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As an emerging technology, multi-material 3D printing offers increased complexity and greater freedom in the
design of functional ceramic devices because of its unique ability to directly construct arbitrary 3D parts that

incorporate multiple material constituents without an intricate process or expensive tools.

multi-material 3D printing functional ceramic devices capacitors multilayer substrates

microstrip antennas

| 1. Introduction

Compared with structural ceramics, functional ceramic devices are characterized by their detection, transformation,

coupling, transmission, processing, and storage of information (i.e., electrical, magnetic, optical, acoustic, thermal,

force, and biological &), and they have been used in numerous fields (i.e., aviation, automobile, integrated circuit,

communication, medical, and energy) . Most functional ceramic devices, such as multilayer ceramic capacitors,

multilayer ceramic substrates, filters, chip antennas, power dividers, and duplexers, can be fabricated by a high-

temperature cofired ceramic (HTCC) process or low-temperature cofired ceramic (LTCC) process BIAIBI6ITIE]

These processes require multiple steps: (1) material preparation for ceramic tapes and functional pastes, (2)

punching of the green tapes for via formation, (3) filling and metalizing for vertical conductors and horizon

circuitries formation, (4) stacking and laminating for 3D ceramic green body formation that can be maintained as an

array or cut into individual products, (5) cofiring, and (6) post processing including nickel plating, brazing, and gold

plating (Figure 1) . As a result, the metal pastes (e.g., silver, gold, tungsten, and molybdenum) and resistor

pastes can be cofired with the ceramic body to fabricate multilayer ceramic components. With the continuous

development of electronic science and technology, the HTCC and LTCC processes are poorly suited to the rapid

prototyping and low-cost manufacturing of miniaturized, thin, refined, and highly integrated functional ceramic

devices.
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Figure 1. Cofired ceramic process.

Three-dimensional printing is a breakthrough manufacturing method that can build 3D objects layer-by-layer from
digital models and has developed rapidly since the 1980s. Three-dimensional printing is commonly known as
additive manufacturing (AM), and the ASTM/ISO standard for AM classifies the different technologies into seven
subcategories: material extrusion, material jetting, binder jetting, vat photopolymerization, powder bed fusion, direct
energy deposition, and sheet object lamination 9. According to this classification, HTCC and LTCC based on
green tape lamination can also be considered an AM process, though different from 3D printing; therefore, to

distinguish this concept, the researchers use the term “3D printing” rather than “AM”.

In recent years, 3D printing has become a research focus in fine ceramic manufacturing, and it can be used to
construct most structural ceramics [L11213]14]  However, functional ceramic devices with a composite structure
comprising two or more materials usually contain strip lines, microstrip lines, and vias; as a result, in addition to
enhancing the spatial resolution and printing speed, several problems in terms of the raw materials, printing
strategies, and sintering process still need to be solved. Multi-material 3D printing of functional ceramic devices is

in early development and has great research motivation and application potential [22/[161[L7][18]19]

| 2. Multi-Material 3D Printing Methods
2.1. Material Jetting (MJ)

MJ derives from conventional 2D ink jetting extensively used in graphic fields (e.g., office documents, digital
photos, labels, tiles, and clothing) 9. In MJ, droplets of the feedstock material are selectively deposited and
solidified in successive layers 21, Several MJ techniques are recognized by the mechanism of droplet generation,
in which the most widely used are inkjet printing (IJP), aerosol jet printing (AJP), and electrohydrodynamic inkjet
printing (EHDP). Over the past few years, these MJ techniques have attracted interest in the on-demand
fabrication of highly customizable electronics because of their abilities to precisely and smartly deliver high-
resolution patterns with a diversified structure (<1 pum) from design files in a non-contact manner. Multi-material 3D
printing of supercapacitors 22, filters [22], tapered optical waveguides 24, solar cells 23], microsensors 28], flexible

circuits 24, and high-density redistribution layers (RDLs) of silicon interposers 28! has been easily implemented by

https://encyclopedia.pub/entry/35087 2/15



Multi-Material 3D Printing of Functional Ceramic Devices | Encyclopedia.pub

following the same approach of conventional 2D ink jetting by sequential deposition of functional inks via an MJ

system equipped with multiple jetting heads. Table 1 lists several recently developed functional inks whose printing

methods, applications, sintering or curing techniques, and electrical properties are summarized.

Table 1. Summary of recently developed functional inks.

Types of o
) Printing Methods
Functional Inks

Sliver MNPs
inks; 1P [29],
EHD [

Gold MNPs inks;
19p B9, Agp Bl

Metal
nanoparticles

(MNPS) inks Copper MNPs

inks; 1P [32],
EHD 2

Zinc MNPs inks;
1JP B4, AJp 28]

PEDOT: PSS

inks; 1P 38 Agp
[37]

Conductive

polymer inks

BBL: PEI inks;
Spray-coating 28!

Applications

Wearable electronics 21
[29]

Non-enzymatic
electrochemical sensors
(89: micro-hotplates 211

Conductive patterns and
tracks 22l micro-

electronic devices 231

Flexible electronics 34!;

bioresorbable electronics
[35]

Organic solar cells B8 |-

needle electrode arrays
(37]

Organic electrochemical
transistors and

bioelectronics 881

Electrical Properties

0.08-4.74 Q sq™! after 1 h of thermal
sintering at 150 °C [22: 0.4 Q sq~! after 30
min of thermal sintering at 250 °C 27

0.06 Q cm™ after 30 min thermal sintering
at 100 °C 3%: 8.7 + 2.5 yQ cm after 1 h of
thermal sintering at 120 °C followed by
250 °C for 4 h 81

6.18 Q sq™! after applying 5454 J energy
[32: 9. 20 pQ cm after 1 h of thermal

sintering at 230 °C in inert atmosphere (32!

~10%2 S cm 1 34]: 22.32 S cm™! was
achieved after 2 ms of sintering by 1 flash
with energy of 25.88 J/cm?, and the final
conductivity of 34.72 S cm™ was

achieved by an optimum laser power 5]

0.02 S cm™1 after 20 min of thermal
annealing at 120 °C (120 nm thick) [=8;
0.323+0.075 Scm™1 1

8 S cm™! after 2 h of thermal annealing at

140 °C inside a nitrogen-filled glovebox
[38]

https://encyclopedia.pub/entry/35087

3/15



Multi-Material 3D Printing of Functional Ceramic Devices | Encyclopedia.pub

Types of o
) Printing Methods
Functional Inks

Ceramic
nanoparticle Al,O3 CNPs
(CNP) inks inks; 1JP 2
BaTiO3 CNPs
inks; 13P 22 Agp
[4_1]
3Y-TZP CNPs

inks; 1JP [42]43]

ZrOy CNPs inks;
1Jp &4 pnp (3

TiO2 CNPs inks;
1Jp [48147]

Bag Sro4TiO3

CNPs inks; IJP
[48]

Applications

Thin film radio-frequency
capacitors [39]

Piezoelectric generators
[0l interdigitated
capacitors [41]

Dielectric films for

microelectronic devices
[42][43]

Dielectric layers for
flexible electronics 41;

resistive switches 42

Mesoporous TiO>2
electron transport layers
for perovskite solar cells
[481- dielectric layers 4

Dielectric layers for
capacitors [48]

Electrical Properties

The dielectric constant of the printed
alumina layer (~120 nm thick with ~0.5
nm RMS surface roughness after the
thermal annealing at 400 °C) was 6.2 29

The piezoelectric generator had an open-
circuit voltage of ~7 V, a current density of
0.21 pA-cm™2, and a power density of
0.42 pw-cm™2 2 the dielectric constant
was 7 41

The ZrO; dielectric film (dielectric
constant of 10) afforded a leakage current
density of 5.4 x 107® A/cm? at 1 MV/cm
[44] The printed resistive switch showed
stable bipolar memristive switching
behavior around + 3 v 42

The perovskite solar cell had a power
conversion efficiency of 18.29% 48I: the
current-voltage characteristics of
conducting oxide-TiO2-Ag devices
showed diode behavior &7

The relative dielectric constant was 28 +
1.7, and the dielectric loss was 0.043 +
0.006 (at 10 kHz) (48
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Types of o
) Printing Methods
Functional Inks

CazNb301g

CNPs inks; AJP
[49]

Glass silicate

Applications

Thin-film transistors 42

Multilayer hybrid circuits

Electrical Properties

The films deposited by CaaNb3zO1g ink
with a mass fraction of 82 wt% showed a
dielectric constant of 8.5 and a dielectric

loss of 0.058 (at 1 MHz) 42

CNPSL&(S: 1JP 50]
Polyimide (PI) Capacitors for The printed capacitor with 25 + 0.2 um
inks: 51] microelectronic devices thick PI layer showed a capacitance value
inks; 1IJP [51] 51
of 103 pF
Fopes The printed capacitor with 4.5 pm thick
; - vinylphenol Flexible capacitors for - i
RleiE e ) ble el - 52] PVP layer showed a capacitance value of 5,
polymer inks (PVP) inks; 1JP wearable electronics 163 pF 152
[52]
1s0, L.;
Polwinvl alcohol The organic field-effect transistors with
olyvinyl alcoho . . . i
(P\j/A) .yk EHD Gate insulators in organic PVA-based gate insulators show stable ~ VIFOn.
inks; ) .
(53] field-effect transistors B2 gperation with low gate leakage currents
[53]
3. 2010,

LU, 44—IVU.

4. Thelemann, T.; Bartnitzek, T.; Suphan, K.-H.; Apel, S. Advancing packaging solutions using 3D
capabilities of ceramic multilayers. In Proceedings of the 2015 European Microelectronics

2.2:.)6]5“%19!%9%&“9@ W), Friedrichshafen, Germany, 14-16 September 2015; pp. 1-6.
5. Oshima, S.; Wada, K.; Murata, R.; Shimakata, Y. Multilayer Dual-Band Bandpass Filter in Low-

O Sperature CoFirea Ceramic SuBstrate for Uitta Widshand Applcationa. |EER frans. Microw, -
Lab]%%%?ﬁ'é% hl.938.16\55aé1, gi%u_%%rg.based versatile 3D printing method, DIW provides a powerful route for
fabricating complex 3D structures with high aspect ratio walls or spanning elements at the meso- and microscale
feorkigomNaREn RicRRNG ids RN e nicp the (aaindo BMiEroskin Aatenaasal singNrgativesheets
@],P&FWHHM@QWF@I iwpéhb%ﬂ@é@ﬁ@m.rgﬁiﬂﬂﬁﬁr@?fﬁémﬂ(@aTsG@&I@H Qﬁ&@i@ed&&for paste)
wit\BHRRNARIVMIRG - RHARRY .- ik 6hed@kdicdiRs 82 %cAld-extruded through a motion-controlled nozzle (typical
Paprigh 1200 v PRS2 ARG MWE RSP REY % A BIaAI 4 IRIIBISISh RGP G sdFpdiNsfack
MuRfdaY 2580 SHA IRPTIPEY e SE U HTEL HRgH M PR tIBY) R S WHE R Wi 1S RYAISEHSY:

which is assisted by an optional post-curing process (solvent evaporation, gelation, solvent-driven reactions,

https://encyclopedia.pub/entry/35087 5/15



Multi-Material 3D Printing of Functional Ceramic Devices | Encyclopedia.pub

thetredt. t201ve &7 add pbetbOidiation) to allow for crosslinking B2, Figure 2b shows a modified UV-assisted DIW

:4 %(hutam, A.; Gottel, B.; Lipp, A.; Zwick, T. Packaging Solution Based on Low-Temperature Cofired
Ceramic Technology for Frequencies Beyondl%OO GHz. IEEE Trans. Co&npon. Packag. Manuf.
AephuRol. 2018APPRABuR54.  Rgaton

nufacturing:
yringe

. Zhang, L.; 260, Z.; Zhong ¥
by fused deposition mgglsling§

Rotating
Impeller

....

» I \/

. Gong, P.; L, Y.; Xin, C.; Chen, Q.; Hao, L.; Sun, Q.; Li, Z. vidltimateria D-printing barium

Figlra 2 AT LN comRos e uit player-gradicnt npReYF M S ctue 1oL SJIMStaRIS usion of
Dlvg.r&%d@r%gg srgé(f\i{)%\gﬁ/\{eewagts tﬂépﬂgpas%gtréaﬁlwtb%%gslé @.’ (%?K/?u_lt%%%%érial 3D printing with a dual nozzle

1BDIVB syaterd. B4, b dRatingl BnSgeXandJsddaeativViitgigiafrDietbetinapEnar s actvB asedviamulti-material
DIVE|ectr¢e)esohst sdcipial. iGegasofMbehmolteB0RLY rektdGed. lattice structure showing continuous change in
the f| t pi tration, (63 Optical i h tic illustrati f th ti -shell |

28 AR TR RS W W PoR T AR oo Ra, SRR GRS TV i o=

opportunities and challenges of inkjet technologies. At. Sprays 2013, 23, 541-565.
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2dorbbdegd g Bhenyd. jrterSceBatembel] BkAsyDegeg rfamuttinaateaicd! i, racc (da ctosin geatitiee émages of
the glinenisiectahgultfaleeicrisnarstmedt8res using material jetting technologies. Addit. Manuf. 2019, 27,

167-174.

Various material and process parameters, for instance, the rheolcz?ical properties of the ink (e.g., viscosity and

22. Choi, K.-H.; Y o L K. L -Y. All-inkjet-prin lid- flexibl r rs on
sun%cg I'[’ension)’, tr?eobé]o’me%r?c’: eatu’resegf ﬂ?e noz ! L?rtugil ted . 3qid statgo eXiole Sube: capamto& gtrip

spa%fle g(,erémE gJﬁXgEtggﬁrﬂgues,%fg%i?%ghty’ |§ta%e_%18e2%i1ality (e.g., dimensional error, surface roughness, layer

2BatiEratomdvnterfSoaoskindthP i kaezprintésr 3srpayn $Ki68, SAliact asteniRapdledly oienmlifidd Realipatow
inclafiéulihe 3biljpyi ndeid W\ebsilydtbangipassidtels wisengsabjrasad jot 9 uintbrdgdeeh softiaynd IyiSldostesrdjhgster
extaikte 204 Seff&tipRenapitsnTiedatvas eeCaufenas pesjEutv Crivae dyitBpadnsi2beleSeptaendnough
sma@l 8ppred PiR4eliGher feature resolution, they sacrifice build efficiency, and a greater extrusion pressure is

2R, TR RS e SRRSES Bl g P ORGP B Wgr w2
dla:[kgrel'éfé %wﬁlfrg)rpp?.e% grad(ig %hfié)fiﬂ ffsgéo create structures with feature sizes ranging from 100 nm
to pm B

25. Eggenhuisen, T.M.; Galagan, Y.; Biezemans, A.F.K.V.; Slaats, T.M.W.L.; Voorthuijzen, W.P,;
Thédf@armenren, dBfeiShastrategs eBapley nistenattiRy) Bagdipaing Aithvenve@silhtdriab DAV Higtording to
the e e dighy ankj@tkoextediargaods solar Geltsisvittafreadipia ofkdesigad ddataeCmetheiA RAljual
syriBg@@ake-@2hRled through multiple nozzles to construct multi-material structures layer-by-layer (Figure 2c) 4]

26. QIR H" BTG E S8 BIENBICATER AR SElar thAr At SRYATEh B MR8y er cipadiive"™!

Pk SERSERS 67 AEKTESOHIATee LY QARG 2 &l priRtmg. 5 WaRUP' Brocede a7 o R 782
wh%[?e printed inks have different rheological properties [, The second uses a single nozzle with the capability

Zle, e on pressure, standoff distance, printing spee

of switching between inks or in situ mixing of multiple inks via a mixing impeller driven by rotary motor during the
2firhgRrd e R amTedmiahdomiy [KbRMbIRg WePEntBd: (28 FHRaY- (Pigufd HgatiosEIRICEC HitE Ry fdimakes
it ppeZBle RIaahRAERHYNAANG BKIRPHAINESAWiFOHNBR PR SIRGITRUCSstre MYRIEC o B Ge 08 thdRnal

exp%ﬁ@f%ﬁ,sycﬁpermittivity). The third strategy uses a multicore-shell nozzle with several specific inputs connected

28. OHGARR NG AY KEBFr AYHHE8I CBRLIGRAING SARKINE Both BIHHRISHYP £2 JeraAd trkjRaB Hng P aYerie
9 L?%%]n'cation of Multilayer High-Density RDL of Silicon Interposer. IEEE Trans. Electron Devices

2017, 64, 1217-1224.
Recently, multi-material DIW has been increasingly adopted to manufacture functionally graded structures (e.g.,

28 86N arfdlBherriol@151Sse NRYO el 0y, derSap SRRz HiEG . MNb idRi-RBrnE GarapReme SNEI board
80 GRmgasitiakmmdextdesdas tHaly SanpuctiveaWes s flesiesniss HpnlisalivienSehdr6iul inks.

For%%p%,%s et al. Bl used a multi-material DIW printer to fabricate a scaffold with a poly(e-caprolactone)

IFGLARE, PEYERHGASR. (Rihathg!! RMIBRPISTSdHBSAHS VIMSERCMAE (RiRMAvIERIGA|sat HeligRsture:

The RAGIRhaRREIFSEn 6 rRkRHSHBYI FRHEINR RSERtEABNSIeASRJSENR BRI SSHMMRENS 3R efiR!d
str%ﬂ’hﬁy@bgq&%gwe comprises hierarchical porous structures that support cell growth, provide space for

nutrient transport, and withstand different types of ambient loads B2, Critical size or non-union bone defects can be
S dS0RBy SurdlIHY FRpidrdnd b B hip MR Yche YRGS RUERS), Ro QU PRYE! PEMES BISems in the
on RARIRIRS Uy RNB ASIASE S of Rl AL RO S TRSMRIAN S MLCTOSIRS b FRG- 22
sec]d%éar?/lﬁjzgéry (841 Another permanent solution is to facilitate bone tissue regeneration via a scaffold. Multi-
32ateima) BIY\JbgegameréderninsiglerbDie AljeitioA decAtastihts MidntgbirPemmstrgciind Bmt@tierggsiniieysoand
anitppier tkctord rivedican Seiallecnadhl 0O 18 NHM| S8 08 obeBBB06- fatural bone tissue B8I8S] In addition,
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A8pkhaaiodic RahimansifataniTEMS); Edadfplds HallDireot prietise) gé@opipier modifioatiive rpECEoHadksHyny
physicdli-ctezatecatzictr ghydradyacsnicvokjet prititingopsosies seldstidapesp EHiese sad TRdH e h20dr) 232 ,be
conti00ed 88.

34. Majee, S,; Karlsson. M.C F.: ICik, - Sawatdee, A.; Mulla, M.Y.; Alvi, N.U.H.; Dyreklev, P.;
élévl ?!used Seposﬂion(ivroc}/(\e/ﬁ]nb 6):]].)!\1?) _W o u_ _ _ v Y _ Y
Beni, V.; Nilsson, D. Low temperature chemical sintering of inkjet-printed Zn nanopatrticles for

FDRIGE Y OoBHYCIVREE ke S RHr ABiG CAMPARRRISe ARlifUeY- tBlesdARe 2Ok dotRredZe.g., polylactic acid,

3 RAGTSIAHYBNR.; RAUGAIGORRES IRy AR ISy P Ry SRR PREINISTSa R, 1 D39AHRRy Ok IReRS3BRNSIVe
PRSI G AN A PhBRSHIE SSRGS b [P rBISBIETANE AdAGISEHIBE tk R G dREElettribidgocess.
themmpmﬁpgagrdpﬁl%m@gﬁgltg@ﬁ,sgit?@%}plg'quuefier head, and then the polymer is selectively

extruded by the action of two counter rotating elements on the platform to build the 3D objects in a layer-on-layer
3nb;ar$ r%@glb\fé'r; tﬁea %X%{ ’fcle\\//l\i ;y(e;aarggtﬁaé'rr%gp aesrtsl(t:ap% )I/pr%rt }ﬁ%rfﬁ)erms? Fie(?n &EgaEb[gloa-l;}gﬁQ‘é y féltnf]lﬁetr)él, isr”éﬂegs metals
@[@’]i’n&iar}%%gmrl@@!%%g%ll@@icaantmga&§g gﬁé%‘s’@%gvé bZ§r§ EZ\Te7|§&805. With enhanced properties
3B.ZipgeShadieab strerRihklihe Praleckady divithdigeMittyigeifielecdik . Jadayend higvolinathiBy)Faflythese
confristedijavhentsl | E (Ve aticexpand $rivvrarndittises Polyimelentiofar, Biteietiverdeappdicatidnsgedical,
andspeApplutEsr. Interfaces 2019, 11, 32778-32786.

SFher g p_%{rérr‘?' neckel FB'M'A%il;eRngr%ght-ll-'s-p%t.‘:i}{\c{u('el._é';\'{ﬁ e%lﬁjal,xh;] é:%g]nel(ial!\,l ' Ig’hﬁ%uéo%éilgéi tttl)?c()) pnegfie}g 'and
diaMEHMe Sl fh MaSSA e M- LAk AN SARAUCIIVEY, REYR S PRIVINGHS Nk day Riinted QIS RIonNES

(e.gNa}IU%B(rE‘TI]rQPQXt%%%&H %ga 53,5rf'b'zzle diameter, and gear force) 7381 Multi-material 3D printing with FDM

InuiorearichéDB); ddalke, dsilohelemeatsd\ishg Lraghti e, extrasioB haomites Aand et - pratited taa fihawn
incresgiodfietpuesich oepaci tere d adedeohdi dye hdgrvstliuistivaali ehediroaiekia Cdrbhe hse201con4Byct
cong846-sP86@®res, such as low resolution accompanied by poor surface finish, insufficient bonding between
adjacent sections, and slow build velocity 4, Additionallg, thermoplastic polymer filaments with high solid content

40.Lim, J.; Jung, H.; Baek, C.; Hwang, G.-T.; Ryu, J.; Yoon, D.; Yoo, J.; Park, K.-I.; Kim, J.H. All-
are_necessary for the fabrication of metal and ceramic parts because of the fow shrinkage after sintering; However,

inkjet-printed flexible piezoelectric generator made of solvent evaporation assisted BaTiO3 hybrb
the dramatic increase in stiffness and brittleness adversely affects the production and printing process 22,
material. Nano Ener%:]y 2017, 41, 337-343. _
Therefore, significant efforfs should be devoted to overcoming these challenges.

41. Craton, M.T.; He, Y.; Roch, A.; Chahal, P.; Papapolymerou, J. Additively manufactured

2.40\VatiPhoetopohomesizatign{\MR) titanate nanocomposite inks. In Proceedings of the 2019

49th European Microwave Conference (EuMC), Paris, France, 1-3 October 2019; pp. 488-491.
In the vat photopolymerization (VP) process, a liquid-state photopolymer material housed in a vat is selectively

42rBAOH BB R APRMR - pYFRKAHERN 10D RYRIZIAGLI GL MBI PTAERRR LOsTARMFRIS FaHy
(SL%?,rmgpﬁgﬂatmgﬁrogﬁw'(E?JL)ZQ;Lthé%h%Wﬁé@ﬁ%rization (2PP), digital light processing (DLP), and
Apnthuass FouigintRiRcR Modpeiendfe;IR).; Deluca, M.; Ebert, J.; Danzer, R.; Telle, R. Mechanical
characterisation of miniaturised direct inkjet printed 3Y-TZP specimens for microelectronic

As QBBIR{atHSnogd%sté/Lﬁ, tmqlﬁg§8 C‘?%Tﬁf‘%‘b,béﬂgl_@fsqfdﬁ SLA uses a UV laser beam scanning quickly

along a controlled path to cure the irradiated photopolymer material within a vat from point to point. After one slice
44 it oZ thé MG platrGP th e Bntlar 81 MG M¥BEring BAUs e YRR E |a Y%opRERA of- Fottom-up
struet M8 Suitr PV sk ik mySe By [t ersety BRaard fitriegshHaR e manes MERLIME printing
untpiﬁg%cp'a:”nfbaﬁm’ngm%%%gr %%réﬂplla%@tgéamﬁﬁg 48%8%9,’ %ﬁt5&|%§r—s5ﬂr8|% conventional
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A6indiwaisotvh)N SIKinby HekhloDod, teH tve-pbotéh Habdo@a dte XitHa) ppirvies s esi sitide dgn pohnistivegtiswitah the
phdfomighee i@atsoial ditidty trenfoc g rieding piracedsafbbirffSolid dedims @Ql&ysedonGQR4ttAaser. Therefore,
OSSR BRYS R0 OBIES W esge RO R ey s Tecien s fom
e S T T4 PR & M B RS MBSO i8S Bl PerbvalGte L &6 e High BRIy "

timcﬁsg?g\s/%%i{égé% g‘? Se l%%%ﬁg?gg(;(}%i(r: sng?ra‘allg?s%g%fj] ll}ig.ighly transparent feedstock, especially when
involving light-scattering additives such as ceramic particles (102,

47. Padrén-Hernandez, W.; Ceballos-Chuc, M.C.; Pourjafari, D.; Oskam, G.; Tinoco, J.C.; Martinez-
In dobpagz: . iHeadoiguenBadtb e Gedbiabdetéaksdioyikds| ©Lprentipigyaf A itdhi il mejddatentSoi than a
las&eavitenith P socess. 2204 8e8ilt, 2598 limage corresponding to each layer shape can be projected over the
ARCRLSE RIS RPRUESET ATRORILINC, BT (PRETIIRN, RPRYG I e R PO SRR =
e RjeEBtinig B LI BYEE Deriic 3o boRMAHE SIS AR ENS Thaler TS, 1770
sterfggtggg@(gffy (PuSL) is a development from DLP using a liquid crystal display, a digital micromirror device, or
liquid crystals on the silicon device as a dynamic mask and featuring superior resolution (up to 0.6 pm) 2931, CLIP
49 Nbinet- aERIobrmEM8Rdne oIS eNbiifd b datiAUABY JIBRBCEMPIS I HIBLRCSr igiBkRRH- ferRRRERAHAM V-
traripiatesk (oL AR SISt - JEPR PASopa nTeChRRli A4 184, A4 /fieh24n travel through the window and
SHIXSMGIAE, oidARRRIBROVANEL Efatfiia!. NPIEiR ShRETRIMSNE g HBlERCR (NG 0 HsaR 2N Raagle of
inhiRE0@H6E kRl RIRIARCBIBRELRM AR RIS BultRA R iPR [RASSHRBRES AP PRI SN BARM T
eactd@nfiol. 2014, 266, 303-311.

Sthedbans.pasetusk Srintigathidioditd NavealtdviFgréde YorSiHEDRSSefsordVitdan K rdkist RitANddic
deVvRidR0IyHIIdeaisdalRER iRk the RE RIBIPAL LEIRIRRHIS BNasRK Al HOhigHCrERIREHR NHiRPRIGRHEN Shidh
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5PN (FoCkBrah, SR BERAS fPrierion. ARfaMitikietiHntel iING Y4Batiobassh RAMEIALRT &AM
chaieneiady i diRaiedParaeark il fgiiGre At S Apsine AU S aPPORIealHgS o e 38 n4ES, Faifeil
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S%5phdBshrs; SN SN My bt W ANk ReraidRerctobdies i il RO RS e300 % X oA e Silled a
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55.Gu, S.; Tian, Y.; Liang, K.; Ji, Y. Chitin nanocrystals assisted 3D printing of polycitrate thermoset

DIW.to fabricate active soft robots cwcwt-embeddln% architectures, and strain” sensors (Figure 3b—d). This
bioelastomers. Carbohydr. Polym. 2021, 256, 117549. _

strategy requires an effectivé cleaning tool (e.g., air jet, vacuum, brush, and ultrasonic) to remove the uncured

56hot¥poIgmiy; thhtdriaVWi@angidsende réce Mdci¥s, XhatheM Udiinadarial AdditikeaMansifaiuctigaatiihdiol leads
to ditasixsiand Hieneaesuptarstfier sHodneraraiedylesoniesieAdpMaden EehnndAR2or adiddARany
57 RS, & PARPPBY WRIam A 4GRS o, M. ReHIF: RHMEoR MG, &S CaRtaning, diferent
PhqRBRL M AR operties BPYTYRIoEISSRERIEVRSAES URS drde: IR iRt aRaTisoniddnsesating s
tim%iﬁ?gﬁHEP@&am_(m?_r%ﬁ,tlzt'g’i%sz@m[(_esearchers have proposed multi-material stereolithography without

vats that can deliver multiple photopolymer materials on a moving glass plate or silicone sled using aerosol jet
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Dielectric material (ink):
¢ CapxNaNb,Oy3 + Isopropanol + 2- The capacitor showed a 5.
butyl alcohol N[ Capacitors ~ capacitance density of =210 1201 " ="
X n of a
pF/mm
Electrode material (ink): Ag
¢ Dielectric material (ink):
Bag Sro.4TiO3-Zn0O-B,04 + Butyl The varactors showed a DM-3D
diglycol + isopropyl alcohol + ethyl tunability between 14.4%
2 e y IJP Varactors / . —
cellulose and 16.4% under a tuning
c .
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Electrode material (ink): Ag J7147.
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Dielectric material (ink): MgTiO3
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S Multi-Material 3D Jcess
Compositions Printing Applications Properties Ref. 3.
Techniques
0 ukla, C.;
: : o J19,
Dielectric material (ink):
Pbo.g7La0.02Zr0.53Tio.4703 + ethylene
1C glycol + ethanolamine 1JP Capacitors / 123 Vat
of 3D
Electrode material (ink): Ag
1C _ _ - 1 3D:
Dielectric material (ink): . .
) The multilayer ceramic
Bag Sro.4TiO3 + Poly (ethylene Multilayer .
P ] capacitors showed a [124]
lycol) diacrylate ceramic , , >
1C glycol) y ) capacitance density of = 500 -ed
capacitors . 4
N pF/mm J
Electrode material (ink): Ag
1C ion
Dielectric material (ink): BaO-AloO3- ) . .
(ink) 273 Multilayer The multilayer ceramic
SiO2-MnO-TiO :
2 z 1JP ceramic substrate showed a [L25]
o substrates shrinkage ratio of =15%
Electrode material (ink): Cu < ’
1C cesses
The multilayer ceramic
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Electrode material (/): Cu plating substrates dielectric loss of = 7% at 1
1C MHz on 3D
er.
) The multilayer ceramic
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1C SLA + DIW ceramic [L27]
. modulus E of =280 + 11
Electrode material (slurry): tungsten substrates 3.
GPa
1C al light
. . o . . 12g) 3. Addit.
Dielectric material (ink): ZrO, IJP + AJP Microstrip The bulk ZrO, showed a
antennas relative permittivity of 23 and
1C Electrode material (ink): Ag Aanuf.

110. Choi, J.-W.; Kim, H.-C.; Wicker, R. Multi-material stereolithuyrapiy. . wviaier. Fiucess. Technol.
2011, 211, 318-328.

https://encyclopedia.pub/entry/35087 13/15



Multi-Material 3D Printing of Functional Ceramic Devices | Encyclopedia.pub

11 Multi-Material 3D ng with
Compositions Printing Applications Properties Ref.
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