 2R T AT LU TZP Afk sk
S5 PP S EL AR AR AT B H vy e B R e R ) P R A
EZAATTHT B 04 5 2 2 it 2 1T HH 3 T 38 A 1 B R By
A HE ROV, HE AT R X H o 2 w2 BRI
SR s B AR B SEBR N o 5 A A B A ABAA ) i
—HE, FEIGBA 3 R ECIE SEELIG IR FH 2w, i —
SO A R T B T

5 RESRE

WG, AR K kR AT B, 2 SRR E &
WEBH T AT DA B S5 4 T B O — R A M B &4,
b (B 1) [3, 13]. JRHFE [22, 23] FIAEfLE] [48,
591 & HIERREIRATC LXTBEEE A5 /K (1 M BRI AR 25 2K
BTSN T, 5 TV 280 A H R i 2% 14
i B8 K BEAS T MW AR TR . AT Ik, WA 5 IR
(14) T BRI TGt AR Z Aol SR OT R AR T R S, A
AT Z AR P A Al 1) FRLE R S B6 A 5 R T AR A

www.engineering.org.cn Volume 1 - Issue 1 - March 2015 Engineering

17



118

LT 1] 3D Printing—Review

IR A B B, 2R B — DR — R E R
PATTOHA AL [26, 27], aiEFET Solidscape ( Merrimack,
NH, USA) ) [6, 13] F Microfab (Plano, TX, USA) [29] 4=
MRS TERSL . H T Y5, BRI CiE e 1K 5
S RE QT ILAFT B 3k 19 S50 A BURR M I 2 H AR R AR
FERATEI SR U RS, tedh, i 4 foR, ©& B e
K AR A Wy RE S A S5 I BT REE, (AR ILTiE
WA SCHRRE S f A0 R 5 W) 2 Y e AR 43 it 1 % 2 I
FEVERIZ . R, ERORFRATTX WS A 4T B A% B AL 3
EAME R, FRIRAVF 2 R E T SR ST

ASCHE SRR T AR R SR, DUIE M
) 28 P A S B A Ay S S AR P ek R R Al A S
Tl R R, $R ) S50 AH B ORI ke e 4tk
FRIE A0 DG DR 3R 0 S5 TR 1 422l 11 05 o et o Daviis [39] IE
W T 2200 A BRI Je AR H2 il A REFE IR iAe e 4tk
HHAE; Stringer 1 Derby [44] BF5Y T 8234544 T B Bl 45
A IRBY IR 25, FFIF A A RILE ] T AT 4T B K 9
AR AH SRS (B PR A RS, M Es A B Y BRI
WK 7 Frose BHHET, RTAHSRAT EPZ Aoy #5425 i — 4E i iy
HLEAIARIRAR D, PIb e 45 SR R BT B 4254 L
FTERLR R BEATEIS £ [53-55]; BAE A STEIA
BN AR, X e BRGNS B A 35 T 1 Ak
TR T AR o WEARHT B2 [B) 40 BE i 25T 10 BLAR
e, A AR AR B DA = B . 2 (12) &,
SR EAR W OB ALE, R Y 8505 bl 5 % AR R
RMREAR; BeAh, BEE ST EARRER, S0 Tt
AT G, WE 6 Frs, MR EA/NT
10 um B, FTERK 5 ELAR 2 0] ) BE 28 5 ZERE IR B /N
TS TR 2R e T W AR F T D Y AR 0% AR BRI AE 1~10 pm
NG

wJm, WATTLEHE LI MR 39T LR
e 0T SRS FE FNFLBR R A S G &R o WIIMERR 5 iy i
SR AAT G, 53 A ET FLAON 15 5500 7 2 fil 2k
PEEIE N SR Al A, ETHLAS0N 9K 3 55 15 P R IE B Eh
W AM T , A RURLE 42 i 2 BT TTAROE O E A
3k A Ay A A BRI T 5 7K T B Marangoni X it AT LA 7
FRUMMERR [49, 501, HAZ, THERINHEFRAIHLILE A FrioE,
[A Sk X Marangoni 4% 51 71 (90 25 Ak SAE b SEBRME & H
2, SR )R AT G4 RS TR0 0 S0 235 SR A AT g A 5
Wil (517 PRIk, 8 o 0 Ak B s S 7K T R o B 22 LU AR 52
AR,

2, WEARATEI 3 s BRI T — S R AR
AR, PRSI AR AT BN ] R B R R M 1 T R

Engineering Volume 1 - Issue 1 - March 20156 www.engineering.org.cn

TE T 5 BAEAL BT A/ NS 2 R B9 5 40T, A F
P

References

1. E. Sachs, M. Cima, P. Williams, D. Brancazio, J. Cornie. Three dimensional print-
ing: Rapid tooling and prototypes directly from a CAD model. J. Manuf. Sci. Eng.,
1992, 114(4): 481-488

2. Q. F Xiang, J. R. G. Evans, M. J. Edirisinghe, P. F. Blazdell. Solid freeforming of
ceramics using a drop-on-demand jet printer. Proc. Inst. Mech. Eng. J. Eng. Manuf.,
1997,211(3): 211214

3. C.Ainsley, N. Reis, B. Derby. Freeform fabrication by controlled droplet deposition
of powder filled melts. J. Mater. Sci., 2002, 37(15): 3155-3161

4. M. Mott, J. R. G. Evans. Zirconia/alumina functionally graded material made by
ceramic ink jet printing. Mater. Sci. Eng. A, 1999, 271(1-2): 344-352

5. B.Y. Tay, J. R. G. Evans, M. J. Edirisinghe. Solid freeform fabrication of ceramics.
Int. Mater. Rev., 2003, 48(6): 341-370

6. B. Derby, N. Reis. Inkjet printing of highly loaded particulate suspensions. MRS
Bull., 2003, 28(11): 815-818

7. B. Derby. Inkjet printing of functional and structural materials: Fluid property re-
quirements, feature stability, and resolution. Annu. Rev. Mater. Res., 2010, 40(1):
395414

8. B. Derby. Inkjet printing ceramics: From drops to solid. J. Eur. Ceram. Soc., 2011,
31(14): 2543-2550

9. W. Thomson. Improvements in receiving or recording instruments for electric tele-
graphs. UK patent 2147, 1867-7-23

10. R. Elmqvist. Measuring instrument of the recording type. USA patent US2566443 A,
1951-9-4

11. T. Shimoda, K. Morii, S. Seki, H. Kiguchi. Inkjet printing of light-emitting polymer
displays. MRS Bull., 2003, 28(11): 821-827

12. J. Perelaer, et al. Printed electronics: The challenges involved in printing devices,
interconnects, and contacts based on inorganic materials. J. Mater. Chem., 2010,
20(39): 8446-8453

13. K. A. M. Seerden, N. Reis, J. R. G. Evans, P. S. Grant, J. W. Halloran, B. Derby.
Ink-jet printing of wax-based alumina suspensions. J. Am. Ceram. Soc., 2001,
84(11): 2514-2520

14. B. Derby. Printing and prototyping of tissues and scaffolds. Science, 2012,
338(6109): 921-926

15. P. F. Blazdell, J. R. G. Evans. Application of a continuous ink jet printer to solid
freeforming of ceramics. J. Mater. Process. Technol., 2000, 99(1-3): 94-102

16. G. D. Martin, S. D. Hoath, I. M. Hutchings. Inkjet printing—The physics of manipu-
lating liquid jets and drops. J. Phys. Conf. Ser., 2008, 105(1): 012001

17. S. Umezu, H. Suzuki, H. Kawamoto. Droplet formation and diropping position con-
trol in electrostatic inkjet phenomena. In: IS& TS NIP21: International Conference
on Digital Printing Technologies, Final Program and Proceedings, 2005: 283-286

18. C. E. Slade, J. R. G. Evans. Freeforming ceramics using a thermal jet printer. J. Ma-
ter. Sci. Lett., 1998, 17(19): 1669-1671

19. M. Mott, J. H. Song, J. R. G. Evans. Microengineering of ceramics by direct ink-jet
printing. J. Am. Ceram. Soc., 1999, 82(7): 1653-1658

20. J. Windle, B. Derby. Ink jet printing of PZT aqueous ceramic suspensions. J. Mater.
Sci. Lett., 1999, 18(2): 87-90

21. P. Smith, B. Derby, N. Reis, A. Wallwork, C. Ainsley. Measured anisotropy of
alumina components produced by direct ink-jet printing. Key Eng. Mater., 2004,
264-268: 693-696

22. T. M. Wang, B. Derby. Ink-jet printing and sintering of PZT. J. Am. Ceram. Soc.,
2005, 88(8): 2053-2058



23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

39.

40.

R. Noguera, M. Lejeune, T. Chartier. 3D fine scale ceramic components formed by
ink-jet prototyping process. J. Eur. Ceram. Soc., 2005, 25(12): 2055-2059

B. Cappi, E. Ozkol, J. Ebert, R. Telle. Direct inkjet printing of Si;N,: Characteri-
zation of ink, green bodies and microstructure. J. Eur: Ceram. Soc., 2008, 28(13):
2625-2628

E. Ozkol, J. Ebert, K. Uibel, A. M. Witjen, R. Telle. Development of high solid
content aqueous 3Y-TZP suspensions for direct inkjet printing using a thermal inkjet
printer. J. Eur: Ceram. Soc., 2009, 29(3): 403—409

J. E. Fromm. Numerical calculation of the fluid dynamics of drop-on-demand jets.
IBM J. Res. Develop., 1984, 28(3): 322-333

N. Reis, B. Derby. Ink jet deposition of ceramic suspensions: Modeling and exper-
iments of droplet Formation. In: S. C. Danforth, D. B. Dimos, F. Prinz, eds. Solid
Freeform and Additive Fabrication, 2000: 117-122

B. W. Jo, A. Lee, K. H. Ahn, S. J. Lee. Evaluation of jet performance in drop-on-
demand (DOD) inkjet printing. Korean J. Chem. Eng., 2009, 26(2): 339-348

D. Jang, D. Kim, J. Moon. Influence of fluid physical properties on ink-jet printabil-
ity. Langmuir, 2009, 25(5): 2629-2635

P. C. Duineveld, et al. Ink-jet printing of polymer light-emitting devices. In: Z. H.
Kafafi, ed. Proc. SPIE 4464, Organic Light-Emitting Materials and Devices V,
2002: 59-67

C. D. Stow, M. G. Hadfield. An experimental investigation of fluid flow resulting
from the impact of a water drop with an unyielding dry surface. Proc. R. Soc. Lond.
A Math. Phys. Sci., 1981, 373(1755): 419-441

R. Bhola, S. Chandra. Parameters controlling solidification of molten wax droplets
falling on a solid surface. J. Mater. Sci., 1999, 34(19): 4883-4894

E. I. Haskal, et al. 21.1: Ink jet printing of passive-matrix polymer light emitting
displays. SID Symp. Digest Tech. Papers, 2002, 33(1): 776-779

D. Xu, et al. Inkjet printing of polymer solutions and the role of chain entanglement.
J. Mater. Chem., 2007, 17(46): 4902-4907

B. V. Antohe, D. B. Wallace. Acoustic phenomena in a demand mode piezoelectric
ink jet printer. J. Imaging Sci. Technol., 2002, 46(5): 409414

N. Reis, C. Ainsley, B. Derby. Ink-jet delivery of particle suspensions by piezoelec-
tric droplet ejectors. J. Appl. Phys., 2005, 97(9): 094903

N. Reis, C. Ainsley, B. Derby. Viscosity and acoustic behavior of ceramic suspen-
sions optimized for phase-change ink-jet printing. J. Am. Ceram. Soc., 2005, 88(4):
802-808

. A. L. Yarin. Drop impact dynamics: Splashing, spreading, receding, bouncing. Annu.

Rev. Fluid Mech. 2006, 38, 159-192

S. H. Davis. Moving contact lines and rivulet instabilities. Part 1. The static rivulet. J.
Fluid Mech., 1980, 98(2): 225-242

S. Schiaffino, A. A. Sonin. Formation and stability of liquid and molten beads on a

solid surface. J. Fluid Mech., 1997, 343: 95-110

42.

43.

44,

45.

46.

47,

48.

49.

50.

S1.

53.

54.

56.

57.

58.

59.

3D Printing—Review [{{Zo11(H 1)

. D. Soltman, V. Subramanian. Inkjet-printed line morphologies and temperature con-
trol of the coffee ring effect. Langmuir, 2008, 24(5): 2224-2231

P. J. Smith, D. Y. Shin, J. E. Stringer, B. Derby, N. Reis. Direct ink-jet printing
and low temperature conversion of conductive silver patterns. J. Mater. Sci., 2006,
41(13): 4153-4158

J. Stringer, B. Derby. Limits to feature size and resolution in ink jet printing. J. Eur:
Ceram. Soc., 2009, 29(5): 913-918

J. Stringer, B. Derby. Formation and stability of lines produced by inkjet printing.
Langmuir, 2010, 26(12): 10365-10372

P. C. Duineveld. The stability of ink-jet printed lines of liquid with zero receding
contact angle on a homogeneous substrate. J. Fluid Mech., 2003, 477: 175-200

R. D. Deegan, O. Bakajin, T. F. Dupont, G. Huber, S. R. Nagel, T. A. Witten.
Capillary flow as the cause of ring stains from dried liquid drops. Nature, 1997,
389(6653): 827-829

R. D. Deegan, O. Bakajin, T. F. Dupont, G. Huber, S. R. Nagel, T. A. Witten. Con-
tact line deposits in an evaporating drop. Phys. Rev. E., 2000, 62(1): 756-765

R. Dou, T. Wang, Y. Guo, B. Derby. Inkjet printing of zirconia: Coffee staining and
line stability. J. Am. Ceram. Soc., 2011, 94(11): 3787-3792

B. J. de Gans, U. S. Schubert. Inkjet printing of well-defined polymer dots and ar-
rays. Langmuir, 2004, 20(18): 7789-7793

Y. Zhang, S. Yang, L. Chen, J. R. G. Evans. Shape changes during the drying of
droplets of suspensions. Langmuir, 2008, 24(8): 3752-3758

H. Hu, R. G. Larson. Analysis of the effects of Marangoni stresses on the microflow
in an evaporating sessile droplet. Langmuir, 2005, 21(9): 3972-3980

. M. Di Biase, R. E. Saunders, N. Tirelli, B. Derby. Inkjet printing and cell seeding
thermoreversible photocurable gel structures. Soft Matter, 2011, 7: 2639-2646

E. Tekin, B. J. de Gans, U. S. Schubert. Ink-jet printing of polymers — From single
dots to thin film libraries. J. Mater. Chem., 2004, 14(17): 2627-2632

H. Kang, D. Soltman, V. Subramanian. Hydrostatic optimization of inkjet-printed
films. Langmuir, 2010, 26(13): 11568-11573

. D. Soltman, B. Smith, H. Kang, S. J. S. Morris, V. Subramanian, Methodology for
inkjet printing of partially wetting films. Langmuir, 2010, 26: 15686—15693

R. Dou, B. Derby. Formation of coffee stains on porous surfaces. Langmuir, 2012,
28(12): 5331-5338

I. M. Hutchings. Ink-jet printing for the decoration of ceramic tiles: technology and
opportunities. In: Qualicer ‘10, 11th World Congress on Ceramic Tile Quality. Cas-
tellon, Spain, 2010

R. van Noort. The future of dental devices is digital. Dental Materials, 2012, 28:
3-12

J. Ebert, et al. Direct inkjet printing of dental prostheses made of zirconia. J. Dental

Res., 2009, 88: 673-676

www.engineering.org.cn Volume 1 - Issue 1 - March 2015 Engineering

119





