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A B S T R A C T ! !

Microscale!additive!manufacturing!is!one!of!the!fastest!growing!areas!of!research!within!the!additive!manufacturing!community.!However,!there!are!still!signi"cant!
challenges!that!exist!in!terms!of!available!materials,!resolution,!throughput,!and!ability!to!fabricate!true!three-dimensional!geometries.!These!challenges!render!
commercialization!of!currently!available!microscale!additive!manufacturing!processes!dif"cult.!This!paper!is!the!last!one!in!a!four-part!series!of!articles!which!review!
the!current!state-of-the-art!of!microscale!additive!manufacturing!technologies!and!investigate!the!factors!that!currently!limit!each!microscale!additive!manufacturing!
technology!in!terms!of!materials,!resolution,!throughput,!and!ability!to!fabricate!complex!geometries.!Parts!I,!II!and!III!offer!prognoses!about!the!future!viability!and!
applications!of!each!technology!along!with!suggested!future!research!directions!that!could!be!used!to!bring!each!process!technology!in!line!with!its!fundamental,!
physics-based!limitations.!This!paper!brings!together!the!general!design!guidelines!that!must!be!followed!while!designing!scalable!microscale!AM!processes.!Finally,!
the!paper!concludes!with!an!analysis!of!the!role!of!precision!engineering!in!the!future!advancement!of!microscale!additive!manufacturing!technologies.!This!series!of!
publications!is!a!joint!effort!by!the!members!and!af"liates!of!the!Micro-Nano!Technical!Leadership!Committee!of!the!American!Society!for!Precision!Engineering!
(ASPE).!!!

1. Introduction!

1.1. Introduction!to!additive!manufacturing!(AM)!

Additive!manufacturing! (AM)! technologies,! colloquially!known!as!
�3D!printing’,!have!been! researched!and! implemented! in! low-volume!
production! environments! for! more! than! two! decades.! Although,!
initially! publicized! as! �rapid! prototyping’,! improvements! in! additive!
manufacturing!technologies!have!predominantly!led!to!the!fabrication!
of! near-net! shaped! "nal! products! which! need! minimal! post-process!

machining.! The! "rst! formalized! terminology! of! AM!was! adopted! by!
the!ASTM!Committee!F42!in!2009,!which!de"ned!it!as!the!�process!of!
joining!materials!to!make!objects!from!three-dimensional!(3D)!model!
data,!as!opposed!to!subtractive!manufacturing!methodologies.’ [1]!Most!
AM! processes! are! layer-by-layer! (LbL)! in! nature,! where! each! lami-
na/layer!is!deposited!and!consolidated!sequentially.!However,!there!are!
volumetric! AM! techniques! which! do! not! use! an! LbL! approach.! AM!
processes!are!mainly!classi"ed!on!the!basis!on!starting!material!state!
(liquid,!"lament,!paste,!powder,!and!sheet),!layering!technique,!and!bed!
consolidation!technique!facilitated!by!energy!mode!and!phase!change!

Abbreviations:!F-DIW,!Flow-based!Direct!Ink!Write;!EHD!Printing,!Electrohydrodynamic!Jet!Printing;!AJP,!Aerosol!Jet!Printing;!μ-SLA,!Microstereolithography;!
TPL,!Two!Photon!Photopolymerization/Lithography;!LIFT,!Laser!Induced!Forward!Transfer;!μ-SLS,!Microscale!Selective!Laser!Sintering;!FIBID,!Focused!Ion!Beam!
Induced!Deposition;!LCVD,!Laser!Chemical!Vapor!Deposition;!MCED,!Meniscus-con"ned!Electrodeposition;!LECP,!Laser-Enabled!Electrochemical!Printing.!
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physics![2–4].!The!primary!advantages!of!AM!over!conventional!and!
subtractive! manufacturing! techniques! are! design! independence,!
multi-material! fabrication! capabilities,! lower! cycle! times,! reduced!
tooling!costs,!and!higher!degree!of!automation![2].!AM!processes!have!
received!unprecedented!attention!over!the!last!few!decades!with!wide-
spread! applications! in! the! automotive,! aerospace! and! biomedical! in-
dustries.! A! rather! nascent! sub-category! of! AM! research! is! the!
development!of!microscale!AM!processes!and!tools!for!primary!appli-
cations!in!the!semiconductor,!MEMS/MOEMS,!and!medical!devices!in-
dustries! [5].! It! is! driven! by! an! ever-increasing! demand! for!
miniaturization!of!products,!and!the!scalability!issues!associated!with!
existing!micromanufacturing!techniques.!

From!a!strategic!perspective,!the!projected!socioeconomic!impact!of!
AM!processes!has!mostly!been!hailed!as!a!disruptive!technology![6,7].!
There! have! been! visible! improvements! in! supply! chain! ef"ciencies,!
time-to-market,! and! production! customization! of! "rms! which! have!
implemented!AM!techniques![8–11].!However,! it! is!critical! to!under-
stand! the! assumptions! of! these! studies.! Despite! the! perceived! value!
proposition!of!AM,!the!degree!of!penetration!of!AM!might!vary!from!one!
industry!to!the!other,!which!introduces!several!research!opportunities!to!
further!de"ne!the!scope!of!AM!technologies.!Although!several!explor-
atory!studies!exist!in!literature!which!have!identi"ed!strong!develop-
mental! frameworks! for! commercialization! and! adoption! of! AM!
techniques![12–14],!their!impact!is!not!well!characterized!because!of!the!
range!of!the!technical!and!economic!challenges!associated!with!these!
processes.!For!example,!metal!additive!manufacturing!can!theoretically!
produce!complex!functional!parts!with!lower!weights,!as!compared!to!
casting,! forming! and! machining.! However,! the! uniformity! in! micro-
structure!growth!and!its!effect!on!failure!modes!is!still!an!active!area!of!
research![15].!This!limits!the!adoption!of!metal!AM!processes!like!Se-
lective!Laser!Sintering/Melting!(SLS/SLM)!to!production!of!non-critical!
and!spare!components.!Furthermore,!there!are!several!issues!associated!
with!developing!a! robust! supply!chain!network! for!AM!technologies,!
which!are!effectively!stunting!the!unabated!growth!of!these!processes!
[16,17].!However,!these!challenges!do!not!greatly!undermine!the!po-
tential!of!AM!to!be!a!revolutionizing!technology.!

1.2. Challenges!associated!with!conventional!micro/nano-manufacturing!
processes!

The!underlying!need!in!micro/nano-manufacturing!systems!devel-
opment! is! Function! and! Length-Scale! Integration! (FLSI)! where! the!
products’ applications! and! robustness! must! be! improved! without!
signi"cantly!increasing!their!dimensions!and!weight![18,19].!Most!of!
the!existing!micro/nano-manufacturing!systems!are!enabled!by!multi-
disciplinary!research!and!innovations!in!nanotechnology,!precision!en-
gineering,! and! materials! engineering.! The! semiconductor! and! chip!
fabrication!industries!have!been!the!primary!movers!of!these!technolo-
gies.! However,! the! growing! demands! for!microproducts! in! other! in-
dustries!has!led!to!a!paradigm!shift!in!de"ning!the!capabilities!of!these!
processes.!Dimov!et!al.![18]!classi"ed!the!functional-level!opportunities!
for!creating!new!microproducts!into!"ve!categories!– (1)!Enhanced!force!
micro-actuation,!(2)!High!aspect!ratio!features,!(3)!Environment!resis-
tance,! (4)!High!precision,! and! (5)!Uni"cation!and! standardization!of!
product!integration/packaging.!

The!development!trends!towards!miniaturization!have!been!mostly!
product-driven!and!are!concentrated!in!industries!where!cost!and!FLSI!
criteria!are!relatively!well-satis"ed![18–20].!These!approaches!ensure!
that!there!is!a!comprehensive!understanding!of!the!physical!phenomena!
exploited!by!micro/nano-manufacturing! technologies.!However,!chal-
lenges!arise!when!the!complete!spectrum!of!complementary!technolo-
gies! is! not! available! (or! well! understood)! for! FLSI.! For! example,!
realization!of!3D!freeform!microproducts!is!dif"cult!without!integration!
of! several! micro/nano-manufacturing! technologies.! The! constraints!
posed! by! each! individual! technology! further! dominate! the!
product-design!process![18,21].!These!manufacturing!limitations!mark!a!

departure!from!traditional!product!design!philosophy!by!shrinking!the!
overall!design!space,!limiting!FLSI,!and!driving!innovation!in!technol-
ogies!which!are!highly-product!speci"c.!The!primary!challenges!asso-
ciated!with!existing!micro/nano-manufacturing!processes!are!as!follows:!!

1.! Limited! geometric! freedom:!Mature! subtractive!micromanufacturing!
processes!like!surface!micromachining!restrict!the!design!space!to!2/!
2.5D! structures! which! might! be! functionally! limited! as! well.!
Achieving!high-aspect! ratio! �true-3D’ structures!with! feature! sizes!
below! tens! of! micron! range! is! dif"cult! for! most! subtractive! and!
hybrid!micromanufacturing!processes!due!to!fundamental!challenges!
in!process!physics,!system!engineering,!materials,!and!throughput.!

2. Limited!materials! processing! capabilities:! Several! non-metallic!mate-
rials!(Si,!polymers,!copolymers,!ceramics)!have!been!researched!for!
IC!fabrication.!Although!a!combination!of!lithographic!and!micro-
machining!technologies!has!effectively!widened!the!range!of!appli-
cations! for! these! materials,! there! are! challenges! associated! with!
crystallographic! anisotropy,! surface! integrity,! homogeneity! and!
material! defects! at! length! scales! which! compromise! the! seamless!
integration!of!mechanical,!thermal!and!other!functional!properties!
into!these!microscale!products/devices.!!

3.! Limited!feature-size!resolution!and!throughput:!A!key!aspect!of!micro/!
nano-manufacturing! technology! development! is! the! areal! resolu-
tion!at!which!the!processes!can!fabricate!products.!While!resolution!
is!mostly!driven!by!the!process!physics!(for!example!diffraction!limits!
in! lithography),! micromachining! processes! like! micromilling,!
microforming,!and!micro-EDM!etc.!are!also!limited!by!the!available!
tooling.!A!similar!reasoning!can!be!extended!for!process!throughput!
as!well;!but!there!has!been!continuous!improvement!in!the!industry!
for!increasing!the!throughput!by!modifying!speci"c!process!param-
eters!and!product!design.!However,!achieving!FLSI!involves!multiple!
process!steps!which!not!only!add!to!the!overall!throughput,!but!also!
introduce!several!sources!of!error,!thereby!increasing!the!overall!cost!
of!manufacturing.!Therefore,!understanding!the!limits!to!resolution!
and!throughput!of!micro/nano-manufacturing!processes!remains!an!
active!area!of!research.!

It!must!be!understood!that!individually!addressing!these!challenges!
is! insuf"cient.!The! interdependence!of! these!parameters!and!external!
factors!(like!supply!chain!robustness!and!environmental!policies)!have!a!
signi"cant! impact! on! the! growth! of! the! micro/nano-manufacturing!
processes.! Multiple-pronged! approaches! and! manufacturing! frame-
works!have!been!suggested!by!researchers!which!would!be!critical!to!the!
holistic!development!of!the!industry![18].!

1.3. Advantages!and!current!state-of-the-art!for!microscale!AM!

These!challenges!can!be!addressed!with!the!development!of!novel!
additive! manufacturing! techniques! which! can! potentially! provide!
greater!design!independence,!multimaterial!processing!capabilities,!and!
high!throughput!for!complementing!existent!manufacturing!framework.!
Microscale!AM!processes!can!also!reduce!the!number!of!processing!steps!
required!to!reliably!fabricate!a!complex!functional!microproduct.!Most!
commercially!AM!processes!are!limited!to!a!feature-size!resolution!of!
tens!of!microns,!which!is!a!limiting!factor!for!fabricating!microproducts!
[22].! Relatively! scalable! state-of-the-art! AM! processes! like! Stereo-
lithography! (SLA),! Selective! Laser! Sintering! (SLS)! and! Inkjet-based!
techniques!are! further! limited!by! their!process!physics!and!engineer-
ing!tools![5].!The!scalability!of!these!processes!in!terms!of!the!range!of!
materials,! feature-size! resolution,! geometric! capabilities,! and! volu-
metric! throughput! are! dif"cult! to! quantify! without! considering! the!
fundamental! and! engineering! challenges! in! the!processes.!Microscale!
AM!processes!can!produce!2.5D!structures!repeatably,!and!can!be!reli-
ably!adapted!to!true-3D!structures,!which!is!a!signi"cant!advantage!over!
conventional! micromanufacturing! techniques.! Unlike! conventional!
processes,! the! design! independence! offered! by! microscale! AM! can!
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ensure!that!the!product!development!cycle!is!not!limited!by!the!process.!
The!processes!that!have!been!discussed!in!this!paper!range!from!a!res-
olution!of!hundreds!of!nanometers!to!hundreds!of!microns.!Following!
certain!design!rules!and!ideas!presented!in!this!series!of!articles![23–26]!
can!potentially!improve!these!process!for!fabricating!microscale!true-3D!
parts.!

1.4. Objective!of!this!paper!

This!paper!is!Part!IV!of!a!four-part!series!of!articles!which!discussed!
about!the!fundamental!challenges!and!opportunities!in!microscale!AM!
processes.!Part!I!of!the!series!talks!about!direct!ink!write!processes,!part!
II!presents!laser-based!processes!and!part!III!highlights!the!challenges!
associated!with!deposition-based!and!hybrid!electrochemical!processes.!
The!general!objective!of!this!paper!is!to!help!develop!a!comprehensive!
understanding! of! the! current! capabilities! and! limitations! of! various!
microscale!additive!manufacturing!processes.!As!discussed!in!the!pre-
vious! sections,! the! primary! advantage! of!AM!processes! is! the! design!
independence!which!can!be! leveraged!in!developing!microscale!parts!
and!functional!devices!with!applications!in!several!industries.!Although!
various!innovative!microscale!AM!processes,!driven!by!novel!physical!
phenomena! exist! in! the! literature,! most! of! them! are! fundamentally!
limited!in!their!capabilities.!The!processes!have!been!evaluated!on!the!
basis!of!the!following!criteria!– processable!materials,!geometric!inde-
pendence! (2D,! 2.5D,! true-3D! fabrication! capabilities),! minimum!
demonstrable!feature-size!resolution,!and!volumetric!throughput.!The!
fundamental!limitations!to!these!capabilities!are!primarily!driven!by!the!
physics!of!the!processes.!Parts!I-III![23,24,27]!discuss!these!limitations!
in!detail!and!analyze!potential!solutions.!Furthermore,!these!articles!also!
highlight!the!potential!approaches!that!have!been!implemented!in!the!
literature!to!address!these!challenges!and!explores!several!auxiliary!and!
complementary!ideas!to!overcome!the!process!limitations!and!enhance!
precision!manufacturing.!Based!on!these!ideas,!general!guidelines!and!
design!principles!have!been!discussed!in!this!article!to!drive!the!inte-
gration!of!microscale!AM!processes!in!high-throughput!production!en-
vironments.!This!series!of!publications!is!a!joint!effort!by!the!members!
and!af"liates!of!the!Micro-Nano!Technical!Leadership!Committee!of!the!
American!Society!for!Precision!Engineering!(ASPE).!

2. Discussions!and!insights!on!the!future!development!of!
microscale!AM!processes!

The! previous! parts! discussed! the! various! microscale! additive!
manufacturing!processes!that!exist!in!either!academia!or!industry![23,!
24,27].!The!general!motivation!behind!developing!these!processes!is!to!
facilitate! the! evolution! of! microfabrication! industry,! with! the! added!
advantages!of!an!AM-based!approach.!The!processes!discussed!in!these!
sections!are!governed!by!a!wide!range!of!physical,!chemical!and!elec-
tromechanical!mechanisms.!A!comprehensive!overview!of!the!current!
state-of-the-art! of! these! processes! with! detailed! analysis! of! the!
feature-size! resolution,! fabrication! geometry,! volumetric! throughput,!
and!range!of!available!materials!for!each!process!will!be!presented!in!
this! section.!Table!1!provides!a!comparative!overview!of! the!process!
capabilities!of!each!of!the!processes!reviewed!in!this!paper.!The!funda-
mental!challenges!which!researchers!generally!encounter!with!micro-
scale!AM!processes!are!also!outlined!in!this!section!along!with!potential!
approaches!to!overcome!them.!This!section!provides!a!critical!analysis!of!
the!process!limits!based!on!the!four!major!criteria!– materials,!resolu-
tion,!manufacturing!geometry,!and!volumetric!throughput.!This!section!
also! identi"es! the! general! engineering! approaches! required! towards!
enhancing!precision!freeform!fabrication!capabilities.!Table!1!quanti"es!
the!performance!characteristics!of!the!microscale!AM!processes!which!
have! been! discussed! in! the! paper.! Fig.! 1! represents! the! operational!
windows! of! the! processes;! the! feature! size! resolution! (x-axis)! versus!
volumetric!throughput!(y-axis)!data!from!published!research!have!been!
plotted.!

2.1. General!strategies!to!enhance!materials!capabilities!

2.1.1. Overview!of!material!capabilities!of!microscale!AM!processes!
The! seamless! integration! of! microscale! AM! processes! for! aiding!

production-scale!microfabrication! techniques! requires!processing!of!a!
wide!variety!of!materials.!The!potential!applications!of!these!processes!
are! largely!driven!by! the!material!classes! that!can!be!processed.!The!
elemental!composition,!microstructural!properties,!and!physical!prop-
erties! like! electrical! resistivity,! mechanical! strength,! and! surface!
roughness! of! the! AM! parts! are! key! to! the! design! of! the! process.! In!
addition! to! the! materials! being! processed,! the! substrate! plays! an!
important!role!in!determining!part!adhesion,!energy!requirements!(for!
laser-based!processes),!process!parameters,!post-processing!conditions,!
and!material!handling.!

Table!1!
Performance!data!microscale!additive!manufacturing!processes!consolidated!from!previous!research!studies.!!

Process! Materials! Fabrication!
Geometry!

Minimum!Reported!
Resolution!

Highest!Theoretical!Throughput!at!
minimum!resolution!

References!

Direct!Ink/Jetting!Processes!
F-DIW! Metals,!Ceramics,!Polymers! 2.5D,!3D! 600!nm! 0.0005!mm3/h! [28]!
EHD!Printing! Metals,!Ceramics,!Conductive!polymers,!Molten!metals,!

Biomaterials,!Quantum!Dots!
2.5D! 50!nm! 0.00036!mm3/h! [29]!

Binder!Jetting! Metals!and!Ceramic!powders! 2.5D,!3D! 3E+4!nm! 166E+3!mm3/h! [30]!
AJP! Metals,!Conductive!Polymers,!SWCNTs,!Insulators! 2D,!2.5D! 1E+4!nm! 50!mm3/h! [31]!
Laser!Trapping!and!Curing!Processes!
μ-SLA! Acrylic!polymers! 2.5D,!3D! 2E+3!nm! 6000!mm3/h! [32,33]!
Optical!
Tweezing!

Silica,!Polystyrene,!Polymethyl!Acrylate!(PMMA)! 2D,!2.5D! 5!nm! 3.655!mm3/h! [34]!

TPL! Polymers,!Polymers!with!doped!metals!and!CNTs! 2.5D,!3D! 120!nm! 0.02–70!mm3/h! [35]!
Laser!Heating!Processes!
LIFT! Metals,!Semiconductors,!Conductive!Polymers,!

Biomaterials!
2.5D,!~3D! 4000!nm! 0.01!mm3/h! [36]!

μ-SLS! Metallic!Nanoparticles,!Polymer!inks! 2.5D,!3D! 1000!nm! 63!mm3/h! [22]!
Energy-Induced!Deposition!Processes!
FIBID! Metals,!Insulators! 2.5D,!3D! 10!nm! 3.6E-7!mm3/h! [37]!
LCVD! Metals,!Metal!Oxides,!Silica! 2.5D,!3D! 500!nm! 0.013!mm3/h! [38]!
Electrochemical!Processes!
MCED! Metals,!Conducting!Polymers! 2.5D,!~3D! 50–100!nm! 2.5E-7!mm3/h! [39,40]!
LECP! Metals,!Semiconductors! 2.5D,!3D! 100!nm! 28!mm3/h! [41,42]!!
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The!primary!material!classes!that!have!been!explored!in!the!paper!
are!polymers,!metals!and!ceramics.!These!can!be!further!classi"ed!based!
on! raw! material! state,! discretized! particle! size! and! morphology,!
elemental!composition,!compounding!and!alloying,!deposition!mecha-
nisms,!and!additive!and!binder!content.!The!concept!of!microscale!AM!of!
true-3D! geometries! was! initially! helmed! by! the! polymer! microparts!
(using!μ-SLA)! [43–45].!While! fabricating!polymeric!microproducts! is!
well!within!the!capabilities!of!most!microscale!AM!processes!given!the!
wide!range!of!#exibility! in!modifying!the!material!chemistry,!careful!
considerations! towards! photosensitivity,! volumetric! diffusion,! and!
initiator!design!must!be!made!before!designing!a!polymer!compound!for!
micro-AM!applications.!Conductive!polymers!are!being!explored!widely,!
because! of! their! compatibility! with! well-established! microscale! AM!
processes!(μ-SLA)!and!their!electrical!performance.!

Metals! are! also! widely! explored! materials! for! microfabrication,!
especially!in!the!microelectronics!and!MEMS!industry.!High!electrical!
conductivity,! magnetic! susceptibility,! and! mechanical! strength! are!
among! the! several! fundamental! characteristics! of! metallic! materials!
which! make! them! lucrative! for! these! applications.! Conventional!
micromanufacturing! processes! for! back-end-of-line! fabrication! of! in-
terconnects!mainly!uses!metals!like!Al,!Cu,!Ag,!Au,!Ni,!Ni–Co,!and!Ni–Fe!
[46].! MEMS! production! techniques! rely! heavily! on! bulk! Si! micro-
machining.! Subtractive! manufacturing! processes! for! making! these!
microproducts!are!often!highly!in#exible,!expensive,!time!consuming,!
and! require! complex! tooling! for!microassembly.! The!development! of!
microscale!AM!techniques!which!can!process!a!wide!variety!of!metals!
and! metallic! compounds! (organometallics,! metal! salts,! alloys,! in-
termetallics)!is!critical!to!the!growth!of!the!microelectronics!industry.!
Most!of!the!microscale!AM!technologies!that!have!been!discussed!in!this!
review!have!demonstrated!the!ability!to!directly!process!metallic!com-
pounds! with! the! exceptions! of! Optical! Tweezing,!
Micro-stereolithography!and!Two-Photon!Photopolymerization.!

Ceramics!are!another!class!of!materials!that!have!generated!a!lot!of!
interest!in!the!microfabrication!industry!because!of!their!higher!melting!
points,! corrosion! resistance,! high! hardness/toughness,! low! CTE,! and!
high!thermal!conductivity.!Various!ceramic!compounds!have!been!used!
for! fabrication! of! active! and! passive! electronic! components,! micro-
actuators,! microfurnaces,! micro-surgical! equipment,! SOFC! chambers,!
and!monolithic!periodic!structures![47–50].!The!primary!challenge!with!

ceramic! AM! is! the! in-situ! particle! bed! consolidation,!which! requires!
highly! focused! heat! #uxes.! While! the! most! effective! approach! is! to!
obtain!green!parts,!which!can!be!sintered!in!an!oven,!it!limits!the!design!
and!material!space!for!the!ceramic!microfabrication.!

While!the!development!of!material!systems!is!highly!dependent!on!
the! process! physics! and! fundamental! limitations,! the! following! sub-
sections!brie#y!outline!the!general!ideas!that!can!be!implemented!for!
improving!the!material!range!for!microscale!AM!processes.!

2.1.2. Design!for!particle!size!and!morphology!
As! discussed! in! the! previous! parts! [23–25],!most! microscale! AM!

processes!use!nanoscale!particles!in!a!slurry/ink!form!to!avoid!limiting!
the!feature!size!resolution!by!the!size!of!the!particle.!The!development!of!
nanoparticle!systems!has!grown!signi"cantly!in!recent!years!due!to!their!
potential!applications!in!microfabrication!and!#exible!electronics.!One!
of! the! key! challenges! in! nanoparticle! fabrication! is! to! achieve! the!
required! stability! of! the! particles! and! avoid! agglomeration.! Particle!
agglomeration!affects! the!size!distribution,!which!further!reduces!the!
part!resolution![51,52].!Nanoparticles!also!have!a!higher!tendency!to-
wards!oxidation!which!degrades!their!performance!post!consolidation!
making! it!necessary!to!"nd!stabilizing!agents!and!surfactant!coatings!
that!can!be!used!to!address!these!issues![25].!As!discussed!in!section!
2.2.2!of!Part!I![24],!the!ink!morphology!also!affects!the!packing!density!
and! porosity! of! post-processed! parts! which! has! led! to! bimodal! and!
non-uniform!ink!con"gurations!that!use!nanoparticles!of!different!sizes!
to!reduce!the!porosity!in!the!parts.!

2.1.3. Design!for!material!rheology!
The!material!deposition!mechanisms! for!microscale!AM!processes!

are!critical!towards!achieving!the!desired!part!geometry,!resolution,!and!
throughput.! For! nozzle-based! deposition! processes! like! F-DIW,! AJP,!
MCED,!and!Binder!Jetting,!the!resolution!and!throughput!are!directly!
affected!by!the!nozzle!size!and!geometry.!F-DIW!can!print!high!viscosity!
inks!to!create!true-3D!structures,!but!it!limits!the!overall!throughput!of!
the!process![24].!While!the!electrohydrodynamics!of!the!process!shield!
the!EHD!process!from!this!limitation,!there!are!still!practical!trade-offs!
between!the!nozzle!geometry,!ink!rheology!and!resolution.!Deposition!
of!high!viscosity!#uids!through!smaller!nozzles!is!dif"cult!and!may!often!
lead!to!nozzle!clogging.!Similarly,!coating!high!viscosity!#uids!using!a!

Fig.!1. Chart! comparing! feature! size! resolution!
versus! volumetric! throughput! for! different!
microscale! additive! manufacturing! processes.!
The!blue! regions!have! repeatably!demonstrated!
3D!microscale!products!while!the!red!regions!are!
currently!limited!to!repeatable!2.5D!geometries,!
and!have!the!potential!to!be!true-3D!microscale!
AM! processes.! Abbreviations:! F-DIW! – Flow-!
based!Direct! Ink!Write,!EHD!Printing!– Electro-
hydrodynamic! Jet! Printing,! AJP! – Aerosol! Jet!
Printing,!μ-SLA!– Microstereolithography,!TPL!– 

Two! Photon! Photopolymerization/Lithography,!
LIFT!– Laser!Induced!Forward!Transfer,!μ-SLS!– 

Microscale! Selective! Laser! Sintering,! FIBID! – 

Focused! Ion!Beam! Induced!Deposition,! LCVD!– 

Laser! Chemical! Vapor! Deposition,! MCED! -!
Meniscus-con"ned! Electrodeposition,! LECP! -!
Laser-Enabled! Electrochemical! Printing.! (For!
interpretation!of!the!references!to!colour!in!this!
"gure!legend,!the!reader!is!referred!to!the!Web!
version!of!this!article.)!!!
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slot-die! in! the! μ-SLS! process!might! limit! the! throughput.! CVD-based!
processes!(LCVD,!FIBID)!and!Vat-based!processes!(TPL,!μ-SLA)!are!not!
practically!affected!by!the!material!rheology![23,27].!Therefore,!there!is!
a!need!to!co-design!the!deposition!mechanism!and!material!rheology!for!
microscale!AM!systems! to!maximize! the!overall! performance!charac-
teristics!and!minimize!troubleshooting.!

2.1.4. Design!for!energy-material!interaction!
As!in!has!been!discussed!in!sections!2.3,!3.3,!4,3!and!5.3!of!Part!I!

[24],!in-bed!consolidation!is!a!critical!requirement!for!high!throughput!
fabrication!of! true-3D!geometries! in!many!μ-AM!processes.!Processes!
like!EHD,!AJP,!Binder!Jetting,!and!F-DIW!must!undergo!some!form!of!
material!consolidation!of!the!green!part!after!printing.!However,!it!is!
dif"cult! to! fabricate! intricate! geometries! without! structural! support!
(sections! 2.3-5.3! in! 24).! Therefore,! in-situ! feature! sintering! can! be!
employed!to!impart!enough!strength!to!the!part!as!it!is!being!fabricated.!
Additionally,!for!direct-energy!processes,!it!is!important!to!understand!
laser-material! interaction! characteristics! to! function! in! an! optimal!
operating!regime.!The!laser!should!be!able!to!provide!enough!energy!for!
the!material!diffusion![53].!As!discussed!in!section!5.3!in!Part!II![27],!for!
the!μ-SLS!process,!identifying!the!laser!penetration!depth!and!thermal!
diffusion!length!is!important!for!fabricating!overhanging!structures.!The!
penetration!depth!limitations!are!also!applicable!for!μ-SLA.!However,!in!
the!TPL!process,!the!high!photon!density!at!the!tip!of!the!gaussian!beam!
converges!deep! into! the!vat!and! leads! to! the!photopolymerization!of!
sub-diffraction!features!(section!3!in!Ref.![27]).!This!is!primarily!due!to!
the!two-photon!absorption!physics!where!the!probability!of!two!or!more!
photons! getting! absorbed! by! the! resin! is! low,! thereby! enabling! a!
voxel-based!printing!at!speci"c!locations!within!the!vat.!This!is!funda-
mentally!different! from!single!photon!absorption!routine!followed!by!
μ-SLA,!which!renders!it!a!layer-by-layer!printing!process.!Laser-material!
interaction!also!leads!to!thermally!induced!heat!affected!zones!(HAZs),!
which!must!be!carefully!avoided!to!improve!the!part!quality!and!surface!
roughness.!The!process!should!be!designed!with!speci"c!understanding!
of! the! energy-material! interaction,! electron! beam/laser! penetration!
depths,! beam! dynamics,! particle! consolidation! ef"ciency,! and! HAZ!
formation.!

2.1.5. Design!for!multimaterial!capabilities!
Multimaterial! capabilities! could! potentially! improve! part! quality,!

increase!volumetric!throughput!and!enable!innovative!designs.!Most!of!
the!current!microscale!AM!processes!can!be!scaled!to!allow!for!multi-
material!deposition!capabilities,!but!it!would!involve!signi"cant!devel-
opment! efforts! to! assess! the! compatibility! of! different! materials! for!
functional!applications![23,24,27].!To!understand!multimaterial!capa-
bilities! of! a! system,! a! two-pronged! approach! can!be!used!– material!
deposition! system! design! and! understanding! material! consolidation.!
Different!deposition!mechanisms!which!would!potentially!improve!the!
overall! process! window! for! depositing! multiple! materials! must! be!
identi"ed.!Additionally,!the!interaction!between!different!materials!and!
its! impact! on! the! layer! deposition! and! consolidation! process! needs!
extensive! experimental! investigation.! From! a! bed! consolidation!
perspective,!materials!which!interact!with!an!energy!source!in!a!similar!
manner!must!be!chosen!(see!2.1.4).!

2.2. General!strategies!to!enhance!True-3D!fabrication!capabilities!

2.2.1. Overview!of!3D!fabrication!capabilities!of!microscale!AM!processes!
The!true-3D!nature!of!AM!processes!adds!signi"cant!advantages!over!

bulk-Si!micromachining!processes!as!it!allows!for!a!wider!and!an!inde-
pendent!exploration!of!part!designs.!The!fabrication!geometry!of!an!AM!
process!is!de"ned!as!true-3D!when!the!geometric!degree-of-freedom!is!
more! than!2!and!out-of-plane! (OOP)! features!can!be! fabricated.!This!
implies! that! these! processes! must! strive! towards! additively!
manufacturing!at! least!angled,!overhanging,!and! �bridge-like’ geome-
tries!with!or!without!support!structures.!Additionally,!the!process!must!

be! able! to! fabricate! high! aspect! ratio! structures,! which! is! a! major!
disadvantage!of!micromachining!processes.!While!most!of!the!processes!
discussed!in!this!series!of!articles![23,24,27]!have!demonstrated!some!
variation! of! a! true-3D! structure,! only! around!50%!of! them!have! the!
capability!in!their!base!con"guration!to!repeatably!produce!these!fea-
tures!in!a!periodic!manner!(μ-SLA,!TPP,!OT,!Binder!Jet,!LCVD,!FIBID).!
Processes!like!EHD,!MCED,!LIFT,!and!F-DIW!have!been!slightly!modi"ed!
by! the! researchers! to! achieve! excellent! results! fabricating! true-3D!
structures.! Phase-change! inks! and! fast-vaporization! inks! have! been!
used!by!researchers!to!demonstrate!the!true-3D!fabrication!capabilities!
of!these!processes![54,55].!

Several!researchers!have!demonstrated!angled!structures!which!are!
essentially! less! than! 90◦ from! vertical! to! demonstrate! true-3D! OOP!
fabrication! without! support! structures;! however,! the! limits! to! these!
angles!are!highly!dependent!on!the!material!rheology,!layer!consolida-
tion!schemes!and!feature!geometry![23,24,27].!As!discussed!in!section!
3.3!in!Part!I![24],!EHD!printing!has!been!used!to!print!angled!structures!
but,!as!seen!in!Fig.!1,!we!classify!it!as!a!2.5D!process!because!there!are!
still!challenges!in!achieving!these!structures!with!a!wide!range!of!ma-
terials,! and! for! larger! printing!windows.! A! similar! argument! can! be!
extended!to!AJP!as!well.!Section!4.3!in!Part!II![27]!shows!that!although!
LIFT!has!been!used!to!print!voxels!stacked!in!a!bridge-like!con"guration,!
but! the! functionalization! of! such! parts! needs! further! post-processing!
steps!to!improve!interlayer!bonding.!As!seen!Parts!II![27]!and!III![23]!
"gures,!processes! like!μ-SLA,!TPP,!FIBID!and!LCVD!have!consistently!
been!used!to!fabricate!intricate!and!closed-form!structures,!and!hence!
they!have!better,! and!well-de"ned! true-3D! fabrication!capabilities!as!
compared! to! other! processes.! μ-SLS! process! has! demonstrated! 2.5D!
fabrication!capabilities,!but!there!are!no!physics-based!challenges!that!
prevent!it!from!making!true-3D!parts!(section!5.3,!Part!II![27]).!How-
ever,!the!nature!of!μ-SLS!process!does!not!allow!fabrication!of!hollow!
spherical! or! closed! structures.! The! fabrication! capabilities! of! these!
microscale! AM! process!must! be! evaluated! on! process! speci"c! bases.!
However,! there! are! some! common! approaches!which! have! been! dis-
cussed!in!the!following!sections!to!improve!the!3D!fabrication!capabil-
ities!of!these!processes.!

2.2.2. Design!for!sacri"cial!material!deposition!
Although!design!principles!for!AM!processes!tend!to!minimize!the!

volumetric! deposition! of! support! structure! and!maximize! their! func-
tionality,!achieving!true-freeform!fabrication!in!AM!processes!without!
any!sacri"cial!support!material!is!dif"cult.!Making!support!structures!in!
microscale! AM! is! coupled! with! material! deposition! and! resolution!
challenges!(feature-size!resolution!limited!by!support!structure!geome-
try)![24,27].!A!direct!implication!of!the!discussion!presented!in!section!
2.1!is!that!multimaterial!deposition!and!consolidation!systems!can!be!
used!to!fabricate!the!support!structures!made!of!a!sacri"cial!material!
which!can!be!thermally!removed!during!post-processing!steps.!However,!
designing!support!structures!and!support!materials! that!can!be!easily!
removed! in! post-processing! remains! a! key! challenge! in! many! μ-AM!
processes!and!the!currently!limits!true-3D!fabrication!in!these!processes.!

2.2.3. Design!for!residual!stress!removal!
Thermal!stresses!during!part!formation!and!heat-affected!zones!are!

detrimental!to!the!structural!and!electrical!properties!of!the!parts![48,!
56].!These!thermal!stresses!form!due!to!the!high!heating!and!cooling!
rates!present!in!many!μ-AM!processes.!In!general,!thermal!stresses!can!be!
reduced!by!using!heated!substrates!or!through!pulsed!energy!deposition!
(ultrafast! lasers)![56,57].!Post-processing!heat! treatments!can!also!be!
used!to!reduce!residual!stresses!in!metal!parts.!As!concluded!in!section!
3.3.2!in!Part!II![27],!for!photopolymerization!processes,!the!resist!can!be!
optimized! to! enable! writing! at! the! core! of! the! focal! spot,! thereby!
maintaining! resolution,! as! well! as! voiding! any! stray! polymerization.!
However,!better!thermal!modeling!needs!to!be!done!to!understand!how!
the!processing!parameters!such!as!the!write!speed!and!the!write!path!in!
each!of!the!μ-AM!processes!effect!the!residual!stresses!that!form!in!the!
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2.3. General!strategies!to!enhance!resolution!capabilities!

2.3.1. Overview!of!resolution!limits!of!microscale!AM!processes!
A! comprehensive! understanding! of! resolution! limits! requires! the!

investigation! of! the!process! parameters! and!physics!which! affect! the!
spatial! and!vertical! resolution.!The! resolution!of!microscale!AM!pro-
cesses!can!be!also!be!a!function!of!other!parameters!such!as!the!particle!
size,!the!fabrication!geometry,!and!the!throughput.!The!true!resolution!
of!the!process!may!be!affected!by!high!bandwidth!particle!size!distri-
bution![24],!complex!geometry![24,27],!thermal!stresses![23,27],!HAZs!
[23,27],!and!non-optimal!process!parameters![23,24,27].!Furthermore,!
the!throughput!of!high-resolution!parts!is!generally!lower!than!for!low!
resolution!parts!and!in!some!cases!might!decrease!exponentially!(FIBID,!
LCVD)![27].!Nozzle-based!processes!are!generally!resolution!limited!by!
the!nozzle!geometry!except!for!EHD![24].!On!the!other!hand,!the!high!
resolutions!achieved!by!thin-jet!ejections! in!EHD!is! limited!to!a!very!
small!process!window!that!varies!with!the!material!and!the!substrate.!As!
discussed!in!section!4.4!in!Part!III![23],!the!wire!thickness!resolution!of!
MCED!also!depends!on!the!retraction!velocity.!Section!5.4!of!Part!I![24]!
discusses!the!issues!with!overspray!degrading!the!lateral!resolution!of!
the!AJP!process.!The!spatial!resolution!of!most!optics-based!processes!is!
limited! by! the! diffraction! limit,! except! for! the! ones! utilizing!
multi-photon!absorption!schema![27].!Most!laser-based!processes!report!
a!spatial!resolution!equivalent!to!the!beam!spot!size!and!a!vertical!res-
olution! based! on! the! deposited! layer! thickness! and! the! optical! and!
thermal! penetration! depth.! It! must! be! understood! that! although! the!
theoretical!resolutions!of!several!process!can!be!smaller!than!what!has!
been!reported,!a!strong!experimental!background!is!generally!missing!to!
prove! that! these! resolutions! have! been! achievable! in! practice.! A!
comprehensive! review! of! these! limits! is! presented! in! the! respective!
sections!for!the!processes![23,24,27].!The!effect!of!the!process!param-
eters,!materials,!and!throughput!plays!an!important!role!in!de"ning!the!
practical!resolution!capabilities!of!microscale!AM!process.!(Note:!one!
key!assumption!in!de"ning!the!spatial!and!vertical!resolution!is!that!the!
motorized! stages! used! in! these! processes! are! not! acting! as! limiting!
factors.)!

2.3.2. Design!for!reduced!focal!spot!size!
The!most!effective!way!to!enhance!the!resolution!of!μ-AM!processes!

is! to! reduce! the! focal! spot! size,! either! optically! or! physically,! of! the!
writing!system!in!the!process.!The!general!approach!used!in!most!py-
rolytic!(for!example,!laser-based)!processes!to!reduce!the!focal!spot!size!
is!to!alter!the!beam!pro"le.!As!discussed!in!section!5.4.2!in!Part!II![27],!
Bessel-beams!have!been!used!to!improve!the!resolution!in!LECP,!and!a!
similar! approach! can! be! extended! to! μ-SLA,! μ-SLS,! LCVD,! and! LIFT.!
Modi"ed! optical! designs!within! the! diffraction! limit! can!be! used! for!
μ-SLS,!but!the!laser-material!interaction!limits!must!be!experimentally!
characterized!(for!visible!range!and!far!IR!lasers).!On!the!other!hand,!
nozzle-based!processes!have!a!limited!bandwidth!to!improve!upon!the!
current!resolutions,!without!changing!nozzle!geometry,!which!also!af-
fects! the! process! throughput.! However,! section! 5.4.2! discusses! how!
aerodynamic! lensing! has! been! used! in! AJP! using! novel!
converging-diverging-converging!nozzle!designs!which!have!improved!
the!resolution!by!almost!ten!times.!

2.4. General!strategies!to!enhance!throughput!capabilities!

2.4.1. Overview!of!throughput!limits!of!microscale!AM!processes!
The!volumetric!throughput!of!the!microscale!AM!processes!plays!a!

major! role! in! de"ning! the! economics! of! the! process! and! leading! the!
production-line! integration! of! these! processes.! The! state-of-the-art!
throughputs!of!most!of! these!processes!are! fundamentally! limited!by!
the!process!physics.!For!example,!the!throughput!of!the!LCVD!and!FIBID!
process!are! limited!by!the!thin!layer!deposition!process.!The!ejection!

physics!of!the!EHD!process!de"nes!its!overall!throughput,!where!the!goal!
is! to!avoid!the!unwanted!deposition!modes!which!like!overspray!and!
satellite!formation.!For!MCED!and!μ-SLS,!it!is!important!to!maintain!a!
stable!meniscus!throughout!the!drawing!and!coating!processes,!respec-
tively.!This!varies!with!the!material!and!process!parameters!and!acts!as!
the!primary!limits!to!the!throughput.!

2.4.2. Design!for!parallelizing!the!process!
The!easiest!way!to!enhance!the!throughput!of!most!μ-AM!processes!is!

to!parallelize!the!feature!writing!process.!Most!serial-write!laser-based!
processes!can!be!upgraded!to!utilize!spatial!light!modulators!(SLM)!like!
Digital!Micromirror!Devices! (DMDs)!marketed!by!Texas! Instruments.!
This!approach!has!led!to!the!development!of!commercial!μ-SLA!and!TPP!
tools.!As!discussed!in!section!5.5!in!Part!II![27],!the!throughput!of!the!
μ-SLS!process!is!high!mainly!because!of!the!use!of!DMD!arrays.!The!same!
approach!can!be!extended!to!LIFT,!LCVD,!and!FIBID,!although!the!high!
laser!#uences!might!damage!the!micromirrors.!A!comprehensive!failure!
analysis!would!be!useful!for!understanding!the!true!lifecycle!of!these!
SLMs.! However,! the! cost! of! these! modules! is! relatively! inexpensive!
compared! to! the! other! components! of! the! microscale! AM! tools.!
Nozzle-based!processes!can!also!be!parallelized!to!incorporate!multiple!
nozzles!with!multimaterial!deposition!capabilities.!

2.4.3. Design!for!assembly-line!fabrication!
The!varied!capabilities!of!microscale!AM!processes!can!be!leveraged!

to!use!multiple!of!these!techniques!to!fabricate!different!feature!sizes!
and!geometries.!For!example,! intricate!functional!metallic!geometries!
with!submicron!features!using!LCVD![23]!can!be!serially!added!on!a!
structural!polymer!component!that!has!been!fabricated!using!a!higher!
throughput!microscale!AM!process!(like!μ-SLA)![27].!Further!integration!
of! multiple! processes! into! one! tool! or! assembly! line! might! make! it!
possible!to!fabricate!the!less!critical!features!in!a!part!with!a!higher!rate!
process!and!then!use!another!process! for! fabricate! features! that!have!
speci"c!resolution!or!materials!requirements!thus!improving!the!overall!
throughput!of!the!part!without!sacri"cing!part!quality.!

2.5. Error!budgeting!and!process!control!

From!a!precision!engineer’s!perspective,!it!is!imperative!to!under-
stand!that!error!budgeting,!integrated!metrology!and!sensing!is!critical!
for! ensuring! better! process! control,! high-quality! microparts! and!
improved!throughputs.!There!are!no!standard!approaches!to!incorporate!
these! tools! within! a! microscale! additive! manufacturing! framework.!
However,! some! general! design! guidelines! must! be! followed! when!
developing!these!precision!manufacturing!frameworks.!

2.5.1. Error!budgeting!
The!concept!of!error!budgeting!as!an!analysis!tool!has!been!applied!in!

precision!machine!tool!design!to!predict!and!control!the!total!error!of!a!
machine!where!it!is!important!to!de"ne!the!accuracy,!resolution,!and!
repeatability!of!the!operation![58].!The!concept!of!error!budgeting!was!
introduced!by!Donaldson![59],!as!a!technique!to!improve!the!accuracy!
of!diamond!turning!machines,!and!later!speci"c!design!methodologies!
and!approaches!were!developed!by!researchers!to!improve!fabrication!
and!measurement!tools![60–62].!The!key!assumptions!in!error!budget-
ing! are:! 1.! The! total! error! in! a! speci"ed! direction! is! the! sum! of! all!
individually! propagated! errors! in! that! direction.! 2.! The! individually!
propagated! errors! can! be! isolated! and! controlled.! As!
micro/nano-fabrication! processes,! microscale! AM! tool! designs! must!
have!well-de"ned!sources!of!systemic!and!random!errors!which!can!be!
combined!to!evaluate!to!the!total!error!of!the!machine![61].!Without!an!
initial!understanding!of!these!errors!for!a!speci"c!design,!it!is!dif"cult!to!
ascertain!whether!the!errors!would!be!comparable!to!the!desired!part!
resolution,! which! is! a! critical! requirement! for! any! microfabrication!
process.!Therefore,! it! is! important! for! a!precision!design! engineer! to!
identify!the!different!kinematic!and!thermal!errors!that!can!exist!within!
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the! system,! analyze! their! nature! (deterministic! or! non-deterministic)!
and!develop!mathematical!models!to!account!for!them.!

2.5.2. Integrated!metrology!and!sensing!
Of#ine!metrology!for!microscale!AM!fabricated!parts!can!be!done!

using! several! technologies! that! have! been! developed! in! the! semi-
conductor! [63,64],!MEMS! [65]! and!meso/macroscale!AM! [66]! com-
munities! can! be! potentially! integrated! to! solve! the! metrology!
requirements! in! microscale! AM.! The! geometric! features! and! surface!
characteristics! of! additively! manufactured! can! be! measured! using!
contact-based! techniques![67]!or!optical/electron!microscopy![22,68,!
69].! As! shown! by! Saha! et! al.! internal! features! can! be! imaged! using!
reconstructed!3D!X-ray!Computed!Tomography!(XCT)!images![68].!For!
analyzing! the! surface! topographies! of! metallic! microscale! features!
fabricated! using! laser-based! processes,! optical! (confocal! microscopy,!
focus!variation!microscopy!and!coherence!scanning!interferometry)!and!
non-optical!(XCT)!approaches!as!used!by!Senin!et!al.!for!mesoscale!parts!
can!be!explored.!For!AM!processes!where!porosities!could!be!a!concern,!
Mercury!Porosimetry!can!be!implemented!for!understanding!the!open!
pore!con"gurations!and!pore!size!distributions,!while!XCT!can!be!used!
for!obtaining!both!local!and!global!porosity!information!on!the!part![70,!
71].!

The!need!for!integrated!sensing!and!metrology!is!twofold:!1.!improve!
machine! and! process! control! 2.! Insure! repeatable! and! high-quality!
products.!Integrating!machine!status!feedback!using!position!informa-
tion! [72],! and! vision-based! systems! [68,73,74],! with! advanced! con-
trollers! [75,76]! would! be! bene"cial.! Pannier! et! al.! demonstrated! a!
holistic!metrology!and!sensing!setup!for!an!in-house!EHD!printing!setup!
[77].! The! transition! from! open! loop/semi-automated! research-based!
machines!to!intelligent!machines!has!become!a!necessity!to!qualify!as!an!
advanced!manufacturing! framework.! This! is! even!more! critical! for! a!
microscale!AM!tool!because!of!the!dimensions!at!which!these!are!being!
manufactured!and!the!functionalities!expected!of!them.!Real-time!pro-
cess!monitoring!and!control!is!still!an!active!area!of!research!within!the!
meso/macroscale!AM! community! [78–83],!which!has! conventionally!
relied!on!heuristic!approaches!to!improve!the!process.!A!shift!towards!
commercialization!of!microscale!AM!tool!would!have!to!be!accentuated!
by!novel!process!control!strategies!and!learning!models.!

3. Conclusions!

Additive!manufacturing!technologies!have!made!signi"cant!strides!
in!rapid!prototyping!and!development!since!their!conception!over!40!
years! ago.! Continuous! development! in!materials! engineering,! energy!
sources,! system! integration,! and! process! design! has! spearheaded! a!
gradual!transition!from!rapid!prototyping!to!production-scale!AM!tools.!
However,! the! scalability! of! these! processes! and! tools! for! microscale!
fabrication!of!MEMS!devices,!sensors,!actuators,!chip!packaging!com-
ponents,!biomedical!devices,!microreactors,!and!other!microscale!com-
ponents!has!been!a!challenge!for!researchers!and!industry!experts!alike.!
Constant!demands!for!miniaturized!consumer!electronics,!life!sciences!
products,!and!energy-ef"cient!devices,!coupled!with! the! fundamental!
challenges!of!subtractive!Si-micromanufacturing!processes,!necessitates!
the! search! for! potential! alternative! technologies.! Emerging! additive!
manufacturing! approaches! for! fabricating! sub-100! μm! features! in!
microscale!products!have!the!potential!to!address!these!challenges.!The!
primary!factors!identi"ed!in!this!paper!revolved!around!evaluating!the!
ability!of!microscale!AM!processes!to!fabricate!high!resolution,!true-3D!
parts!with!a!potential!for!scalability.!To!overcome!materials!challenges,!
there!is!a!need!to!develop!liquid!phase!materials!(primarily)!for!ease-of-!
deposition!and!ease-of-processing.!These!materials!can!include,!but!not!
limited!to,!metallic!nanoparticle!inks,!conductive!and!doped!polymers,!
ceramic!slurries,!and!Non-newtonian!pastes!etc.!This!paper!explored!the!
importance!of!developing!a!strong!technical!framework!to!study!energy-!
material! interaction! and!co-design! them!with!material! rheology! con-
siderations,! and! multimaterial! deposition! techniques.! The! inherent!

design!independence!and!3D!manufacturing!capabilities!of!microscale!
AM!processes!have!also!been!explored.!The!general!approach!to!ensure!
true-3D!part!fabrication!is!to!design!the!process!for!precise!deposition!
and! removal! of! sacri"cial!material! and! avoiding! high! residual! stress!
concentrations!during!energy-material!interaction.!Resolution!limits!in!
microscale!processes!are!mainly!a!function!of!the!material!morphology,!
physical!systems!and!energy-material!interaction!characteristics,!among!
other! restrictions.!The!general! approach! to!achieving!high! resolution!
parts!is!by!reducing!the!focal!spot!sizes,!either!optically!or!physically.!
This!approach!is!an!active!area!of!research!for!processes!which!use!laser-!
based!heating!and!curing!and!the!ones!which!rely!on!precise!layer-by-!
layer!deposition!of!material.!The!"nal!parameter!that!analyzes!the!ef-
"ciency!of!microscale!AM!processes!is!the!ability!to!scale!them!up!for!
integration!with!existing!production!framework.!It!is!important!to!un-
derstand!that!several!of!these!processes!are!active!research!tools!and!the!
current! system! con"gurations! might! not! be! representative! of! their!
scalability!potential.!With!that!in!mind,!the!general!recommendation!for!
speeding!up!these!processes!is!to!parallelize!the!primary!physical!process!
(like! curing,! sintering,! droplet! deposition).! This! can! be! achieved! by!
scaling!up!the!equipment!and!can!be!complemented!by!the!improving!
the! precision! control! of! these! systems.!However,! some! processes! are!
purely!rate!limited!because!of!the!underlying!physics!(like!LCVD,!MCED,!
and!FIBID!etc.).!

However,!identifying!and!developing!a!single!process!that!has!the!
best!capabilities!would!be!dif"cult,!which!is!true!for!any!manufacturing!
network.! Hybrid! approaches! to! microscale! additive! manufacturing!
which!combines!the!best!properties!of!each!process!must!be!explored.!
With!the!availability!of!a!large!amount!of!data!on!the!processing!capa-
bilities!of!microscale!AM!techniques,!prediction!models!and!simulations!
can!be!developed.! These! can!determine! the!best! process! that! can!be!
implemented!in!an!assembly!line!of!production!scale!tools!for!achieving!
the! required!resolution!and!geometry!with! the!desired!material.!This!
paper,! therefore,! is! an! effort! to! consolidate! the! state-of-the-art! in!
microscale! additive!manufacturing! processes! and! identify! the! funda-
mental!challenges!which!are!currently!impeding!the!production!scale!
integration!of!these!technologies.!

Contributions!

All!authors!contributed!to!the!general!ideas!that!have!been!presented!
in!this!article.!DB!and!MC!structured!the!different!ideas!into!a!general!
format!which!were!presented!as!design!guidelines!and!edited!the!rest!of!
the!article.!The!following!speci"c!contributions!were!made!in!the!series!
of! articles! on! microscale! AM! processes! and! their! challenges! and!
opportunities.!

DB,!MC!– FDIW,!EHD,!μ-SLS,!3DP/Binder!Jetting,!Meniscus-con"ned!
Electrodeposition,!LIFT,!AJP!
SC,!LS,!MP,!JH!– Optical!Tweezing!
RH,!ZX,!RZ!-!μ-SLA!
NR!– μ-SLS,!Focused-ion!Induced!Beam!Deposition!
SS!– Two!Photon!Lithography!
RP,!SC,!LS,!JH!– Laser-CVD!
XZ,!SCC!– Laser!Electrochemical!Printing!

Declaration!of!competing!interest!

The!authors!declare!that!they!have!no!known!competing!"nancial!
interests!or!personal!relationships!that!could!have!appeared!to!in#uence!
the!work!reported!in!this!paper.!

Acknowledgements!

This!series!of!publications!is!a!joint!effort!by!the!members!and!af-
"liates! of! the! Micro-Nano! Technical! Leadership! Committee! of! the!
American! Society! for! Precision! Engineering! (ASPE).! This! work! was!

D.!Behera!et!al.!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!



supported!in!part!by!AFOSR!under!award!number!FA9550-18-1-0459!
and!by!Prof.!Hopkins’ DOE-nominated!Presidential!Early!Career!Award!
for!Scientists!and!Engineers!under!award!number!B620630.!This!work!
was!performed!under!the!auspices!of!the!U.S.!Department!of!Energy!by!
Lawrence! Livermore! National! Laboratory! under! Contract! DE-AC52-!
07NA27344.!LLNL-JRNL-807723.!

References!

[1] ASTM!International.!F2792-12a!-!standard!terminology!for!additive!manufacturing!
technologies.!Rapid!Manuf.!Assoc.!2013:10–2.!https://doi.org/10.1520/F2792-!
12A.2.!

[2] Frazier!WE.!Metal!additive!manufacturing:!a!review!2014;23:1917–28.!
[3] Bourell!DL.!Perspectives!on!additive!manufacturing.!Annu!Rev!Mater!Res!2016;46:!

1–18.!
[4] Gao!W,!et!al.!The!status,!challenges,!and!future!of!additive!manufacturing!in!

engineering.!CAD!Comput.!Aided!Des.!2015;69:65–89.!
[5] Vaezi!M,!Seitz!H,!Yang!S.!A!review!on!3D!micro-additive!manufacturing!

technologies.!Int!J!Adv!Manuf!Technol!2013;67:1721–54.!
[6] Kietzmann!J,!Pitt!L,!Berthon!P.!Disruptions,!decisions,!and!destinations:!enter!the!

age!of!3-D!printing!and!additive!manufacturing.!Bus!Horiz!2015;58:209–15.!
[7] Ford!SLN.!Additive!manufacturing!technology:!potential!implications!for!U!.!S!.!

Manufacturing!competitiveness.!J.!Int.!Commer.!Econ.!2014;6:1–35.!
[8] Huang!SH,!Liu!P,!Mokasdar!A,!Hou!L.!Additive!manufacturing!and!its!societal!

impact:!a!literature!review.!Int!J!Adv!Manuf!Technol!2013;67:1191–203.!
[9] Thomas!D.!Costs,!bene"ts,!and!adoption!of!additive!manufacturing:!a!supply!chain!

perspective.!Int!J!Adv!Manuf!Technol!2016;85:1857–76.!
[10] Mani!M,!Lyons!KW,!Gupta!SK.!Sustainability!characterization!for!additive!

manufacturing.!J.!Res.!Natl.!Inst.!Stand.!Technol.!2014;119:419–28.!
[11] Attaran!M.!The!rise!of!3-D!printing:!the!advantages!of!additive!manufacturing!over!

traditional!manufacturing.!Bus!Horiz!2017;60:677–88.!
[12] Tang!Y,!Mak!K,!Zhao!YF.!A!framework!to!reduce!product!environmental!impact!

through!design!optimization!for!additive!manufacturing.!J!Clean!Prod!2016;137:!
1560–72.!

[13] Williams!CB,!Mistree!F,!Rosen!DW.!A!functional!classi"cation!framework!for!the!
conceptual!design!of!additive!manufacturingt!Technologies.!J!Mech!Des!2011;133:!
121002–11.!

[14] Achillas!C,!Aidonis!D,!Iakovou!E,!Thymianidis!M,!Tzetzis!D.!A!methodological!
framework!for!the!inclusion!of!modern!additive!manufacturing!into!the!production!
portfolio!of!a!focused!factory.!J!Manuf!Syst!2015;37:328–39.!

[15] Basak!A,!Das!S.!Epitaxy!and!microstructure!evolution!in!metal!additive!
manufacturing.!Annu!Rev!Mater!Res!2016;46:125–49.!

[16] Ford!S,!Despeisse!M.!Additive!manufacturing!and!sustainability:!an!exploratory!
study!of!the!advantages!and!challenges.!J!Clean!Prod!2016;137:1573–87.!

[17] Sreenivasan!R,!Goel!A,!Bourell!DL.!Sustainability!issues!in!laser-based!additive!
manufacturing.!Phys.!Procedia!2010;5:81–90.!

[18] Dimov!S,!Brousseau!E,!Minev!R,!Bigot!S.!Micro-!and!nano-manufacturing:!
challenges!and!opportunities.!Proc!Inst!Mech!Eng!Part!C!J!Mech!Eng!Sci!2012;226:!
3–15.!

[19] Velkova!V,!et!al.!Process!chain!for!serial!manufacture!of!3D!micro-!and!nano-scale!
structures.!CIRP!J.!Manuf.!Sci.!Technol.!2011;4:340–6.!

[20] Madou!M.!Fundamentals!of!microfabrication:!the!science!of!miniaturization.!2002.!
[21] Ehmann!Kornel!F,!Bourell!David,!Culpepper!Martin!L,!Hodgson!Thom!J,!

Kurfess!Thomas!R,!Madou!Marc,!Rajurkar!Kamlakar!P,!Ehmann!Richard!
DeVorKornel!F,!Bourell!David,!Culpepper!Martin!L,!Hodgson!Thom!J,!
Kurfess!Thomas!R,!Madou!Marc,!Kamlakar!P,!Rajurk!RD.!Micromanufacturing:!
international!research!and!development.!Springer!Netherlands;!2007.!https://doi.!
org/10.1007/978-1-4020-5949-0.!

[22] Roy!NK,!Behera!D,!Dibua!O,!Foong!C,!Cullinan!MA.!A!novel!microscale!selective!
laser!sintering!(μ-SLS)!process!for!the!fabrication!of!microelectronic!parts.!Nat.!
Microsystems!Nanoeng.!2019;5.!

[23] Chizari!S,!et!al.!Current!challenges!and!potential!directions!towards!precision!
microscale!Additive!manufacturing!– Part!III:!energy!induced!deposition!and!
hybrid!electrochemical!processes.!Precis!Eng!2020.!submitted!for!publication.!

[24] Behera!D,!Cullinan!MA.!Current!challenges!and!potential!directions!towards!
precision!microscale!Additive!manufacturing!– Part!I:!direct!ink!writing/jetting!
processes.!Precis!Eng!2020.!submitted!for!publication.!

[25] Behera!D,!et!al.!Current!challenges!and!potential!directions!towards!precision!
microscale!Additive!manufacturing!– Part!II:!laser-based!trapping,!curing!and!
heating!processes.!Precis!Eng!2020.!submitted!for!publication.!

[26] Behera!D,!et!al.!Current!challenges!and!potential!directions!towards!precision!
microscale!Additive!manufacturing!– Part!IV:!future!perspectives.!Precis!Eng!2020.!
submitted!for!publication.!

[27] Behera!D,!et!al.!Current!challenges!and!potential!directions!towards!precision!
microscale!Additive!manufacturing!– Part!II:!laser-based!trapping,!curing!and!
heating!processes.!Precis!Eng!2020.!submitted!for!publication.!

[28] Skylar-Scott!MA,!Gunasekaran!S,!Lewis!JA.!Laser-assisted!direct!ink!writing!of!
planar!and!3D!metal!architectures.!Proc!Natl!Acad!Sci!Unit!States!Am!2016;113:!
6137–42.!

[29] Galliker!P,!et!al.!Direct!printing!of!nanostructures!by!electrostatic!autofocussing!of!
ink!nanodroplets.!Nat!Commun!2012;3:890–9.!

[30] ExOne.!Metal!3D!printers!– direct!material!3D!metal!printing.!https://www.exone.!
com/en-US/3D-printing-systems/metal-3d-printers.!

[31] Hoerber!J,!et!al.!Approaches!for!additive!manufacturing!of!3D!electronic!
applications.!Procedia!CIRP!2014;17:806–11.!

[32] Zheng!X,!et!al.!Design!and!optimization!of!a!light-emitting!diode!projection!micro-!
stereolithography!three-dimensional!manufacturing!system.!Rev!Sci!Instrum!2012;!
83.!

[33] Behroodi!E,!Lati"!H,!Naja"!F.!A!compact!LED-based!projection!
microstereolithography!for!producing!3D!microstructures.!Sci!Rep!2019;9:1–14.!

[34] Grier!DG.!A!revolution!in!optical!manipulation.!Nature!2003;424:810–6.!
[35] Lu!WE,!Dong!XZ,!Chen!WQ,!Zhao!ZS,!Duan!XM.!Novel!photoinitiator!with!a!radical!

quenching!moiety!for!con"ning!radical!diffusion!in!two-photon!induced!
photopolymerization.!J!Mater!Chem!2011;21:5650–9.!

[36] Zenou!M,!Sa’ar!A,!Kotler!Z.!Digital!laser!printing!of!aluminum!micro-!structure!on!
thermally!sensitive!substrates.!J!Phys!D!Appl!Phys!2015;48.!

[37] Utke!I,!Hoffmann!P,!Melngailis!J.!Gas-assisted!focused!electron!beam!and!ion!beam!
processing!and!fabrication.!J.!Vac.!Sci.!Technol.!B!Microelectron.!Nanom.!Struct.!
2008;26:1197.!

[38] Tang!M,!Zhang!H,!McCoy!J,!Her!T-H.!Periodic!nanoripple!generated!by!
femtosecond!laser!beam!in!LCVD!system.!In:!Maher!M-A,!et!al.,!editors.!Proc.!Of!
SPIE,!vol.!6462;!2007.!64620T.!

[39] Suryavanshi!AP,!Yu!MF.!Electrochemical!fountain!pen!nanofabrication!of!vertically!
grown!platinum!nanowires.!Nanotechnology!2007;18.!

[40] Farahani!RD,!Chizari!K,!Therriault!D.!Three-dimensional!printing!of!freeform!
helical!microstructures:!a!review.!Nanoscale!2014;6:10470–85.!

[41] Niu!Z,!et!al.!All-solid-state!#exible!ultrathin!micro-supercapacitors!based!on!
graphene.!Adv!Mater!2013;25:4035–42.!

[42] von!Gutfeld!RJ,!Gelchinski!MH,!Romankiw!LT,!V!DR.!Laser-enhanced!jet!plating:!a!
method!of!high-speed!maskless!patterning.!Appl!Phys!Lett!1983;43:876–8.!

[43] Zhang!X,!Jiang!X,!Sun!C.!Micro-stereolithography!of!polymeric!and!ceramic!
microstructures.!Sensors!Actuators!A!Phys!1999;77:149–56.!

[44] Pham!D,!Gault!R.!A!comparison!of!rapid!prototyping!technologies.!Int!J!Mach!Tool!
Manufact!1998;38:1257–87.!

[45] Shou!W,!et!al.!Laser!chemical!processing:!an!overview!to!the!30th!anniversary.!
Appl!Phys!Lett!2017;22:28109.!

[46] Lau!JH.!Flip!chip!technology!versus!FOWLP.!In:!Fan-out!wafer-level!packaging.!
Springer!Singapore;!2018.!p.!21–68.!https://doi.org/10.1007/978-981-10-8884-1_!
2.!

[47] Ruiz-Morales!JC,!et!al.!Three!dimensional!printing!of!components!and!functional!
devices!for!energy!and!environmental!applications.!Energy!Environ!Sci!2017;10:!
846–59.!

[48] Sing!SL,!et!al.!Direct!selective!laser!sintering!and!melting!of!ceramics:!a!review.!
Rapid!Prototyp!J!2017;23:611–23.!

[49] Eckel!ZC.!Additive!manufacturing!of!polymer-derived!ceramics.!Science!2016;351!
(80):58–62.!

[50] Teh!KS.!Additive!direct-write!microfabrication!for!MEMS:!a!review.!Front!Mech!
Eng!2017;12:490–509.!

[51] Kocjan!A,!Logar!M,!Shen!Z.!The!agglomeration!,!coalescence!and!sliding!of!
nanoparticles!,!leading!to!the!rapid!sintering!of!zirconia!nanoceramics.!2017.!
p.!1–8.!https://doi.org/10.1038/s41598-017-02760-7.!

[52] Yuksel!A,!Cullinan!M.!Modeling!of!nanoparticle!agglomeration!and!powder!bed!
formation!in!microscale!selective!laser!sintering!systems.!Addit.!Manuf.!2016;12:!
204–15.!

[53] Roy!NK,!et!al.!A!comprehensive!study!of!the!sintering!of!copper!nanoparticles!using!
femtosecond,!nanosecond,!and!continuous!wave!lasers.!J!Micro!Nano-!
Manufacturing!2017;6:010903.!

[54] Han!Y,!Wei!C,!Dong!J.!Super-resolution!electrohydrodynamic!(!EHD!)!3D!printing!
of!micro-structures!using!phase-change!inks.!Manuf.!Lett.!2014;2:96–9.!

[55] Wei!C,!Dong.!J.!Development!and!modeling!of!melt!electrohydrodynamic-jet!
printing!of!phase-change!inks!for!high-resolution!additive!manufacturing.!J!Manuf!
Sci!Eng!2014;136:061010.!

[56] Ning!J,!Sievers!DE,!Garmestani!H,!Liang!SY.!Analytical!thermal!modeling!of!metal!
additive!manufacturing!by!heat!sink!solution.!Materials!2019;12:2568.!

[57] Li!C,!Liu!ZY,!Fang!XY,!Guo!YB.!Residual!stress!in!metal!additive!manufacturing.!
Procedia!CIRP!2018;71:348–53.!

[58] Slocum!AH.!Precision!machine!design.!Society!of!Manufacturing!Engineers;!1992.!
[59] Donaldson!RR.!A!simple!method!for!separating!spindle!error!form!test!ball!

roundness.!ClRP!Ann!1972;21.!
[60] Gouws!J.!Error!budgeting!for!control!system!design.!Inside!R!J!1995;11.!
[61] Shen!Y-L,!Duf"e!NA.!Comparison!of!combinatorial!rules!for!machine!error!budgets.!

Ann.!CIRP!1993;42:619–22.!
[62] Trieb!T,!Matthias!E.!Error!budgeting!-!applied!to!the!calculation!and!optimization!

of!the!volumetric!error!"eld.!Ann.!CIRP!1987;36:365–8.!
[63] Keefer!M,!Pinto!R,!Dennison!C,!Turlo!J.!The!role!of!metrology!and!inspection!in!

semiconductor!processing.!Handb.!Thin!Film!Depos.!Process.!Tech.!2001:241–86.!
https://doi.org/10.1016/b978-081551442-8.50011-0.!

[64] Orji!NG,!et!al.!Metrology!for!the!next!generation!of!semiconductor!devices.!Nature!
Electronics!2018:1!532–547.!

[65] Novak!E.!MEMS!metrology!techniques.!Reliab.!Packag.!Testing,!Charact.!MEMS/!
MOEMS!IV!2005;5716:173.!

[66] Leach!RK,!et!al.!Geometrical!metrology!for!metal!additive!manufacturing.!CIRP!
Ann!2019;68:677–700.!

[67] Behroozfar!A,!et!al.!Microscale!3D!printing!of!nanotwinned!copper.!Adv!Mater!
2018;30:1–6.!

[68] Saha!SK,!et!al.!Radiopaque!resists!for!two-photon!lithography!to!enable!submicron!
3D!imaging!of!polymer!parts!via!X-ray!computed!tomography.!ACS!Appl!Mater!
Interfaces!2018;10:1164–72.!

D.!Behera!et!al.!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!



[69] Saha!SK,!Divin!C,!Cuadra!JA,!Panas!RM.!Effect!of!proximity!of!features!on!the!
damage!threshold!during!submicron!additive!manufacturing!via!two-photon!
polymerization.!J!Micro!Nano-Manufacturing!2017;5:031002.!

[70] Khademzadeh!S,!Zanini!F,!Bariani!PF,!Carmignato!S.!Precision!additive!
manufacturing!of!NiTi!parts!using!micro!direct!metal!deposition.!Int!J!Adv!Manuf!
Technol!2018;96:3729–36.!

[71] Maskery!I,!et!al.!Quanti"cation!and!characterisation!of!porosity!in!selectively!laser!
melted!Al-Si10-Mg!using!X-ray!computed!tomography.!Mater!Char!2016;111:!
193–204.!

[72] Roy!N,!Cullinan!M.!Design!of!a!#exure!based!XY!precision!nanopositioner!with!a!
two!inch!travel!range!for!micro-scale!selective!laser!sintering.!In:!Proc.!Annu.!Meet.!
Am.!Soc.!Precis.!Eng.!31st!annu.!Meet.!1–2;!2016.!

[73] Shaw!LA,!Chizari!S,!Hopkins!JB.!Improving!the!throughput!of!automated!
holographic!optical!tweezers.!Appl!Optic!2018;57:6396.!

[74] Porter!MD,!et!al.!Experimental!characterization!and!modeling!of!optical!tweezer!
particle!handling!dynamics.!Appl!Optic!2018;57:6565.!

[75] Afkhami!Z,!Pannier!C,!Aarnoudse!L,!Hoelzle!D,!Barton!K.!Spatial!iterative!learning!
control!for!multi-material!three-dimensional!structures.!ASME!Lett.!Dyn.!Syst.!
Control!2021;1:1–7.!

[76] Sutanto!E,!Shigeta!K,!Kim!YK,!Graf!PG,!Hoelzele!DJ,!Barton!KL,!et!al.!
A!multimaterial!electrohydrodynamic!jet!(!E-jet!)!printing!system.!J!Micromech!
Microeng!2012;22:4.!https://doi.org/10.1088/0960-1317/22/4/045008.!In!this!
issue.!

[77] Pannier!CP,!Ojeda!L,!Wang!Z,!Hoelzle!D,!Barton!K.!An!electrohydrodynamic!jet!
printer!with!integrated!metrology.!Mechatronics!2018;56:268–76.!

[78] Mani!M,!Lane!BM,!Donmez!MA,!Feng!SC,!Moylan!SP.!A!review!on!measurement!
science!needs!for!real-time!control!of!additive!manufacturing!metal!powder!bed!
fusion!processes.!Int!J!Prod!Res!2017;55:1400–18.!

[79] Mani!M,!Lane!BM,!Donmez!MA,!Feng!SC,!Shawn!P.!A!review!on!measurement!
science!needs!for!real-time!control!of!additive!A!review!on!measurement!science!
needs!for!real-!time!control!of!additive!manufacturing!metal!powder!bed!fusion!
processes.!2016.!https://doi.org/10.1080/00207543.2016.1223378.!

[80] Fox!J,!Lopez!F,!Lane!B,!Yeung!H,!Grantham!S.!On!the!requirements!for!model-based!
thermal!control!of!melt!pool!geometry!in!laser!powder!bed!fusion!additive!
manufacturing.!In:!Mater.!Sci.!Technol.!Conf.!Exhib.!2016,!MS!T!2016,!vol.!1;!2016.!
p.!133–40.!

[81] Lane!B,!Jacquemetton!L,!Piltch!M,!Beckett!D.!Thermal!calibration!of!commercial!
melt!pool!monitoring!sensors!on!a!laser!powder!bed!fusion!system.!Natl.!Inst.!
Stand.!Technol.!Adv.!Manuf.!Ser.!2020.!https://doi.org/10.6028/NIST.AMS.100-!
35.!

[82] Lane!B,!Yeung!H.!Additive!manufacturing!metrology!testbed!(!AMMT!):!overhang!
Part!X4,!vol.!125;!2020.!p.!1–18.!

[83] Everton!SK,!Hirsch!M,!Stavroulakis!PI,!Leach!RK,!Clare!AT.!Review!of!in-situ!
process!monitoring!and!in-situ!metrology!for!metal!additive!manufacturing.!Mater!
Des!2016;95:431–45.!

D.!Behera!et!al.!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

View publication statsView publication stats

https://www.researchgate.net/publication/347933073

