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A B S T R A C T ! !

This!article!is!the!second!in!a!four-part!series!of!articles! providing!an!overview!of!the!challenges!and!opportu-
nities! in!microscale!additive!manufacturing! (AM)!processes!with !applications! in! fabrication!of!high!precision!
micro/nano-products.! Laser-based! microscale! additive! manufactur ing! processes! are! discussed! this! article.!
Compared! to! the!other!AM!processes,! laser-based!processes!provide!several!unique!advantages,!especially! in!
terms!of!a!wide!variety!of!processable!materials!and!high!vol umetric!throughputs.!The!processes!discussed!in!this!
paper! can! fabricate! complex!microscale! features!with! mi nimum! resolutions! ranging! from!hundreds!of! nano-
meters!to!hundreds!of!microns.!However,!there!are!several!fundamental!limits!and!trade-offs!which!hinder!the!
scalability!of!these!processes.!The!paper!discusses!the!limits!to!the!materials,!resolution,!geometry,!and!volu-
metric!throughput!and!proposes!approaches!to!mitigate!these!limits!and!improve!the!scalability!of!laser-based!
microscale!AM!processes.!!!

1. Introduction!

In!part!II!of!this!series!of!articles,!laser-based!additive!ma nufacturing!
(AM)! processes! are! explored.! Much! of! the! motivation! to! develop!
microscale!AM!processes!which!use!lasers!as!the!energy!source!for!ma-
terial!consolidation!comes!from!the!maturity!of!similar!processe s!in!the!
macroscale.!Powder-bed!fusion!type!AM!processes!like!Selective!Laser!
Sintering/Melting! and! vat-photopolymerization!processes! like! St ereo-
lithography!have!been!widely!adopted!in!several!industries.! The!primary!
basis! for!arranging!the! following!microscale!processes! together! is! the!
range!of!physical!mechanisms! that!come! into!play!due! laser-material!
interaction.!This!happens!because!of!the!wide!spectrum!of!optical!and!
thermodynamic!parameters!that!represent!the!lasers!and!the!materials!
used! in!these!processes.!From!an!AM!perspective,!these!processes!are!
divided!into!two!main!categories!namely!laser!curing!and!lase r!heating.!

Key!optical! parameters! that! need! to! be!determined! a!priori! for! these!
processes!are!monochromaticity,!coherence,!polarization,!spectral!den-
sity,! pulse! characteristics,! beam! pro"les,! and! power! characteristics!
among! others.! Additionally,! material! properties! de"ning! absor ption,!
heat!and!mass!transfer!characteristics,!and!rheology!(not!an!exhaustive!
list)!are!also!critical!in!determining!the!"nal!part!cha racteristics.!

This!article!discusses!"ve!major!types!of!laser-based!AM!processes!
that!have!been!used!by!researchers!for!fabricating!microscale!parts.!The!
laser! curing/photopolymerization! processes! are! Micro-!
Stereolithography! ( " -SLA),! Holographic! Optical! Tweezing! (HOT)! and!
Two-Photon! Lithography! (TPL).! The! laser! heating! processes! that! are!
discussed!here!are!Laser-Induced!Forward!Transfer!(LIFT)!and!Micro-
scale!Selective!Laser!Sintering! (" -SLS).!The!current! state-of-the-art! in!
these!processes!has!been!discussed!in!their!respective!sections!and!the!
fundamental!challenges!associated!with!them.!The!processes!have!been!
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evaluated!using!the!following!factors! ± range!of!processable!materials,!
feature-size! resolution,!ability! to! fabricate! true-3D!stru ctures!and! the!
volumetric!throughput.!Although!all!the!processes!use!laser! as!a!source!
of!energy,!the!process!principles!for!laser-material!inter action!are!vastly!
different! from! each! other! and! have! been! discussed! in! detail! i n! the!
following!sections.!The!structure!of!this!paper!is!similar!to! Parts!I!and!III!
[ 1,2],!where!the!processes!and!their! limitations!have!been!presented,!
followed!by!a!critical!discussion!of!the!possible!solutions!to!these! issues.!

2. Micro-stereolithography!( ! -SLA)!

2.1. Description!of!the!! -SLA!process!

Stereolithography! (SLA)! is! a! popular! commercial! additive!
manufacturing! technique! that! uses! light! and! a! liquid! ph oto-reactive!
polymer!precursor!(i.e.!resin)!to!fabricate!3D!parts.!In!SLA! light!expo-
sure!induces!solidi"cation!of!the!resin,!and!by!incorporating!a !dye,!light!
penetrating! into! the!resin! is!controlled! to! the!micron!ran ge.!Through!
exposing! resin! with! a! light! pattern,! it! is! possible! to! buil d! a! layer! of!
controlled! thickness!and!structure.!Stereolithography! typical ly!uses!a!
laser! beam! to! rasterize! and! solidify! liquid! monomer.! While! ty pical!
feature! sizes! for! SLA! are! in! the! range! of! 100!" m! and! above! [3,4],!
employing!digital!mask!and!reduction!lens,!analogous!to!mask!ph oto-
lithography! for! patterning! photoresist! [ 5],! modern!
micro-stereolithography!( " -SLA)!pushes!the!resolution!limits!down!the!
sub-100!" m!range!with!precision!optics.!The!technique!has!an!ulti mate!
resolution! around! 1! " m,! but! commercially! available! " -SLA! systems!
typically!have! feature! resolution! from!50! to!100! " m!or! larger.!Many!

systems!incorporate!a!dynamic!photomask!or!spatial! light!modula tor,!
whereby! a! liquid! crystal-on-silicon! (LCOS)! display! or! dynamic!
micro-mirror!array!(DMD)!manipulate!incident!light!to!fo rm!a!2D!image!
[ 6].!This!2D! image!forms!an!entire! layer! in!one!exposure;!o therwise,!
scanning! spot! methods! are! used.! There! are! two! types! of! systems,!
top-down!( Fig.!1a)!and!bottom-up,!based!on!the!light!exposure!direc-
tion.!In!the!bottom-up!system,!the!light!source!projects!f rom!beneath!a!
liquid!resin!vat,!with!a! transparent!membrane!bottom.!R esin! is!sand-
wiched!between!the!transparent!membrane!and!a!build-pla tform.!The!
light-exposed! areas! solidify! and! stick! to! the! build! platform.! Oxygen!
diffusion! through! the! membrane! may! inhibit! resin! adhesion, ! or! the!
membrane' s! inherent! inertness!prevents!solidi"ed!resin!adhesion![ 7].!
The! build! platform! elevates! to! replenish! resin! and! repeat ! the! cycle.!
Top-down!systems! typically!do!not!have!membranes!and! rely!on! the!
liquid! resin! to! self-level! before! exposure.! Stereolithograp hy! systems!
originally!relied!on!lasers!light-sources,!but!many!modern!syst ems!use!
inexpensive!and!robust!light-emitting!diodes!(LEDs),!simplifyin g!optics!
considerably![ 6].!The!ability!of! " -SLA!to!form!complex!parts!as!shown!in!
Fig.!1b!and!c!with!micron!resolution,!with!relatively!simple!optics,!ha s!
made!it!an!immensely!popular!tool.!

2.2. Materials!

2.2.1. Materials!capabilities!and!challenges!in!! -SLA!
" -SLA!has! been! traditionally! limited! to! stiff! acrylic!poly mers,! but!

recent!years!have!seen!signi"cant!development!of!new!materials.!SLA!of!
urethane!acrylates!and!silicone!acrylates!have!been!demonstrated!pro-
ducing!materilas!with!an!ultra-high!strain!of!over!1000%,!a! Young' s!

Fig.!1. (a)!Simpli"ed!schematic!of!the!Microstereolithography! " -SLA!process.!The!z-positioner!with!the!substrate!is!precisely!lowered!into!the!UV!curable!vat.!Light!is!
used!to!cure!the!vat!in!the!regions!critical!for!the!laye r!formation!using!a!micromirror!array!or!dynamic!mask.!The! positioner!is!lowered!further!to!cure!the!next!layer!
and! the!process! is! continued!until! the! "nal!part! is! fabrica ted.!The!excess! ink! is! then! removed!using!a!solvent.! (b)!Optical!microscope! image!of! two-phase!3D!
microlattice!using!multi-material! " -SLA!process![8]! (Reproduced!with!permission!from!Ref.! [ 8].!Copyright!Nature!Publishing!Group).! (c)!Scanning!electron !mi-
crographs!for!the!planet!gear!set!made!of!polymer-derived!ceramic![ 9]!(Reproduced!with!permission!from!Ref.![ 9].!Copyright!Materials!Research!Society!2018).!
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modulus!around!500!KPa,!and!Sylgard!184-like!properties![ 3,4].!Com-
binations! of! low-stiffness! and! high-stiffness! polymers! can! also! create!
mixtures!which!span!orders!of!magnitude! in!stiffness,!and!have!been!
used!to!create!structures!with!a!large,!negative!Poisson' s!ratio!via!" -SLA!
[ 8].! High-performance!polymers! including! epoxy-acrylate! com posites!
[ 10]!and!polyimides!(Kapton)!which!can!reach!2!GPa!Young ' s!modulus!
and! 600! � C! thermal! stability! have! also! been! explored! [ 11].! Further,!
shape-memory!polymers!have!been!demonstrated! to!create! thermally!
and!solvent!actuated!structures!with! " -SLA![12±14].!Pre-ceramic!poly-
mers! in! tandem!with! thermal!pyrolysis!have!made!micro-cera mics!of!
arbitrary!complexity!readily!achievable!as!well![ 9,15].!These!ceramic!
microlattices!can!achieve!ultra-high!stiffness!(100!GPa!range)!and!sur-
vive!extreme!(1000! � C)!environments.!One!can!also!incorporate!inor-
ganic!nanoparticles,!such!as!silica,!and!pyrolyze!the!init ially!fabricated!
structure! to! fully!dense!ceramic!and!glass!parts! [16].!Controlling! the!
amount!of!particles!in!the!resin!allows!for!control!of!structu re!porosity.!
Hensleigh!et!al.!combined!crosslinked!graphene!oxide!with!solv ent!and!a!
small!amount!of!acrylic!monomer!to!fabricate!porous!graphene !aerogel!
micro-structures!which!can!serve!as!catalyst!supports![17].!These!studies!
highlight!the!impressive!advancement!of! " -SLA!materials!in!recent!years!
from! simple! acrylic! resins! to! ultra-#exible,! medical-grade ! siloxane,!
high-performance!polymers,!and!ceramics.!

Using!" -SLA!combined!with!nanoscale!deposition!and!post!process-
ing,!a!variety!of!hollow-tube!metallic!and!ceramic!struc tures!have!been!
demonstrated! with! feature! sizes! down! to! tens! of! nanometers.! These!
methods,!however,!rely!on!printing!of!a!microlattice!scaffol d!followed!
by!depositions!of!thin!"lm!materials!(metal,!ceramic,!etc)!a nd!etching!
away! of! the! sacri"cial! polymer! scaffold! with! chemical! or! t hermal!
treatment![ 18±20].!Currently,!there!is!no!method!to!print!fully!dense!
metallic!structures!via! " -SLA,!and!few!methods!for!functional!materials.!
" -SLA' s!high-resolution!makes!it!an!intriguing!candidate!for!sensors! and!
implantable!devices! if! the! functional!material! limitat ion!can!be!over-
come.!Functional!materials!typically!require!high-puri ty!or!loading,!but!
" -SLA' s!requirement!of!photo-curable!polymers!and!liquid-like!visc os-
ities,!limits!the!loading!of!functional!material,!and!ulti mately!the!func-
tional! (magnetic,! thermal,! electrical,! etc.)! performanc e.! Current!
methods!rely!on!incorporation!of!metal!salts!or!nanomaterials!to! create!
functional!objects.!Metal!salts!can!be!reduced!in-situ!to!form!conductive!
nanoparticle! composites! [21].! Incorporation! of! piezoelectric! nano-
particles! allowed! Cui! et! al.! to! create! smart! sensors! which! can! sense!
impact! location/direction! [ 22].!However,!extensive!work! to!optimize!
powder!suspension!stability,!resin!viscosity,!and!light!penetra tion!depth!
make!processing!of! functional!materials,!particular!powders, !dif"cult!
with! " -SLA.!Increasing!nanoparticle!concentration!inevitably!i ncreases!
viscosity,! which! requires! one! either! to! limit! particle! loa ding,! thus!
degrading! material! properties,! in! order! to! keep! viscosity! wit hin! a!
useable!range.!Alternatively,!" -SLA!could!be!modi"ed!to!handle!pastes!
which! is! theoretically! possible! but! dif"cult! to! achieve! in ! practice!
without!a!large!detriment!to!feature!resolution.!

2.2.2. Possible!approaches!to!overcome!materials!challenges!for!! -SLA!
Cui!et!al.!and!Yao!et!al.!showed!that!through!careful!optimi zation!

through!surface!treatments,!processing,!and!computational!modelling,!
very!high-loading!of!functional!materials!can!be!processed!t o!form!high-!
performing!and!stiff!and!#exible!structures![ 22,23].!The!combination!of!
nanoparticle!surface!treatment!which!enhanced!performan ce!and!par-
ticle!stability!in!resin!with!high-energy!ball!millin g!created!a!" -SLA!ink!
with!very!high,!loading!(30!vol%)!but!that!was!also!low!enough! in!vis-
cosity!for!use!in!membrane!based!" -SLA.!Higher!volume!fractions!were!
processable!by!paste!based!" -SLA.!Nanoparticle!surface!functionaliza-
tion!or!surfactant!addition!to!compatiblize!powder!and!polymer! resins!
are!critical! to!maintain!powder!stability! in! the! resin,! and!reduce!vis-
cosity.!High-energy!ball!milling!to!disperse!functional! material!powder!
in!polymer!eliminates!agglomerations,!and!can!be!scaled!to!relatively!
large! volumes.! Modelling! the! functional! material! polymer! c omposite!
response!can!guide!formulation!development,!minimize!trial- and-error,!

reducing!material!development!time,!and!opening!new!func tional!ma-
terials!with!unique!properties,!such!as!#exibility!and!hi gh! functional!
performance![23].!

There! is! no! clear! path! forward! for! printing! fully-dense! metallic!
structures!via!" -SLA.!Metal!salt!incorporation!into!the!resin,!followed!by!
hydrogen! gas! treatment! can! produce! porous! metallic! components!
(~50%!porosity),!or!metals!within!a!polymer!matrix,!but! fully -dense!
parts!have!not!been!realized![21,24].!Optimization!of!a!metal!powder!
resin! suspension,! similar! to! Cui! et! al.! [ 22],! in! combination! with!
hydrogen!gas!sintering,! could! feasibly!produce!such!a!structure!with!
extensive! sintering! to! achieve! full! density,! however! such! a! process!
would! require! further! investigation! of! resin! composition! an d!
manufacturing!process!parameters.!

2.3. 3D!feature!fabrication!

2.3.1. Capabilities!and!challenges!in!! -SLA!for!fabricating!3D!features!
In!principle,!there!are!few!limitations!to!the!types!o f!structures!that!

" -SLA!can!produce.!Fabrication!of!complex,!arbitrary!3D!geometries!are!
regularly!reported!in!literature![ 7,19],!however!manufacturing!limita-
tions!do!exist.!Some!extended!overhanging!features!cannot!be!printed!as!
each! layer! must! adhere! to! a! previous! printed! feature.! For!
membrane-based!systems,!there!is!a!suction!pressure!during!recoating,!
which!can!destroy!slender! features,!or!detach!weakly!adhered! layers!
[ 25].!Another!dif"culty! is! that! the!printed!part!may!move!o r!deform!
during! the! fabrication!process,! altering! its! "nal! shape.!T his! typically!
occurs!when! fabricating!unbalanced!parts!or! if! the! solidi"e d! resin! is!
unable! to! sustain! the! weight! of! the! structure! [ 26].! Part! deformation!
during! printing! may! result! in! resin! curing! in! incorrec t! positions,! or!
detaching!from!the!structure!altogether.!The!structure! i tself!may!also!
detach!from!the!build!platform!entirely!if!the!initia l!layer!bond!is!not!
strong!enough.!Another!limitation!is!the!fabrication!of!cl osed!structures!
with!hollow,!internal!spaces!as!resin!will!remain!trapped! in!the!hollow!
cavity! during! the! post-processing! where! uncured! material! i s! usually!
removed.!

2.3.2. Possible!approaches!to!overcome!3D!feature!fabrication!challenges!in!
! -SLA!

Before!printing,!careful!selection!of!print!design!and!direc tion!must!
occur! to! prevent! any! free! hanging! features! before! beginning!
manufacturing,! since! each! layer! must! adhere! to! a! previous! printed!
feature.!Overhang!structures!can!be!fabricated!by!adding!support!to!the!
suspended!position.!Additionally,!the!support!can!be!used!to!bal ance!the!
printed! part! so! that! it! is! securely! tethered! to! the! buildi ng! platform.!
Although!support!solves!the!aforementioned!problems,!it!will!i ntroduce!
some! new! challenges.! Both! designing! support! and! removing! support!
structures!require!a!signi"cant!time!investment.!Support !structure!will!
also!waste!more!material! than!a!print!without! supports.! I n!addition,!
support!may!be!detrimental!to!the!surface!"nish!after!the !structure!is!
removed.! More! efforts! must! be! made! to! minimize! the! determinan ts!
typically! associated! with! the! use! of! support! structures,! incl uding!
increased!printing!time,!cost!and!impact!on!surface!qualit y![ 27].!

For! printing! designs! with! hollow! internal! features,! one! ca n! use!
bottom-up! " -SLA!designs!if!possible!to!allow!resin!to!drain!during!the!
printing!process.!Even!then,!however,!resin!may!remain!t rapped!to!some!
extent.!Generally,!the!design!should!be!modi"ed!to!incorporat e!small!
holes! if! possible! to!allow! resin! cleanout!after!printing.!H owever,! the!
repair!or!"lling!of!these!holes!is!dif"cult,!reducing!surfac e!quality,!and!
extending!overall!required!production!time.!The!membrane! separation!
force!problem!is!persistent,!and!there!are!several!possible!methods!to!
overcome! it.! If! one! can! decrease! viscosity! of! the! resin,! by! using! a!
different!material!or! through!heat,! the!effect!can!be! minimized! [ 25].!
Some!work!has!also!looked!at!using!bioinspired!hydrophobic!coati ngs!
with!success,!which!rely!on!coating!membrane!surface!with !ultra-low!
adhesive!chemicals!(#uorosiloxanes)![28].!A!general!option!for!higher!
quality!3D!fabrication!is!to!reduce!the!printing!and!reco ating!speed,!but!
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this!will!increase!build!time!in!turn![ 7].!

2.4. Feature!size!resolution!

2.4.1. Feature!size!resolution!capabilities!and!challenges!for!! -SLA!
The! thickness! of! each! layer! as! well! as! the! vertical! resolution! is!

dependent!on!the!equipment!used.!Typically,!high!accuracy!positioning!
stages!have!a!resolution!of!several!microns.!Since!the!light!penetration!
depth! is! much! larger! than! 10! " m,! the! only! restriction! in! the! layer!
thickness!is!the!motorized!stage' s!resolution.!The!lateral!resolution!of!
the! " -SLA! process! can! reach! several! microns.! The! dynamic! pattern!
generator!and!the! imaging!optics!determine!the!achievabl e!minimum!
feature!size!in!the!X±Y!plane.!Typical!dynamic!masks!used!in!" -SLA!come!
in!standard!resolutions!(e.g.,!800x600,!1024x768,!and!1920x1080)!with!
a!standard!pixel!pitch.!The!pixel!pitch!represents!the!si ze!of!each!pixel!
and!the!space!between!pixels,!and!is!around!5!" m.!Additionally,!image!
non-uniformity!from!the!dynamic!digital!mask!may!contribut e!to!non-!
uniform!photopolymerization,! compromising! feature! "delity! and!ma-
terial!uniformity.!To!solve!this,!Zheng!et!al.,!developed!a !background!
image!correction!procedure!that!subtracts!background!non-un iformity!
from!the!digital!mask!for!each!layer![ 29].!

2.4.2. Possible!approaches!to!overcome!current!limits!in!feature!size!
resolution!for!! -SLA!

Many!chemistry-based!approaches!are!explored!to!increase!resolu-
tion.!The!spatial!area!of!radicals!must!be!carefully!contr olled!to!achieve!
high!resolution.!In!commercial!systems,!ambient!oxygen!acts!as!a!radical!
inhibitor!to!minimize!their!spread!through!the!resin.!Thi s!is!adequate!for!
10! " m!and!larger!resolutions.!However,! to!successfully!enhance!reso-
lution!through!chemical!means,!one!must!focus!on!minimizing ,!or!even!
actively! reducing,! the! radical! population.! Scott! et! al.! m ade! use! of! a!
unique!molecule!which!can!be!stimulated!by!light!to!form !radicals,!but!
these!radical!are!too!weak!to!propagate!polymer!growth![ 30].!The!group!
was!able!to!quench!or!inhibit!other!polymer!propagating!r adicals!with!
this! radical! generation! mechanism.! This,! in! effect,! resul ts! in! a!
light-patternable!radical!inhibitor,!or!in!other!words!a! photo-inhibitor.!
Using! two-wavelengths,! one! to! independently! trigger! polymer ization!
initiation,!the!other!to!inhibit,!photopolymerization!cata lyzation!can!be!
contained!to!a!sub-wavelength!point!well!beyond!the!diffrac tion!limit!of!
the!working!wavelength!of!each!laser!respectively.!Scott!et!al.!ultimately!
achieve! a! nanometer-scale! resolution.! A! signi"cant! drawbac k! is! the!
limited!number!of!molecules!which!can!act!as!photoinhibitor s,!limiting!
wavelength,!initiator,!and!material!selection![ 31].!

2.5. Throughput!

2.5.1. Throughput!capabilities!and!challenges!for!! -SLA!
The!recoating!speed,!exposure!time,!and!inherent!tradeoffs!between!

resolution!and!throughput!for!serial!fabrication!are!the!ma in!limits!on!
throughput!of!the! " -SLA!process![26].!The!current!throughput!budget!of!
" -SLA,! for! printing! optimized! acrylate! polymers! without!
post-processing,!is!determined!by!the!ef"ciency!of!the!exposure!process!
and! speed! of! recoating! mechanism.! Currently,! exposure! time! of! the!
" -SLA!system!varies!from!1s!to!8s!per!layer!and!recoating!process!varies!
from!1s!to!3s!for!different!resins.!With!a!high!resolution!requi rement!
such!as!20!" m!in!lateral!direction,!based!on!this!lower!size,!this!sets!an !
upper! limit! of! 15! mm,! due! to! the! standard! size! of! a! dynamic! ma sk,!
resulting!in!a!rate!of!27 ±135!mm3/min.!

By! changing! the! formulation! of! the! resin,! either! increasi ng! the!
initiator!or!decreasing!the!light-absorbing!dye,!exposure!ti me!may!be!
lowered,!but! this!comes!at!a!cost!of!resolution.!The!recoating! time!is!
limited!by!the!polymer-settling!time,!which!in! itself! i s!determined!by!
resin!characteristics!such!as!surface!tension,!viscosity,!and!wetting.!With!
bottom-up! methods,! resin! settling! time! is! eliminated.! For! pro jecting!
from!above,!the!settling!time!can!be!signi"cant!since!onl y!gravity!drives!
recoating![ 26].!

2.5.2. Possible!approaches!to!overcome!current!throughput!limits!in!! -SLA!
The!total!time!currently!required!to!create!a!layer!an d!recoat!fresh!

resin! is! ~10! s.! The! exposure! time! can! be! reduced! by! increasing! the!
exposure!power,! lowering!exposure! time!needed!to!properly!cure!the!
resin.! The! recoating! process! can! also! be! improved! by! introducing!
controlled!heating.!With!an!increase!in!resin!temperatur e,!the!viscosity!
will! decrease,! thus! lowering! the! settling! time.! With! the ! help! of! an!
oxygen-permeable! window,! researchers! have! demonstrated! that! the!
printing!speed!can!be!pushed! to!rates!of!hundreds!of!millimet ers!per!
hour!by!using!continuous!printing!methods.!The!part!size!can !be!on!the!
order!of!tens!of!centimeters!with!feature!resolution!below!100! " m![ 7].!
For! large!area!fabrication,!due! to! the! limited!resolution!o f!projection!
devices! and! various! optical! defects! which! are! dif"cult! to! avo id,! the!
"nished! part! surface! quality! is! deteriorated! in! turn.! Hybr id! methods!
which! integrate!scanning!and!projection!are!demonstrated,! enlarging!
the!working!area!to!400! � 300!mm,!a!larger!platform!area!than!most!
previous!" -SLA!implementations![20,32].!Increasing!the!layer!thickness!
will! also! improve! the! volumetric! throughput,! however,! t he! vertical!
resolution!will!decrease!in!proportion.!

2.6. Prognoses!

The!micron-scale!resolution!and!high-throughput!make! " -SLA!one!of!
the! most! advanced! micro-scale! fabrication! technologies.! Advances! in!
optics!and!the!incorporation!of!scanning!mirror!mosaic!fabric ation,!have!
continued!to!push!the!limits!of!resolution!and!throughput!resp ectively.!
Material! limitations!are!the!most!signi"cant!challenge!fo r! " -SLA!with!
photopolymerizable! polymers!being! a! strict! requirement. ! Research! is!
methodically! overcoming! this! limitation.! Polymer! derived! cer amics!
have! allowed! fully-dense! ceramic! parts! to! be! manufactured. ! Careful!
material! development! of! powder! composites! allows! porous! (~50%)!
ceramic!or!metallic!structures!when!sintered.!Powder!composi tes!can!
reach!high-functional!performance!when!optimized,!pristi ne!dispersion,!
and!high-loading!(20 ±30!vol%)!with!high-energy!ball!milling!but!fully-!
dense!metals!are!still!not!possible!to!fabricate.!With!furth er! improve-
ments!in!optics,!projection!scanning,!and!materials,! " -SLA!will!continue!
to!open!new!and!exciting!avenues!as!one!of!the!premier!3D!micro-scale!
additive!manufacturing!technologies.!

3. Two-Photon!Photopolymerization/Lithography!

3.1. Description!of!the!two-photon!lithography!(TPL)!process!

Two-photon!lithography!(TPL)!is!a!laser-based!direct!write!te chnique!
that!enables!additive!manufacturing!of!millimeter-scale! 3D!structures!
with! submicron! features.! The! most! common! implementation! of! this!
process! involves!serial!scanning!of!a! tightly! focused! laser!spot!in! the!
interior!of!a!photopolymer!resist!material!to!generate!subm icron!volu-
metric!pixels!(i.e.,! ªvoxelsº)!via!light-directed!polymerization![ 33].!TPL!
uses!a!nonlinear! two-photon!absorption!process!to! locally!polym erize!
features!smaller! than! the!diffraction-limited! focused! light !spot.!Thus,!
features!as!small!as!150!nm!can!be!routinely!fabricated!using!this!pro-
cess.!3D!structures!can!be!generated!by!serially!scanning!the!focal!spot!in!
3D!space!as!shown!schematically!in!Fig.!2a.!After!printing,!the!unpoly-
merized!resist!is!washed!away!by!dissolving!it!in!an!appropri ate!solvent!
leaving!behind!a!3D!assembly!of!polymerized!submicron!voxel s.!This!
unique!ability!of!TPL!to!generate!complex!3D!structures!w ith!submicron!
features!has!been!widely!leveraged!to!fabricate!functional!parts!for!ap-
plications!such!as!mechanical!and!optical!metamaterials,!bio-scaffolds,!
photonics,!miniaturized!optics,!#exible!electronics,!and!mi cromachines.!

The!sub-diffraction!resolution!of!TPL!is!a!consequence!of!its!under-
lying!two-photon!absorption!process![ 35±37].!Two-photon!absorption!is!
fundamentally! distinct! from! the! more! commonly! observed!
single-photon! absorption! and! is! a! weak! and! nonlinear! effect. !
Two-photon!absorption!occurs!when!two!photons!of!half!the!ene rgy!are!
near-simultaneously! absorbed! for! the! initiation! of! a! molecul ar!
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transition,!instead!of!a!single!photon!of!the!full!energy.!A s!the!proba-
bility!of!simultaneous!absorption!of!two!photons!is!low,!high!lig ht!in-
tensity!on!the!order!of!TW/cm 2! is!required!to!obtain!any!appreciable!
absorption!in!the!photopolymer!materials![ 36].!Therefore,!it!is!possible!
to!spatially!restrict!two-photon!absorption!to!sub-diffraction!v olumes!by!
focusing! an! ultrashort! pulsed! laser! to! a! diffraction-limited! sp ot.! By!
carefully!selecting!the!laser!wavelength!and!the!resist!absorptivity,!one!
can! ensure! that! the! material! polymerizes! exclusively! vi a! two-photon!
absorption! without! any! appreciable! single-photon! absorption. ! For!
example,! the! commonly! used! UV-curable! resists! for! single-photon!
polymerization!are!optically!transparent!at!near-IR!wav elengths!while!
being! strongly! absorbing! at! half! the! wavelength.! Thus,! t wo-photon!
polymerization!can!be!performed!by!selecting!a!near-IR! f emtosecond!
laser!and!UV-curable!resists;!this!combination!has!been!extensively!used!
in!the!past!to!fabricate!3D!structures!via!TPL![ 38].!

3.2. Materials!

3.2.1. Materials!capabilities!and!challenges!in!TPL!
TPL! is! a! photopolymerization-based! technique! that! is! primar ily!

applied! for! printing! of! polymer! materials.! The! most! commonly ! used!
polymer!materials!are!based!on!the!radical-mediated!acrylat e!chemistry!
[ 39]!and!the!thiol-ene!chemistry![ 40,41].!In!recent!years,!biocompatible!
structures!with!hybrid!inorganic-organic!polymers!such!as!Orm oComp!
have!also!been!printed!via!TPL![42].!Speci"c!material!properties!can!

also!be!tuned!by!modifying!the!polymer!backbone!on!a!molecu lar!level,!
for!example,!by!doping!the!polymer!with! iodine![ 39]!or!nickel!metal!
[ 43].!Another!common!approach!to!broadening!the!material!pal let!in-
volves! mixing! additives! into! the! resist! blend! to! generate! com posite!
structures! such! as! electrically-conductive! polymer! microstr uctures!
loaded!with!carbon!nanotubes!(CNTs)![44].!

The! types!of!photopolymer!materials! that!can!be!used! in! the !TPL!
process! are! limited! by! these! key! functional! requirements:! (i)! optical!
clarity! at! the! incident! wavelength,! (ii)! high! absorptiv ity! at! half-!
wavelength! of! the! incident! light,! (iii)! fast! curing! chem istries! so! that!
localized! curing! can! be! performed,! and! (iv)! a! match! betwee n! the!
refractive!index!of!the!resist!and!the!immersion!medium!of! the!focusing!
objective!lens!so!that!"ne!features!with!minimal!optical! aberrations!can!
be! printed! [ 39].! In! combination,! these! requirements! signi"cantly!
restrict! the!material! design!space! for!TPL!as!compared! to! the!design!
space!for!other!photopolymerization!techniques!that!are!ba sed!on!con-
ventional!single-photon!absorption.!

3.2.2. Possible!approaches!to!overcome!materials!challenges!for!TPL!
The!material!design!space!can!be!expanded!by!modifying!the!optical!

set-up!of!the!TPL!system!to!enable!printing!of!partially -opaque!mate-
rials;!for!example,!by!reducing!the!length!of!the!light !path!that!passes!
through!the!resist!material!during!photopolymerization.!Al though!ad-!
hoc! techniques!that!modify!commercial!objective! lens!to! achieve!this!
effect! have! been! demonstrated! in! the! past! [45],! custom-built!

Fig.! 2. (a)! Schematic! of! the! two-photon! lithography! process.! This! process! uses! laser! scanning! within! a! tightly! focused! spot! to! polymeriz e! voxels! of! photo-
polymerizable!resist!via!the!two-photon!absorption!process.!The!printed!voxel!is!smaller!than!the!focused!light!spot.!Uncur ed!resist!is!washed!away!after!printing!to!
leave!behind!the!cured!3D!structure.!(b) ±(d)!Optical!and!scanning!electron!microscope!images!of!parts!fabricated!using!TPL![34].!
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high-numerical!aperture!objective!lenses!would!signi"cant ly!accelerate!
material!development!for!TPL.!A!careful!design!of!the!resi st!composition!
to!optimize!its!absorption!spectrum!versus!chemical!reactivi ty!can!also!
expand!the!design!space!by!broadening!the!writing!window.!T his!will!
enable! printing! of! materials! that! are! unprintable! today ! due! to! the!
thermal! damage! that! occurs! at! high! light! intensities! [ 46].! Design! of!
photoinitiators!for!optimal!two-photon!absorption!properties!has!b een!
demonstrated! in! the! past! [ 47],! but! follow-up! with! low-cost! and!
high-throughput! organic! synthesis! schemes! is! lacking! today.! An!
approach!that!is!somewhat!underutilized!in!the!"eld!of!TPL! is!printing!
with!pre-cursor!materials!(such!as!hybrid!polymers)!and!post-proc essing!
the!printed!structure!to!convert!it!into!a!different!class! (such!as!carbon!or!
metals)! with! widely! differing! material! properties.! This! ap proach! has!
been! implemented! to! fabricate! carbon! [ 48±50],! silicon! oxycarbide!
ceramic![ 51]!and!metal!3D!structures!using!TPL.!This!approach!may!be!
explored! to! expand! TPL! to! ceramics,! metals! [43],! and! 3D! surface!
structuring!of!2D!materials!such!as!graphene.!Key!challenges! for! this!
approach!include!design!of!resists!with!appropriate!optical!p roperties,!
such!as!optical!transparency,!and!optimization!of!the!process!to!achieve!
the! desirable! functional! properties! such! as! electrical! conductivity! or!
hardness.!Another!approach!is!to!modify!the!stereochemistry,!i. e.,!the!
three-dimensional!molecular!arrangement!of!reacting!and!n on-reacting!
functional!groups,!in!the!components!of!the!resist!to!speed-up!desirable!
reactions! and! suppress! undesirable! side! reactions! during! photo-
polymerization.!Computational!and!experimental!studies!that! elucidate!
the!underlying!chemical!mechanisms!of!localized!photopolymer ization!
would! be! highly! valuable! in! enabling! such! a! material! de velopment!
approach!for!TPL.!

3.3. 3D!feature!fabrication!

3.3.1. Capabilities!and!challenges!in!TPL!for!fabricating!3D!features!
The!TPL!process! is!particularly!well-suited! for! fabrication !of!arbi-

trarily!complex!3D!structures,!including!structures!that!h ave!signi"cant!
overhangs.! For! example,! Saha! et! al.! have! recently! demonstrated! the!
ability! to! print! overhanging! structures! with! more! than! 500! " m! long!
overhangs![34].!The!submicron!feature!size!of!TPL!enables!printing!of !
freeform!3D!structures!whereas!its!ability!to!print!within !the!interior!of!
the! photopolymer! resist! enables! printing! of! suspended! overhanging!
sections!wherein!the!unpolymerized!resist!naturally!acts!as!the!support!
material.!The!unpolymerized!material!can!act!as!an!eff ective!support!
material!because!the!density!of!the!polymerized!material! is!similar!to!
that!of!the!unpolymerized!material.!However,!excessive!dra g!forces!due!
to!stage!motion!during!printing!limit!the!length!of!the!ov erhang.!True!3D!
structures!can!be!generated!without!discretizing!the!part !into!2D!layers!
by!using! three-axis!motion!stages! to!scan! the! focal!spot! in!3D!space.!
Limitations!to!the!part!geometry!are!imposed!by!the!optical !constraints!
of! the!TPL!process.!These! limitations! include!(i)! limited!shape !of! the!
voxels,! (ii)! limited! height! of! the! parts,! and! (iii)! diffraction -limited!
resolvability!of!closely!spaced!features.!

The!features!in!serial-scanning!TPL!are!limited!to!an!ovoid!shape!due!
to!the!nature!of!the!optical!intensity!distribution!in!the !focal!spot!of!the!
laser![33].!The!aspect!ratio,!i.e.!the!ratio!of!height!to!width!of! features,!
cannot!be!readily!tuned!to!arbitrary!values!as!the!featur e!size!in!the!axial!
and!lateral!directions!are!linked!by!the!coupling!of!light !intensity!dis-
tributions! in! the! axial! and! lateral! directions.! This! limit ation! on! the!
aspect! ratio!restricts! the!discretization!of! the!desired!3D!geometry! to!
only! those! that! are! feasible! with! ovoid! building! blocks.! In! a ddition,!
spherical!aberrations!often! limit! the!maximum!height!of! the!parts! to!
several!tens!of!micrometers.!In!recent!years,!the!dip-in!mode!has!become!
popular!to!overcome!this!limit![ 52];!however,!it!requires!one!to!use!only!
those! resists! that! have! a! refractive! index! matched! to! that! of! the! im-
mersion! medium! of! the! lens! [ 39].! Although! TPL! generates!
sub-diffraction! features! on! the! scale! of! 150! nm,! the! ability! to! print!
well-resolved!"ne!sub-diffraction!features!with!a!spacing!of !< 150!nm!
has! not! been! demonstrated! so! far.! This! limitation! occurs! due! to! a!

combination! of! the! optical! diffraction! limit! in! resolvabil ity! of!
closely-spaced! features! and! due! to! the! lithographic! proximit y! effect!
wherein!prior!printing!of!nearby!features!broadens!the!f eature!that!is!
currently!being!printed.!

3.3.2. Possible!approaches!to!overcome!3D!feature!fabrication!challenges!in!
TPL!

The!height!of!the!printed!structures!can!be!increased!by!modifying!
the! optics! of! the! TPL! process.! Speci"cally,! the! dip-in! mode! can! be!
enabled!by!using!index-matched!resists!or!by!modifying!the!obj ective!
lens!to!minimize!spherical!aberrations!with!index-mismatch ed!resists.!
The!voxel!shape!and!the!aspect!ratio!may!be!tuned!by!shaping!the!laser!
beam!or!the!femtosecond!pulse!to!affect!the!shape!of!the!optical!point!
spread!function!during!focusing![ 34].!Similar!to!a!heat!affected!zone!in!
selective!laser!melting,!sintering,!and!LCVD!process,!additional!work!is!
required! to! fully! understand! the! proximity-effect! based! che mical!
broadening! that! limits! the! resolvability! of! closely! spaced! in dividual!
features.! One! approach! that! has! been! underutilized! so! far!is! to! take!
advantage!of!the! interdependence!of!the!spatio-temporal!dynamics!of!
the! chemical! reactions! and! the! 3D! optical! intensity! distri bution! to!
broaden!the!geometric!design!space.!For!example,!an!optimized!resist!
may!be!used!to!suppress!writing!anywhere!except!the!core!of!a!focused!
spot!even!when!the!focused!spot!itself!may!be!broad!with!a! distorted!
intensity!distribution!due!to!optical!aberrations.!Tall!struc tures!could!be!
printed! with! such! resists! even! without! satisfying! the! index- matching!
criterion.! Scienti"c! studies! that! elucidate! these! process! mechanisms!
are!required!to!enable!this!approach.!

3.4. Feature!size!resolution!

3.4.1. Feature!size!resolution!capabilities!and!challenges!for!TPL!
The!feature!size!resolution!of!TPL!is!on!the!order!of!120!nm!in !the!

lateral!direction!and!it!has!an!axial,!i.e.,!depth!resolu tion!two!times!that!
of! the! lateral! resolution! [ 53].! More! recently,! Saha! et! al.! [ 34]! have!
demonstrated!printing!of!nanowires!with!axial!resolution!(i. e.,!height)!
less! than! 175! nm! by! using! a! parallel! projection! technique. ! Features!
smaller! than!this!size!can!be!printed! in!the!form!of!a!si ngle!2D!layer!
attached!to!a!substrate!by!printing!only!the!top!sections!o f!the!voxels!
[ 54].!However,!the!true!3D!resolution!is!not!measurable!in!such !struc-
tures;!instead,!the!resolution!is!quanti"ed!by!measuring!the !width!and!
height! of! suspended! nanowire! benchmark! structures! [53].! There! are!
several! factors! that! limit! the! resolution! of! TPL.! As! this! is! an!
optically-driven!process,! the!achievable!minimum! feature ! size! is! still!
limited!by!the!optical!point!spread!function.!The!factors! that!limit!the!
resolution!of!TPL!are:!(i)!the!size!of!the!focused!light!spot!t hat!cannot!be!
reduced!to!an!in"nitesimally!small!point!due!to!diffraction! limits,!(ii)!the!
spatio-temporal!growth!of! the!polymerization! reaction! front ,! (iii)! the!
thresholding!behavior!of!the!resist,!and!(iv)!the!mechanical! properties!of!
the!polymerized!features.!Resists!in!which!the!chemical!reaction!fronts!
rapidly!proceed!outward!from!the!center!of!the!focused!spot!gen erate!
thicker!features.!Resists!in!which!this!effect!is!suppressed!may!generate!
features! with! lower! degrees! of! conversion! that! may! not! exceed! the!
threshold!for!writing.! In!addition,!even!if!very!thin!feat ures!could!be!
printed!with!TPL,!these!structures!may!not!survive!the!str esses!generated!
via!capillary!forces!during!the!post-print!development!pro cess!due!to!the!
low!strength!of!the!printed!structures.!In!combination,!th ese!effects!limit!
the!resolution!of!any!speci"c!TPL!con"guration.!

3.4.2. Possible!approaches!to!overcome!current!limits!in!feature!size!
resolution!for!TPL!

The!classical!technique!of!reducing!the!size!of!the!diffra ction-limited!
focal!spot!by!reducing!the!wavelength!of!light!may!not!b e!a!very!suc-
cessful!approach! for!TPL.!Although! reducing! the!wavelength!of! light!
does!indeed!reduce!the!size!of!the!optical!focal!spot,!it!does!not!guar-
antee!that!the!printed!features!will!be!smaller!than!t hose!printed!with!
higher! wavelength! light.! This! is! because! the! resist! may! be! highly!
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absorbing!in!the!single-photon!mode!at!lower!wavelengths!wh ich!may!
lead!to!over-polymerization.!Nevertheless,!novel!optical!tec hniques!that!
can! reduce! the! optical! point! spread! function! without! modifyi ng! the!
incident!wavelength!would!have!a!direct!and!predictable!i n#uence!on!
the!resolution!of!TPL.!A!different!material-based!approach! to!improving!
the!resolution!involves!optimizing!the!resist!composition!by!b alancing!
the! photo-absorption! versus! chemical! reactivity! to! generate ! smaller!
features!via!dosage!thresholding!control.!The!resolution!may!be!further!
improved!by!optimizing!the!resist!and!the!writing!conditions! to!generate!
stronger! features! that! can! survive! the! development! process.!The! un-
derlying!mechanisms!that!determine!the!spatio-temporal!grow th!of!the!
degree!of!conversion!and!the!strength!of!the!features!have!not!been!well-!
studied!in!the!past.!Predictive!models!that!can!link!writin g!conditions,!
resist!composition,!and!optics!to!the!feature!size!and!mechanical!prop-
erties!would!play!a!critical!role!in!identifying!practic al!strategies!that!
can!further!improve!resolution.!

3.5. Throughput!

3.5.1. Throughput!capabilities!and!challenges!for!TPL!
The!volumetric!throughput!of!TPL!is!limited!by!its!serial! point-by-!

point!writing!mechanism.!The!throughput!is!determined!by! the!linear!
scanning!speed!of!the!focal!spot!of!the!laser!and!the!size!of!the!printed!
voxels.!Although!slow!piezo-scanning!stages!were!used!for!early!work!in!
this! "eld! [ 53,54],! contemporary! TPL! processing! is! often! performed!
using!high-speed!galvanometric!stages!that!can!scan!at!linear!speeds!of!
~1!cm/s 52.!For!high-resolution!writing!conditions!that!generate!feat ures!
smaller! than! ~300! nm,! the! volumetric! throughput! of! TPL! is! ~ 0.02!
mm3/h![ 52].!The!volumetric!throughput!can!be!increased!by!a!fact or!of!
~10! times! for! low-resolution!printing!conditions! that!generate! larger!
voxels.!Although!it!is!theoretically!possible!to!increase!the !volumetric!
throughput!by!increasing!the!scanning!speed,!the!scanning!speed!cannot!
be!increased!to!arbitrarily!high!values!due!to!several!pra ctical!limita-
tions.!These!limitations!are:!(i)!at!high!scanning!speeds,!the!net!optical!
dosage!will! fall! below! the! threshold!values! for!onset!of!writin g!with!
current!laser!technology!and!(ii)!at!high!scanning!speeds,!th e!dynamics!
of!the!scanning!stage!during!raster!scanning!in!a!"nite-si zed!"eld-of--
view!limits!the!overall!duration!of!scan.!Holographic!techn iques!have!
been!used!in!the!past!to!increase!throughput!by!splitting! the!beam!into!
multiple!identical!focal!spots!that!can!be!scanned!in!para llel!either!using!
motion! stages! or! via! holographic! techniques! [ 55].! Although! these!
techniques!parallelize!the!TPL!process,!to!date,!the!highest!throughput!
of!these!techniques!has!not!exceeded!the!0.02!mm3/h!throughput!ach-
ieved!by!the!galvo-based!single-point!scanning!techniques![34].!This!is!
due!to!a!combination!of!limited!pulse!energy!of!the!femtosecon d!lasers!
that!prevents!massive!parallelization!of!the!process,!slow!scanning!speed!
of! the!motion! stages,!and! slow! speed! of! the! spatial! light!modulat ors!
(SLM)!that!are!used!for!generation!of!the!holographs.!It!is!impor tant!to!
note! here! that! although! high! pulse-energy! femtosecond! lasers! are!
commercially!available!in!the!form!of!low!repetition!rat e!systems,!such!
lasers! cannot! be! used! in! combination! with! multi-foci! holograp hic!
high-speed! scanning! techniques! because! scanning! with! such!lasers!
would!lead!to!intermittent!writing!due!to!their!low!repet ition!rate!(i.e.,!
pulse!generation!rate).!

3.5.2. Possible!approaches!to!overcome!current!throughput!limits!in!TPL!
One!approach!to!increase!the!throughput!of!serial!techniqu es!is!to!

upgrade!the!serial!systems!with!galvo-scanning!stages!than!can!scan!at!
higher! speeds! and! accelerations.! For! example,! a! high-speed! writing!
system!was!recently!demonstrated!by!Hahn!et!al.![56].!In!conjunction!
with!this!modi"cation,!one!would!also!need!to!modify!the!laser!a nd!the!
resist!to!support!high-speed!writing.!Speci"cally,!the!pulse !energy!of!the!
laser!must!be!increased!so!that!dosage!values!above!the!threshold!can!be!
achieved! even! during! low! exposure! conditions! encountered! during !
high-speed! writing.! In! addition,! the! resist! must! be! modi"ed! so! that!
signi"cant! dark! polymerization! reactions! can! occur.! This! w ill! ensure!

that! the! degree! of! polymerization! exceeds! the! threshold! val ue! even!
when!the!duration!of!exposure!is!low.!Within!the!context!of !TPL,!it!is!
currently!unknown!as! to!how!this!modi"cation! to! the! resist ' s! thresh-
olding!behavior!could!be!achieved.!

A!different!approach!to!increasing!throughput!is!to!massive ly!par-
allelize! the! process.! Although! several! techniques! have! been! imple-
mented!in!the!past![ 55,57],!none!were!able!to!increase!the!throughput!
without! comprising! the! submicron! resolution! and/or! the! abilit y! to!
fabricate! arbitrarily! complex! 3D! structures.! To! massively! parallelize!
TPL,! it! is! highly! desirable! to! implement! a! layer-by-lay er! projection!
scheme! that! is! analogous! to! the! existing! projection! micro! stereo-
lithography! techniques! for! single-photon! polymerization! [ 6].! In! the!
past,! such! projection! techniques! were! unable! to! achieve! any! depth!
resolvability!during!TPL!due! to! the!challenges! involved! in! projecting!
thin! sheets! of! femtosecond! light! [ 57].! To! successfully! implement!
depth-resolved! projection! TPL,! one! would! need! to! simultaneously!
optimize! the! spatial! and! temporal! properties! of! femtosecond! p ulses!
during!projection.!Saha!et!al.![ 34]!have!recently!demonstrated!that!this!
is!possible!through!temporal!focusing!of!high-bandwidth!femtose cond!
pulses.!Their!femtosecond!projection!parallelization!techn ique!(FP-TPL)!
has! now! increased! the! throughput! of! TPL! by! up! to! three! or ders! of!
magnitude!(i.e.,!volumetric!throughput!of!10s!of!mm 3/hr)!while!main-
taining!the!ability!to!print!thin!nanowires!of! < 175!nm!width!and!com-
plex!3D!structures.!As!this!is!a!relatively!novel!approach !to!TPL!printing,!
more!work!is!required!to!improve!the!predictive!capability !of!the!FP-TPL!
process.!

3.6. Prognoses!

The!unique!ability!of!TPL!to!generate!sub-diffraction!n anoscale!fea-
tures! in!complex!3D!geometries! is!highly!valuable! in! fabr ication!of!a!
wide!variety!of!functional!micro!and!nanoscale!structures!suc h!as!me-
chanical!and!optical!metamaterials,!bio-scaffolds,!photonic s,!miniatur-
ized!optics,!#exible!electronics,!and!micromachines.!Major!b arriers!to!
industrial-scale! adoption! of! TPL! include! low! throughput,! lack ! of!
compatible!materials,!and!lack!of!process!knowledge.!Recent!advances!
in!parallelization!of!the!process!have!increased!the!throu ghput!by!up!to!
three!orders!of!magnitude!that!now!make!this!process!competit ive!with!
other! high-throughput! micro! AM! techniques.! Nevertheless,! m aterials!
challenges!and!lack!of!adequate!process!knowledge!still!remain!as!bar-
riers! to! adoption.! Novel! printing! techniques! that! bypass! the ! current!
materials!challenges!and!scienti"c!investigations!that!adva nce!the!un-
derstanding!of!the!fundamental!process!mechanisms!of!TPL!are!prom-
ising!approaches!to!solve!these!problems.!

4. Laser!induced!forward!transfer!(LIFT)!

4.1. Description!of!the!LIFT!process!

Laser!Induced!Forward!Transfer!(LIFT)!is!a!maskless!and!non-contact!
direct!patterning!process!that!uses!a!high-power!pulsed!laser!to!volu-
metrically!deposit!material!on!to!the!substrate.!The!proce ss!uses!a!top!
substrate!which!is!transparent!to!the!laser!(tailored!to!the !wavelength!
used)!and!has!a! thin!"lm!coating!(donor! layer)!of! the!material ! to!be!
deposited.!As!the!laser!interacts!with!the!material!near!t he!interface!of!
the!transparent!substrate!and!the!donor!layer,!local!materi al!is!ejected!
on!to!the!bottom!substrate,!or!acceptor.!The!mechanisms!drivin g!ejec-
tion!manifest!at!a!threshold!#uence!which!varies!for!diffe rent!materials,!
beyond!which!different!ejection!regimes!are!observed.!Energy!transfer!
for! ejection! is! generally! induced! by! pressure! differentials! or! thermal!
stresses![58±60].!Depending!on!the!material!and!thin!"lm!properties,!t he!
donor! material! can! be! ejected! before! or! after! undergoing! a ! phase!
change.!In!one!regime!the!solid!"lm!can!be!ejected!in!th e!form!of!‘pellets ' 
formed! because! of! crack! propagation! and! mechanical! fracture! upon!
laser-material! interaction.! Alternatively,! localized! he ating! of! a!
solid-liquid! "lm! can! also! generate! a! cavitation! bubble! by ! ablating!
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material!(after!phase!change!for!solid!"lms),!which!expands!t o!form!a!
primary!jet![ 59].!At!lower!#uences,!the!jet!can!recede!and!inhibit!the !
ejection!as!the!material!"lls!the!cavity.!Alternativel y,!at!higher!#uences,!
multiple! unstable! jets! and! satellites! can! be! formed! due! to! sudden!
changes!in!pressure.!Optimizing!the!#uence!can!produce!a!stable!and!
continuous! jet! con"guration!which!will! accumulate! the! li quid! into!a!
sessile!droplet!when! the!viscocapillary! forces!and!surface! tension!are!
overcome![59].!The!highest!volumetric!resolution,!or!the!smallest!voxel!
sizes,!are!obtained!at!threshold!laser!#uences.!The!jetting!and!droplet!
formation!characteristics!are!dependent!on! the! rheological!p roperties!
(for! #uid-driven! transfer),! mechanical! properties! (for! pellet -drive!
transfer),!laser!#uence,!"lm!thickness!and!the!gap!between!the!donor!
and!acceptor.!Fig.!3!shows!the!schematic!of!LIFT!and!some!of!the!parts!
that!have!been!fabricated!using!this!process.!

The! noncontact,! maskless,! high! speed! printing! characteristics!
coupled! with! material! independence! make! LIFT! a! micro/nan o-AM!
method! of! signi"cant! research! interest.! LIFT! has! demonstrated! a!
plethora! of! applications! in! #exible! electronics,! MEMS! devices, ! and!
biomaterial!writing![ 60,61].!However,!the!complex!physics!and!narrow!
processing! windows! present! signi"cant! development! and! scalabili ty!
challenges! for! additively! manufacturing! microparts! using! L IFT.! The!
following!sections!outline!possible!solutions!to!address!them!using!novel!
approaches.!

4.2. Materials!

4.2.1. Materials!capabilities!and!challenges!in!LIFT!
LIFT!has!been!used!to!deposit!a!variety!of!materials!such!as!metals!

(Cu![63],!Ag![ 64],!Au[ 65],!Pt![ 66],!Cr[ 66],!Al![ 67,68]),!semiconducting!
materials! [ 69]! like! Ge! and! Se,! oxide! layers,! nanocomposites! [70],!
conductive!polymers!(PEDOT-PSS)![71],!biomaterials![ 72]!and!super-
conductors![73]!among!others.!Donors!with!viscosities!ranging!from!10!
to!100000!cP!have!been!printed!with!LIFT![ 60,74].!Accurate!control!of!
the!ejection!regimes!and!use!of!nanoparticle!inks!has!driven!the!fabri-
cation!of!submicron!voxels! in!LIFT.!However,!donor! layer!pr operties,!
energy!transfer!mechanism,!and!phase!transformation!largely!limits!the!
deposition!of!different!materials!using!LIFT.!For!example,! unstable!sat-
ellite!formation!is!commonly!observed!when!using!low!viscosity! (< 20!
cP)!nanoparticle!inks!such!as!the!ones!traditionally!developed!to!avoid!
clogging!in!nozzle!based!DW!processes!and!agglomeration.!In!addition,!
the!direct!impingement!of!the!laser!on!the!donor!layer!can !damage!the!
donor!due!to!uneven!thermal!loading!for!materials!with!poor!a bsorption.!
As!such!the!material!compatibility!of!the!LIFT!process!is!a lso!dictated!by!
the!type!of!laser!being!used.!

Fluids!which!are! transparent! to! the! laser!cannot!be!prin ted!using!
traditional! LIFT.! Further! the! structural! homogeneity,! c hemical! and!
biological! activity,! and! electrical! properties! can! be! a ffected! due! to!
irreversible! phase! transformation! during! melting,! and! form ation! of!
interfacial! layers! between! overlapping! deposits.! The! donor! material!
wettability!on!the!substrate!is!also!critical!for!fabricat ing!3D!structures.!
The! susceptibility! to! oxidation! of! the! molten! donor! layer! and! rapid!
quenching!may!also!lead!to!poor!adhesion!to!the!substrate.!

4.2.2. Possible!approaches!to!overcome!materials!challenges!for!LIFT!
The!printing!of!low!viscosity!inks!can!be!accomplished!by!p artially!

drying!the!inks!to!remove!the!solvents!and!obtain!a!high!vi scosity/paste-!

Fig.!3. (a)!Schematic!diagram!laser!induced!forward!transfer!(LIFT)!proc ess!showing!the!two!main!modes!of!pattern!transfer!(Solid!LIFT!and!Liquid!LIFT).!When!the!
laser!interacts!with!the!material!near!the!interface! of!the!transparent!substrate!and!the!donor!layer,!local!mate rial!is!ejected!on!to!the!bottom!substrate,!or!acceptor.!
The!ejection!is!primarily!driven!by!pressure!differential s!due!to!thermal!stresses.!(b)!(scale!bar!̂ 200!" m)!Scanning!electron!micrograph!of!a!LIFT!printed!‘gear ' [ 62]!
(Reproduced!with!permission!from!Optics!Express)!(c)!SEM!images!of!progressing!high!aspect!ratio!2.5D!features!printed!using!LIFT!(Reproduced!with!permission!
from!Small! ± Wiley!Online!Library).!
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like!ink.!These!nanopastes!transfer!on!to!the!substrate!as!a!solid!under!
shear!such!that!the!ejected!layer!is!congruent!to!the!spatial!pro"le!of!the!
laser.! This! enables! better! resolution! control! and! microstructu ral! uni-
formity!by!avoiding!any!melting!and!condensation.!Photolytic! or!pyro-
lytic!damage!to!the!donor!layer!due!to!direct!interaction!wi th!the!laser!
can!be!minimized!by!using!an! intermediary! layer! [ 59,60].!The! inter-
mediary!layer!can!be!an!absorptive!material!(metal/meta l!oxide)!which!
is! heated! by! the! laser! with! the! donor! layer! underneath,! pr oviding! a!
buffer!to!ensure!uniform!localized!heating!and!ejection!of! the!donor.!An!
alternative! indirect! forward!transfer!mechanism!uses!a!sacr i"cial!ma-
terial!with!a!low!ablation!threshold!to!avoid!contact!betwee n!incident!
photons!and!the!donor!material.!The!sacri"cial!layer!trigge rs!the!ejec-
tion!of! the!donor!due!to!the!cavitation!pressure!created!by!it s!vapor-
ization.! However,! this! sacri"cial! dynamic! release! layer! (D RL)! can!
contaminate!the!donor!with!residual!particles![ 66,75].!A!variant!of!this!
approach!uses!a!thick!polymer!"lm!with!a!thickness!greate r!than!the!
laser!penetration!depth!(~2! " m)![ 76]!to!absorb!the!laser!and!deform!into!
a!blister.!As!the!blister!grows,!it!drives!#ow!of!the!donor!lay er!#uid!to!the!
point!of!ejection!and!returns!to!its!original!shape!without!c ontaminating!
the!liquid.!These!indirect!LIFT!processes!can!also!enable!the!deposition!
of!previously!incompatible,!laser-transparent!#uids![ 59].!However,!the!
effectiveness!and!uniformity!of!these!multilayer!material s!is!dif"cult!to!
determine!and!must!be!evaluated!extensively!using!time!resolved!studies!
and!simulations!to!predict!vapor!bubble!growth.!

4.3. 3D!feature!fabrication!

4.3.1. Capabilities!and!challenges!for!fabricating!3D!features!
The! voxel-based! deposition! approach! of! LIFT! has! been! used! to!

demonstrate! fabrication! of! layer-by-layer! in-plane! and! out -of-plane!
structures.! The! ability! to! fabricate! pillar-like! struct ures,! overhanging!
and!3D!stacked!features!including!freestanding!structures!has!made!LIFT!
a! viable! alternative! to! lithographic! processes! [ 61,77].! Single-step!
multilayer! 3D! structures,! which! could! include! an! insulator! and! a!
conductor,! or! an! insulating! layer! between! conductive! layer s,! can! be!
fabricated!by!leveraging!different!transfer!mechanisms.! However,!there!
are!several!challenges!associated!with!seamlessly!achieving!3D!struc-
tures!using!LIFT.!The! in-#ight!mechanics!of! the!donor! laye r! features!
affect!the!accuracy!of!positioning!of!the!individual!voxels! [ 78].!Further,!
error! in!positioning!of!individual! layers!becomes!more!challen ging!as!
the! gap! between! the! substrate! and! the! donor! layer! increases.! For!
solid-LIFT!processes,!the!high!ejection!velocities!can!lead!to!the!gener-
ation!of!shock!waves!which!re#ect!from!the!substrate!and!damage!the!
incoming!voxels![ 68,75,79].!For!#uid-LIFT!processes,!high!laser!#uence!
(> 100! mJ/cm 2)! can! increase! the! ejection! velocities! and! lead! to! the!
formation! of! micro-! and! nano-scale! particle! debris! [ 75,80,81].! Addi-
tionally,! the! mechanical! and! thermal! strain! introduced! dur ing! the!
transfer!can!degrade!the!overall!performance!of!the!structure!compared!
to!the!bulk!donor!material.!Poor! interlayer!adhesion!can!sign i"cantly!
affect!the!aspect!ratio!of!3D!functional!structures!in!the !absence!of!sig-
ni"cant! post! processing! steps.! Furthermore,! the! deposition! kine tics,!
energy!transfer!and!phase!change!mechanisms!produce!poor!near!net!
shaped! parts! for! high-resolution! LIFT! (sub-5! " m)! with! uncontrolled!
surface!roughness.!Thus!droplet!positioning!accuracy,!interlayer!adhe-
sion!and!high!surface!roughness!are! the!main! limiting! fact ors! in!pro-
duction!of!high-aspect!ratio!3D!structures!using!LIFT.!

4.3.2. Possible!approaches!to!overcome!3D!feature!fabrication!challenges!
for!LIFT!

The! inherent! limitations! of! voxel-based! layer-by-layer! pr inting! of!
out-of-plane!structures!can!be!addressed!using!sacri"cial!materials!as!
support! structures.! The! shock! wave! generation! can! be! minimized! by!
reducing! the! gap! between! the! donor! and! the! substrate.! 3D! structure!
fabrication!using!LIFT!requires!a!better!control!over!the !spatial!accuracy!
of!the!ejected!material.!This!has!been!primarily!achie ved!by!a!variant!of!
LIFT,! Laser! Decal! Transfer! (LDT)! [82].! Through! deposition! of! high!

viscosity! nanopastes! which! are! identical! to! the! spatial! pro"l e! of! the!
laser,!LDT!drives!the!ejection!of!the!material!by!shearin g!the!thin!"lm!
rather!than!forming!a!pressure!jet.!The!ejection!velocit ies!in!LDT!are!an!
order!of!magnitude!lower!than!those!in!traditional!LIFT.!How ever,!the!
transfer!distances!in!LDT!must!be!in!the!order!of!hundreds!of!microns!as!
they!can!fold!and!disintegrate!during!#ight,!thereby!affe cting!the!spatial!
congruence!of!the!transfer.!Printing!brittle!materials! and!thicker!"lms!
(> 1!" m)!may!be!dif"cult!for!LDT!as!the!mechanical!forces!requ ired!to!
shear!the!"lm!would!be!very!high!and!could!lead!to!unstable !printing.!A!
possible!approach!to!this!problem!is!to!introduce!variable!ene rgy!pro-
"les!at!the!breakdown!regions!of!the!"lm!(edges)!and!transfer!t he!rest!of!
the! pattern! under! lower! #uences.! Rapp! et! al.! used! this! approach! to!
transfer! > 1! " m! thick! polymer! "lms.! Although! using! high! viscosity!
nano-suspensions! for! LDT! can! reduce! ejection! velocities! [74,82]! and!
improve! spatial! control! of! the! structure,! it! does! not! ensure! a! good!
adhesion!between!the!layers.!LDT!fabricated!parts!might!require!sub-
sequent! sintering! to!promote! interlayer! adhesion.!Additionally ,! these!
nanopastes! must! undergo! a! controlled! ageing! cycle! to! produce!
self-supporting!structures.!

As!found!in!several!studies,!ejecting!drops!at!threshold!#uences!leads!
to!the!deposition!of!spherical!or!toroidal!features![ 60,61,77,81]!which!
limit! the! contact! area! during! voxel-by-voxel! printing,! effectively!
increasing!the!porosity!of!the!part.!Visser!et!al.![ 77]!transferred!sub-10!
" m!pure!metal!droplets!by!using!lasers!with!a!6.7!ps!pulse!dura tion!at!
#uences! above! threshold! to! achieve! #at! disks! on! the! substrates.!
Compared!to!the!spherical!droplets,!these!disks!improved!the!adhesion!
between!the!substrate!and!the!stacked-up!layers.!High!pulsed!lasers!are!
critical!in!transferring!the!droplets!with!a!high!position !accuracy,!and!
lower! heat-affected! zones,! avoiding! high! thermal! cycles.! Further,! in-
termediate!sintering!steps!can!be!included!to!ensure!complete!material!
consolidation.!The!cycling!and!quenching!times!can!also!be!increased!by!
depositing! the! material! on! heated! beds,! thereby! reducing! residual!
thermal!stresses!in!the!structure.!However,!the!residual!stresses!are!ul-
timately!still!dependent!on!the!type!of!material,!dynamic !release!layer!
and!substrate!that!are!employed,!and!further!characterization!is!needed!
to!improve!the!fabrication!of!true-3D!layers!using!LIFT.!P ost-deposition!
morphological! and! microstructural! characterization! techni ques! have!
been!integral!to!LIFT![ 83,84].!In-situ!temporal!imaging!techniques!using!
pump!and!probe!lasers![85],!stroboscopic!imaging!and!high-speed!video!
capture!(up!to!100,000!fps)![ 86]!have!facilitated!the!understanding!of!
complex!phenomena!associated!with!the!material!transfer!pr ocess.!

4.4. Feature!size!resolution!

4.4.1. Feature!size!resolution!capabilities!and!challenges!
The! minimum! reported! feature! size! obtained! in! a! 3D! structu re!

fabricated!using!LIFT!is!~4! " m67.!The!minimum!volumetric!resolution!
that!can!be!obtained!typically!corresponds!to!the!threshold!# uence!at!
which!the!ejection!occurs.!Although!submicron!droplets!can!b e!achieved!
using!LIFT,!the!effective!diameter!of!the!deposited!feature!is!enlarged!
upon!impact![ 67,77].!As!discussed!in!the!previous!section,!stacking!up!
high! viscosity,! thermally! cycled! high! resolution! droplets! in ! a!
non-controlled!environment,! can! lead! to!porous!structures!with! poor!
interlayer! adhesion.! Therefore,! the! true! resolution! of! th e! process! is!
generally! higher! than! the! diffraction! limited! resolutio n,! in! order! to!
facilitate!robust!3D!structure!fabrication.!The!resolution !of!the!process!is!
also!affected!by!the!formation!of!debris!on!the!donor!layer!du e!to!high!
#uence!or!low!viscosity!inks![ 60,74].!The!resolution!of!LDT!depends!on!
the! spatial! pro"le! of! the! beam,! as! the! deposited! feature! mu st! be!
congruent! to! the! laser! shape! and! size.! Yamada! et! al.! experimentally!
identi"ed! the! relationship!between! the! laser! spot! size!and! resolution!
[ 87,88].!However,!there!are!no!replicative!studies!identifying! a!similar!
analytical!relationship!between!the!beam!pro"le!and!tru e!transfer!res-
olution!for!different!LIFT!regimes.!Predicting!the!resolu tion!of!the!pro-
cess! remains! a! signi"cant! challenge! for! LIFT.! Furthermore,! printing!
continuous! lines! using! adjacent! deposits! and! overlapping! grid! like!
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structures! can! lead! to! material! accumulation! at! the! conta ct! points,!
forming!bumps!and!reducing!the!effective!resolution!of!the! process.!

4.4.2. Possible!approaches!to!overcome!resolution!challenges!in!LIFT!
The!material!transfer!or!ejection!regime!plays!an!import ant!role!in!

determining!the!spatial!resolution!of!LIFT.!For!most!materia l!and!sub-
strate! con"gurations,! the! minimum! feature! size! is! limited! by! the!
diffraction-limited!resolution![ 59,60,74].!In!traditional!LIFT,!the!droplet!
ejection! occurs! when! the! cavitation! bubble! expands! from! t he!
donor-substrate!interface!to!the!free!surface,!and!the!#uence!is!higher!
than!the!viscocapillary!and!surface!tension!forces.!An!alternative!to!this!
phenomenon!is!when!the!laser!directly!interacts!with!the! free!surface!of!
a!solid!material.!This!direct!interaction!melts!the!materi al!in!the!irra-
diated!region,!locally!increases!the!pressure,!and!creates!a!compressive!
stress! in! the! region! [66,89].! To! relieve! the! stress,! unloading! tensile!
forces!redistribute!the!molten!materials!towards!the!center! of!the!irra-
diated!zone.!This!creates!a!jet!smaller!than!the!diameter!of!the!beam.!
Controlled!detachment!of!this!jet!under!optimal!laser!#uences! can!lead!
to! the! ejection! of! a! high-resolution! spherical! Au! nanodroplet s!
(180±1500!nm)!on!to!the!substrate![ 65,89,90].!However,!this!backward!
transfer!process!is!limited!by!laser!transparent!substrates!and!has!rela-
tively!smaller!process!windows.!

Spatial!light!modulators!have!also!been!used!to!fabricate!single!step!
layer-by-layer!parts!using!LIFT,!hence!making!it!easier!to!produce!grid-!
like!patterns.!However,!their!printing!resolution!might! be!limited!by!the!
maximum!diameter!of!adjacent!cavitation!bubbles!for!mult iple!ejection!
points!and! interaction!of! these!bubbles!can! lead! to!unwanted! pertur-
bations!during! the!material! ejection!process,! therefore!degr ading! the!
transfer!onto!the!substrate![ 60,81,91].!

4.5. Throughput!

4.5.1. Process!throughput!capabilities!and!challenges!
The!maximum!reported!volumetric!throughput!of!the!LIFT!p rocess!is!

around!3!x!10 ! 6!mm![ 3]/s!with!a!nominal!resolution!of!4 ±6!" m!features!
[ 77].!Like!other! laser-based!AM!processes,!digital!micromirror!ar rays!
(DMDs)!and!spatial!light!modulators!(SLMs)!have!been!used!in!LIFT!to!
modulate!light!in!a!recon"gurable!manner!for!projecting !patterns!on!the!
substrate!through!the!donor!layer![ 92,93].!However,!the!main!challenge!
associated!with!this!parallelized!approach!is!the!minimum!f eature!size!
that!can!be!obtained!without!degrading!adjacent!patterns! as!the!cavi-
tation!bubbles!and!shear!lengths!might!overlap!and!affect! the!pattern!
quality![ 81,91].!

4.5.2. Possible!approaches!to!overcome!throughput!challenges!in!LIFT!
For!a!production!scale!adoption!of!LIFT,!further!investigation !of!the!

process!windows!must!occur!to!fabricate!true-3D!parts!repeatably.!LIFT!
of!nanopastes!has!been!most!widely!used!for!producing!3D!structures.!
However,!the!ageing!and!drying!cycles!of!the!nanopastes!must!be!opti-
mized!to!print!high!density!parts!as!well!as!maximize!the! throughput!
[ 60,86,94].!The!limiting!features!of!single!DMD!LIFT!can!be!overc ome!
by!further!parallelizing!the!process,!where!the!overall !part!density!can!
be!improved!by!using!multiple!DMDs,!without!degrading!the!a djacent!
patterns.! A! novel! hybrid! approach! was! used! by! Kuznetsov! et! al.! to!
combine! nanosphere! lithography! and! LIFT! to! transfer! predetermined!
arrays! of! nanostructures! on! the! substrate! [90,95].! An! array! of! gold!
nanoparticles! was! thermally! deposited! on! monodispersed! colloidal!
spheres.!A!hexagonal!array!of!gold!triangular!prisms!is!obtained!post!
removal!of!the!colloidal!spheres,!creating!islands!of!donor!mater ial!on!
the!substrate.!A!laser!induced!forward!transfer!of!these!tria ngular!prisms!
leads!to!the!coalescence!of!these!prisms!into!nanodroplets!due!to!high!
surface!tension![95].!The!independent!control!of!the!size!and!the!peri-
odicities!of!these!arrays!makes!this!hybrid!approach!a!promisin g!variant!
of!LIFT.!However,!3D!applications!have!not!been!demonstrated!with!this!
approach!yet.!

4.6. Prognoses!

Laser-induced!Forward!Transfer!(LIFT)!has!been!adopted!by!several!
research!and!industrial!organizations!to!print!production-scale !organic!
electronics,!gas!sensors,!biosensors!and!2D!conductive!structures.!The!
3D! fabrication! capabilities! of! LIFT! are! mainly! limited! b y! material!
adhesion!to!substrate!and!adjacent!layers,!in-situ!material!consolidation!
steps,!true!feature-size!resolution,!and!overall!throughput! of!the!process.!
However,!the!novel!physics!of!the!process!can!allow!for!the! fabrication!
of!high-resolution!non-planar!parts!independent!of!the!mater ial.!Further!
development!is!needed!to!correlate!the!energy!parameters,!beam!pro-
"les,!and!pulse!times!of!the!lasers!with!donor!and!substrate!pro perties!to!
ensure!effective!material!transfer.!For!layer-by-layer !fabrication,!accu-
rate!positioning!of!the!material!is!necessary!to!create!good!adhesion!and!
functional!structures.!Spatial!light!modulators!play!an!imp ortant!role!in!
3D! structure! fabrication! using! LIFT! as! they! improve! the! m inimum!
feature-size!and!speed!of!the!process.!Additionally,!better!resolution!and!
throughput! are! achieved! by! using! Laser-Induced! Backward! Transfer!
(LIBT)! and! hybrid! approaches! involving! subtractive! manufactu ring!
techniques!for!donor!preparation.!Additional!modeling!data!for !different!
material! transfer! regimes!would!be!extremely!useful! in!o ffsetting! the!
high! process! experimentation! and! development! costs! to! make! LIFT!
feasible!beyond!the!laboratory!scale.!

5. Microscale!Selective!Laser!Sintering!( ! -SLS)!

5.1. Description!of!the!! -SLS!process!

The!Selective!Laser!Sintering!process!(SLS)! is!a!commercially!suc-
cessful,!layer-by-layer!additive!manufacturing!process!for !rapid!proto-
typing!and!production-scale!fabrication!of!3D!macroscale!par ts![96±99]!
with!a!wide!array!of! capabilities! for! the!process! in!aerosp ace! [100],!
energy! [101],! and! medical! implants! [ 102]! sectors.! However,! most!
commercially!available!SLS!tools!are!limited!to!feature!size !resolutions!
of!greater!than!100! " m!due!to!their! large!laser!focal!spot!size,!use!of!
powders!with!~100! " m!particle!sizes,!and!poor!control!over!thermal!and!
oxidation!effects!which!can! result! in!part!porosity!and!rough !surface!
"nishes! at! the! microscale! [ 103,104].! The! Microscale! Selective! Laser!
Sintering!( " -SLS)!process!overcomes!many!of!these!limitations!through!
the! use! of! precise! focusing! optics,! nanoparticle! (NP)! inks,! and! short!
exposure!times!and!can!produce!sub-10!" m!metallic!parts!with!true-3D!
structures![105].!As!shown!in! Fig.!4a,!in!the! " -SLS!process,!a!slot!die!
coating!system! is!used! to!deposit!a! layer!of!nanoparticle! ink!on! to!a!
substrate!where!it!is!heated!and!dried!to!form!a!uniform!lay er!of!NPs.!
The!substrate! is! then!shuttled!to! the!optical!subsystem!where!a!DMD!
micromirror!array! is!used! to!project!a!CW/QCW!808!nm!diode! laser!
through!a!set!of!focusing!objectives!and!on!to!the!nanopartic le!coated!
substrate,!sintering!them!in!the!desired!pattern.!This!opt ical!setup!has!a!
minimum!achievable!feature!size!resolution!of!~1! " m!and!can!pattern!
up!to!~2!million!spots!simultaneously.!Once!the!NPs!in!the!"r st!layer!
have!been!sintered,! the!substrate! is!brought!back! to! the!coating!sub-
system!where!a!new!layer!of!NPs!is!deposited!on!top!of!the!sintered!layer!
and!the!process!repeated!until!the!full!3D!part!has!been!built!up.!Finally,!
the!excess!NPs!are!washed!away!and!the!part!annealed!to!improve!its!
electrical!and!mechanical!properties.!This!process!is!outlined!in!Fig.!1a!
and!a!more!detailed!overview!of!the!different!subsystems!of!th e!" -SLS!
development!tool!can!be!found!in!Ref.![ 106].! Fig.!4b!and!c!shows!some!
of!single!layer!microparts!that!have!been!fabricated!usin g!the!" -SLS!tool.!

5.2. Materials!

5.2.1. Materials!capabilities!and!challenges!in!! -SLS!
Most!commercially!available!thermal!sintering!tools!are!l imited!in!

feature!size!resolution!due!to!the!large!particle!sizes!in!the!powder!used,!
which! are! typically! in! the! hundreds! of! micron! range! [ 106,107].! To!
fabricate!microscale!parts!with!sub-10! " m!features,!"ner!powders!in!the!
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form!of!NPs!with!narrow!size!distributions!are!required.!Howev er,!as!the!
particle!diameters!are!scaled!down!to!the!nanoscale,!agglomeration!of!
the!particles!becomes!a!signi"cant!issue!due!to!the!enhanced!effect!of!
van!der!Waals!forces!at!these!scales![108,109].!To!reduce!this!agglom-
eration!problem,!the! " -SLS!process!uses!NP!inks!with!surfactant!coatings,!
which!are!burned!off!during!the!sintering!step,!to!preven t!agglomeration!
of!the!particles!during!the!coating!step![ 107].!Initial!studies!of!the! " -SLS!
process!have!mainly!used!Cu!and!Ag!nanoparticle!(NP)!inks!to!fabricate!
high!complexity!2.5D!parts!and!demonstrate!the!capability!t o!produce!
3D! microparts! [ 106,110,111].! However,! the! current! iteration! of! the!
" -SLS! tool! can! process! almost! any! metallic! and! polymeric! materials!
which!can!be!suspended!in!the!form!of!a!NP!inks.!

One! of! the! key! materials! challenges! in! " -SLS! is! the! sintering! of!
ceramic! materials.! This! is! because! nanoceramics! often! suffer! from!
inhomogeneous!particle!agglomeration,!early!onset!of!sinterin g!due!to!
lower! activation! energy! compared! to! micron-scale! ceramic! p articles,!
and! a! wider! distribution! of! particles! due! to! ineffective! nan oparticle!
separation!techniques!compared!to!metal!and!polymer!NPs![112].!While!
lower!activation!energy!can!be!perceived!as!an!advantageous!proposi-
tion!in!lowering!the!sintering!energy!required,!when!cou pled!with!the!
uneven! distribution! and! packing! of! these! nanoparticles! it! b ecomes!
dif"cult! to! control! grain! growth.! Controlling! sintering! schedu les,!
introducing! grain! growth! suppressants,! driving! sintering! thr ough!
isostatic! pressing,! and! coupling! densi"cation! and! superplastic! de for-
mation!techniques!(like!forging)!at!high!temperatures!are !some!strate-
gies! used! to! mitigate! the! problems! associated! with! nanoceramic!
sintering.!However,!both!of!these!pressure-less!and!pressure-based!sin-
tering! methods! are! slow! and! unable! to! process! complex! structures.!
Therefore,!major!challenges!still!exist!in!producing!ceram ic!parts!using!
" -SLS.!

5.2.2. Possible!approaches!to!overcome!materials!challenges!for!! -SLS!
A!potential!approach!which!can!be!integrated!with!the! " -SLS!process!

to!improve!consolidation!of!semiconductor!nanoceramics!and!achieve!
higher!densi"cation! rates! is! the!use!of!a! "eld-assisted! laser!#a sh!sin-
tering!(FS)!technique.! In!conventional!FS!techniques,!an!electric!"eld!
(1±1000!V/cm)! is!applied!directly! to! the!green!part!causing!effe ctive!
rapid! sintering.! While! the! most! widely! accepted! explanati on! of! the!
fundamental!physical!phenomenon!behind!FS!is!Joule-heating!runaway,!
researchers! have! yet! to! con"rm! that! hypothesis! with! strong! e xperi-
mental! evidence! covering! a! range! of! ceramic! materials! [ 112,113].!
Although! FS! has! revolutionized! the! production! scale! fabricati on! of!
macroscale!ceramic!structures,!there!are!challenges!associated!with!the!
effective! localization! of! sintering! energy,! uneven! grai n! growth! and!
avoidance!of!thermal!shock.!Hagen!et!al.![ 114]!demonstrated!the!idea!of!
Laser!Flash!Sintering!(LFS)!of!nanoceramics!in!a!layer-by-layer!manner!
by! simultaneously! use! of! a! galvanometric! laser! scanner! and! pulsed!
electric!"eld!to!initiate!necking!between!the!particl es.!The!laser!facili-
tates! the! formation! of! necks! between! the! selectively! exposed! nano-
particles! at! signi"cantly! lower! temperatures! and! times,! e liminating!
thermal!shocks.!The!strength!of! the!partially!sintered!par ticles! is!sig-
ni"cant!enough!to!effectively!separate!them!from!the!u n-sintered!par-
ticles!without!affecting!part!"delity,!and!conventional! or!#ash!sintering!
approaches!can!then!be!used!to!achieve!full!densi"cation!of!the!part.!LFS!
could! potentially! be! used! in! conjunction! with! a! " -SLS! framework!
without! major! modi"cations! to! the! process! to! improve! its! abilit y! to!
fabricate!ceramic!parts.!

Fig.!4. (a)!Simpli"ed!step-by-step!schematic!of!the! " -SLS!process.!(b)!An!optical!microscope!image!showing!the!full!areal!scale!(2.3!mm!� 1.2!mm)!array!sintered!on!
a!1!" m!thick!Ag!NP! ink! layer.! (inset)!Enlarged! image!of!an!ar ray!of!20! " m!diameter!circles!with!40! " m!pitch.! (c)!Optical!microscope! image!of! longhorn! logo!
(trademark!of!The!University!of!Texas!at!Austin).!The!smalle st!feature!size!in!this!sintered!part!is!around!7! " m!near!the!tip!of!the!longhorn!ears.!
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5.3. 3D!feature!fabrication!

5.3.1. Capabilities!and!challenges!in!! -SLS!for!fabricating!3D!features!
The!" -SLS!process!can!currently!produce!multilayer!2.5D!structures!

on!a!50!mm!wafer.!In!principal,!there!should!be!few!limit ations!to!the!
types!of!structures!and!overhangs!that!" -SLS!can!produce!since!unsin-
tered!NPs!in!the!" -SLS!bed!act!as!a!support!structure!during!the!build!
process.!In!fact,!the!only!major!limitation!should!be!the!f abrication!of!
closed! structures,! such! as! hollow! spheres,! where! the! unsintered! NPs!
cannot!be!removed!from!the!inside!of!the!part!during!post!pro cessing.!
There!are,!however,!practical!challenges! in! fabricati ng! true-3D!struc-
tures!with! " -SLS!which!must!be!addressed!in!order!to!fabricate!true!3D!
parts!with!the!process.!Avoiding!residual!thermal!stresses!that!can!warp!
the!"nal!part!and!improving!control!over!interlayer!fusion !are!central!to!
achieving!this!capability.!

5.3.2. Possible!approaches!to!overcome!3D!feature!fabrication!challenges!in!
! -SLS!

Thermal!stresses!in!sintered!parts!can!be!reduced!by!decreasing!the!
magnitude! of! the! thermal! gradient! across! the! bed! through! un iform!
heating!of! the!deposited!NPs.!A!conventional!hot-plate!heati ng! tech-
nique!is!used!to!partially!dry!the!NP!layers!in!the! " -SLS!process,!but!the!
non-uniform!energy!exposure!densities!leads!to!drying!of!each!section!at!
varying!rates![ 115].!To!achieve!precise!partial!drying!of!the!NP!layers,!a !
uniform!energy!exposure!density!on!the!surface!could!be!maintained!by!
using!an!infrared!emitter.!This!would!allow!each!layer!to! be!more!uni-
formly!heated!and!dried,!which!could!reduce!thermal!gradient s!in!the!
fabrication!process,!and!thus!the!residual!thermal!stresses!in!the!"nal!
part,!resulting!in!more!accurate!3D!builds.!

Another! approach! to! improving! 3D! feature! control! in! " -SLS! is!
through!advanced!process!control!including!process!monitoring!and! in-!
situ!metrology!techniques!coupled!with!closed!loop!feedback.!How ever,!
the!extremely!wide!parameter!space!for!optimizing! " -SLS!and!dearth!of!
accurate!models!of!the!" -SLS!process!have!limited!ability!to!implement!
advance! process! control.! Integrating! vision,! temporal,! and! th ermal!
metrology!systems!that!can!detect!material!and!process!abnormalities!in!
the!" -SLS!process!can!both!improve!understanding!of!the!" -SLS!process!
and!allow!for!more!accurate!fabrication!of!3D!structures.!Th at!said,!the!
high!process!area!to!spatial!feature!size!ratio!(~10000:1)!in!the! " -SLS!
process!presents!signi"cant!challenges!in!yielding!useful!in -situ!optical!
or!thermal!information,!as!there ' s!an!inherent!trade-off!between!"eld-of-!
view!and!resolution!for!these!measurement!techniques.!In!addition,!to!
make!optimal!use!of!in-situ!metrology!advanced!models!of!the!na noscale!
laser-material!interactions!must!be!developed!to!better!unde rstand!the!
underlying!physics!behind! the!process.!These!models!can!help! in!un-
derstanding!NP!consolidation!mechanisms!and!predicting!the!mechan-
ical! and! thermal! properties! of! fabricated! 3D! structures.! Th is! would!
provide!valuable!information!about!key!process!parameters!li ke!coating!
thickness!and!laser!irradiance![116].!As!such,!the!overall!3D!part!pro-
duction!capability!of! the! " -SLS!process!can!be! improved!by! reducing!
thermal! gradients! during! sintering! and! employing! advanced! p rocess!
control! techniques! to! monitor! in-operando!part! fabrication! quality.!
However,!completely!closed!hollow!structures!with!thin!walls! would!be!
almost! impossible! to! produce,! given! the! design! constraints! of! th e!
process.!

5.4. Feature!size!resolution!

5.4.1. Feature!size!resolution!capabilities!and!challenges!for!! -SLS!
Parts!with!minimum!feature!size!of!sub-10! " m!have!been!fabricated!

using!the!" -SLS!process![117,118].!The!lateral!resolution!of!the! " -SLS!
process!is!limited!primarily!by!the!heat!diffusion!away!fro m!the!laser!
focal! spot! when! exposure! durations! are! high.! This! thermal! dif fusion!
creates! heat-affected! zones! (HAZs)! around! the! intended! part! which!
result!in!poor!control!over!net-shaped!features!and!unacceptable!surface!
roughness.!The!vertical!resolution!of!the!process!is!controlled!by!slot!die!

coated!layer!thickness!and!the!laser!thermal!penetration! depth!which!
varies!with! the!composition!of! the!NP!bed!as!well!as!the! laser!wave-
length!and!intensity.!

5.4.2. Possible!approaches!to!overcome!current!limits!in!feature!size!
resolution!for!! -SLS!

The! HAZs! in! " -SLS! can! be! reduced! by! lowering! laser! exposure!
duration!and!increasing!laser!power!to!limit!the!heat!tran sfer!away!from!
the! laser! spot.! Previous! results! have! shown! that! use! of! nano!and!
femtosecond!lasers!signi"cantly!decreases!the!HAZs!but!produces!much!
narrower!processing!windows!for!nanoparticle!sintering!due!to! the!very!
small!difference!in!the!sintering!and!melting!exposure!th resholds![119].!
The!HAZs!and!feature!size!resolution!of!" -SLS!can!be!further!improved!
by! using! optical! proximity! correction! algorithms,! like! the ! ones!
commonly!used! in!nanolithography,! to!account! for! image!distort ions!
caused!by!heat!or! light!spreading!from!the!intended!feature !exposure!
area! [120].! Through! such! algorithms! and! by! reducing! the! exposure!
time/increasing!the!exposure!power,!it!should!be!possible!to!a chieve!a!
lateral!resolution!in! " -SLS!that!is!close!to!the!diffraction!limit!of!the!laser!
light!used!to!pattern!the!structures.!

The!optical!penetration!depth,!which!determines!the!vert ical!reso-
lution!of!the! " -SLS!process,!is!dependent!on!the!laser!wavelength!and!
dwell! time,! and! the! thermal! diffusivity! of! the! substrate.! Therefore! a!
better!understanding!of!the!nanoscale!transport!mechanisms!in!" -SLS!is!
critical!to!creation!of!accurate!nanoparticle!sintering! models,!and!thus!
achieving! higher! resolution,! true-3D! parts! with! " -SLS! [116].! Typical!
laser!penetration!depths!range!from!a!few!hundred!nanometers!to!tens!of!
micrometers!depending!on!the!laser!wavelength!and!exact!NP!compo-
sition! for! metal! nanoparticles! in! the! visible! spectrum! [ 119,121].!
Therefore,!the!likely!limit!of!the!resolution!of! " -SLS!in!the!vertical!di-
rection! lies! in! the! range! of! a! few! hundred! nanometers! if! accurate!
opto-thermal!models!of! the! " -SLS!process!can!be!created!and!used!to!
optimize!the!build!process.!

5.5. Throughput!

5.5.1. Throughput!capabilities!and!challenges!for!! -SLS!
The!maximum!demonstrated!volumetric! fabrication! throughp ut!of!

the! " -SLS!process!is!currently!~63!mm3/h![ 117,118].!Features!of!the!
" -SLS!system!which!can!limit!throughput!are!the!coating!speed,!nano-
positioner!alignment!and!settling!times,!sintering!exposure !time,!and!the!
inherent!scalability!tradeoffs!between!resolution!and!throu ghput.!The!
current!throughput!budget!of!the! " -SLS!process!is!determined!in!large!
part!by!the!ef"ciency!of!the!sintering!process!and!speed!of !the!slot!die!
coating!mechanism.!The!current!sintering!time!of!the! " -SLS!system!is!
100!ms!per!exposure!which!includes!a!50!ms!laser!exposure!time!and!a!
50! ms! stepping! time.! The! exposure! time! can! likely! be! decreased! by!
increasing! the! exposure! power! and! the! stepping! time! improv ed! by!
reducing! settling! time! of! the! nanopositioning! stages! used! [ 122].! A!
coating!speed!of!1!mm/s!is!currently!used!for!the!slot!die!coat ing!process!
to!ensure!uniform!coating!layers,!but!this!time!may!also!b e!improved!by!
optimizing!the!coating!process!parameters.!

5.5.2. Possible!approaches!to!overcome!current!throughput!limits!in!! -SLS!
Currently,!a!50!mm!wafer!can!be!sintered!using!the! " -SLS!process!in!

~140!s.!Of! these!140!s,! the! travel! time!between!coating!station !and!
optical! station,!which! includes! the!NP! ink!deposition!and!pa rtial! ink!
drying!as!well!as!the!homing!of!the!stage!under!the!optica l!subsystem,!
consumes!~60!s.!Over!90%!of! this!budget! is!allocated!to! the!coatin g!
time,! which! depends! on! the! #ow! rate! inside! slot! die! coater,! layer!
thickness!resolution!and!material!rheological!properties!(speci "cally,!Ca!
number).! The! deposition! time! can! be! experimentally! opti mized! by!
identifying!a!coating!window!for!a!range!of!Ca!numbers,!slot -die!speeds!
and!bed! thickness,!with! the!objective!of!achieving!a!unif orm!coating!
with!minimal! variation!along! the!direction!of!motion.!Rec ent! results!
have!shown!that!uniform!coatings!can!be!produced!with!NP!in ks!at!~15!
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mm/s!coating!speeds![123]!and!the!drying!time!could!be!reduced!to!~2!s!
which!would!reduce!the!coating!and!travel!time!between!su bstations!to!
~10s.!

The!total!time!currently!needed!to!sinter!one!complete!NP! layer!on!
the!wafer!is!~80!s,!limited!by!sintering!exposure!duration!an d!settling!
time!of!the!nanopositioning!stages.!This!can!be!reduced!by!using!higher!
power! lasers! which! can! achieve! the! similar! densi"cation! qu ality! at!
shorter!exposure!durations.!The!settling!time!of!the!nanopositi oner!steps!
can! be! improved! by! applying! better! control! strategies! to! r educe! the!
overshoot!during!tracking.!It!is!estimated!that!both!the!exp osure!time!
and!the!settling!times!of!the!stages!could!be!reduced!to!~10!ms!w hich!
would!reduce!the!overall!sintering!time!to!~16!s.!With!these! assump-
tions!the!volumetric!throughput!of!the! " -SLS!system!could!be!increased!
to!a!theoretical!maximum!of!~340!mm 3/h!with!a!layer!thickness!of!1!
" m.! Therefore,! the! overall! fabrication! time! for! a! 10:1! aspec t! ratio!
structure!with!a!vertical!and!lateral!resolution!of!1! " m!could!be!reduced!
to!a!build!time!of!less!than!10!min,!including!the!excess!mat erial!removal!
and! post-processing! steps! assuming! the! optimized!" -SLS! process! pa-
rameters.!Further!improvements!in!the!volumetric!through put!could!be!
achieved!by! increasing! the! layer! thickness,!albeit!at! t he!proportional!
cost!to!the!vertical!part!resolution.!

5.6. Prognoses!

The!" -SLS!process!is!a!high!throughput!microscale!metal!AM!process!
with!a!minimum!resolution!of!1! " m.!The!true-3D!fabrication!capabilities!
of!the!process!have!not!been!demonstrated!yet!due!to!challenges!asso-
ciated!with!uniform!layer!deposition!and!laser!penetration!de pths,!and!
the!approaches!discussed!in!section!6.3.2!are!under!development.!The!
fundamental!limitation!to!feature!geometry!using! " -SLS!process!is!in!the!
creating!hollow!spheres!as!the!nanoparticle!ink!inside!the! sphere!cannot!
be!reliably!removed!in!the!post-processing!steps.!

6. Assembling!micro/nanocomponents!using!Holographic!
Optical!Tweezing!

6.1. Description!of!the!Holographic!Optical!Tweezing!process!

Optical!tweezing!is!a!method!for!spatial!con"nement!and!man ipu-
lation!of!spherical!and!non-spherical!particles!on!the!micr o-!and!nano-
scale!using!radiation!pressure!from!focused!laser!beams.!The!technique!
was! "rst! demonstrated! in! 1970! by! Arthur! Ashkin! [ 124],! who! later!
matured! the! "eld! [ 125±127]! and! received! the! 2018! Nobel! Prize! in!
physics! for! his! revolutionary! invention.! The! optical! tweeze rs! (OT)!
approach,! also! known! as! optical! trapping,! uses! a! laser! beam!that! is!
tightly!focused!by!a!high!numerical!aperture!(NA)!objecti ve!lens.!When!
the!beam' s! focal!point! interacts!with!a!micro-!or!nano-scale!particl e,!
various!mechanisms!can!produce!a!stable!potential!well!at!the!beam' s!
focus.! In! the! Rayleigh! (or! wave! optics)! regime,! absorptive! [ 128]! or!
transparent! [ 129]! particles! with! D! < #/10! (where! D! is! the! particle!
diameter! and! # is! the!wavelength!of! the! focused! laser!beam)! can!be!
treated!as!dipoles!in!an!electric!"eld.!In!the!ray!tracin g!regime!(D!> 10*!
#),! transparent! particles! with! diameters! larger! than! #/10! experience!
trapping! forces! that! primarily! arise! from! momentum! transf er! during!
refraction![ 130].!In!the!Mie!regime!( #/10! < D!< 10*!#),!trapping!forces!
result!from!a!more!complicated!scattering!behavior!between !micropar-
ticles!and!photons![ 131].!In!all!regimes,!movement!of!the!beam ' s!focus!
in!either!lateral!or!axial!directions!allow!for!stably!tra pped!particles!to!
be!positioned!in!three-dimensional!space.!

The!most!common!approach!for!scaling!OT!to!handle!multiple!pa r-
ticles! simultaneously! is! the! holographic! optical! tweezers! (HOT )!
approach![132],!which!uses!a!diffractive!optical!element!(DOE)![ 133]!to!
split!and/or!modulate!a!single!laser!beam.!The!most!common!DOE!used!
in!the!HOT!approach!is!a!computer-controlled!spatial!light! modulator!
(SLM)![134],!which!enables!dynamic!and!real-time!wavefront!shaping .!
Several!numerical!algorithms!exist!to!calculate!phase-only!holograms!in!

real-time![ 135]!and!the!most!common!is!the!standard!Gerchberg-Saxton!
phase!retrieval!algorithm![ 136].!Fig.!5!shows!the!schematic!of!HOT!and!
3D!features!assembled!using!this!process.!

6.2. Materials!

6.2.1. Materials!capabilities!and!challenges!in!optical!tweezing!
The!OT!and!HOT!approaches!have!been!used!to!handle!micro-!and!

nano-particles!of!a!variety!of!optically!transparent!mate rials!including!
silica![ 138],!polystyrene![ 134],!and!polymethyl!methacrylate!(PMMA)!
[ 139].!Handling!of!absorptive!ceramic!or!re#ective!metallic! micropar-
ticles!has!been!demonstrated!but!is!more!challenging!due!to!the!complex!
light!"elds!required!to!produce!stable!trapping!forces![ 140].!

6.2.2. Possible!approaches!to!overcome!materials!challenges!for!optical!
tweezing!

OT!has!proven!to!be!most!effective!at!manipulating!colloi dal!parti-
cles!under!certain!conditions.!First,!most!optical!trapping!o ccurs!within!
an!aqueous!suspension!where!gravitational! forces!are!offset!by!buoy-
ancy,!although!trapping!in!air!is!also!possible![ 141].!Furthermore,!the!
strongest! optical! traps! have! been! demonstrated! with! transparent! mi-
croparticles!(e.g.,!PS,!PMMA,!or!silica)!that!have!high!refr active!indices!
relative!to!their!suspension!medium![ 142].!However,!optical!tweezing!of!
almost! any! dielectric! or! conductive! microparticle! is! theore tically!
possible! by! utilizing! more! sophisticated! structured! light! "el ds! (e.g.,!
optical!vortices![ 143]!or!counter-propagating!traps![ 144])!that!operate!
based! on! optical! momentum! transfer! from! re#ection! or! absorp tion!
rather! than! refraction.! Metal! nanoparticles! can! be! mani pulated! by!
certain!wavelengths!due!to!unique!optical!properties!orig inating!from!
resonances!in!the!light!scattered!by!the!particle![ 145].!

6.3. 3D!feature!fabrication!

6.3.1. Capabilities!and!challenges!in!optical!tweezing!for!fabricating!3D!
features!

Optical!tweezers!exhibit!stronger!forces!in!the!radial!dire ction!(i.e.,!
in!the!beam' s!focal!plane)!than!the!axial!direction!(i.e.,!along!the !beam!
propagation! direction)! [ 142],! so! special! considerations! are! required!
when! scaling! from! fabrication! of! two-dimensional! assemblies! t o! true!
three-dimensional! structures.! Like! in! many! common! additive !
manufacturing! approaches,! optical! tweezers! are! adaptable! to!
layer-by-layer!addition![ 146].!Although!the!OT!approach!fundamentally!
allows!for!simultaneous!handling!of!multiple!particles!across! 3D!space,!it!
has!not! yet!been!shown! to!be!a! feasible!alternative! to! layer-by-layer!
processing! [147].! Closed-loop! control! based! on! image! feedback!
[ 148±150]!provides!a!promising!path!towards!unsupervised!assembly!of!
2D! layers! or! 3D! structures,! however! the! shallow! depth-of-"el d! of!
high-NA! microscope! objectives! makes! detection! of! out-of-focal-plane!
particles! challenging.! Furthermore,! if! the! system ' s! microscope! objec-
tive!is!not!index-matched!to!the!medium!(e.g.!in!the!case!o f!a!high-NA!oil!
immersion! objective! trapping! in! an! aqueous,! non-oil! medium ),! then!
spherical! aberrations! accumulate! with! increased! trapping ! depth! and!
reduce!the!amount!of!optical!trapping!force![ 151].!

6.3.2. Possible!approaches!to!overcome!3D!feature!fabrication!challenges!in!
optical!tweezing!

Currently,!the!largest!challenge!in!fabricating!perma nent!3D!struc-
tures!of!microparticles! in! a! layer-by-layer!approach! is! t he!additional!
process! required! for! permanent! joining.! Various! methods! have! been!
proposed!for!this!purpose!such!as!melting!particles!at!their! i nterfaces!
[ 152],!optical!tweezing!in!a!liquid!pre-polymer!medium!and!j oining!via!
one-! [153]! or! two-photon! [ 154]! photopolymerization! reactions,! and!
surface!functionalization!of!particles!with!bio-molecules! like!biotin!and!
streptavidin! [ 155].! Another! assembly! approach! involves! the! use! of!
complementary! sets! of! building-block! microparticles,! includi ng! those!
that! can! be! attached! together! to! make! recon"gurable! stru ctures!
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[ 156±158]! or! snap-"t-like!permanent! "xtures! [ 159].!Considering! the!
strengths! and! limitations! of! the! aforementioned! approaches,!
highly-localized! two-photon! photopolymerization! of! a! liquid!
pre-polymer! medium! currently! allows! for! the! most! controlled! a nd!
scalable!way!to!additively!manufacture!microstructures![ 137,160].!

Furthermore,! the! HOT! approach! holds! the! potential! to! augmen t!
other! microfabrication! techniques! such! as! multiphoton! litho graphy!
[ 160].!This!combination!results!in!a!versatile!system!that!can! fabricate!
microparticles!or!microstructures,!manipulate!them!into!3D! con"gura-
tions! using! optical! forces,! and! permanently! join! them! with! polymer!
[ 161],!metals![ 24,162],!or!ceramics![ 163±165].!Such!an!approach!has!
been!demonstrated!in!work!by!Chizari!et!al.!that!used!HOT!to! assemble!a!
5!� 5!� 5!granular!silica!crystal!and!joined!them!by!two-photon!poly-
merization!(TPP)!of!the!surrounding!medium( Fig.!5b)![ 137].!Work!by!
Askari! [ 166]! also! shows! the! combination! of! OT! with! TPP! to! create!
layered!structures!with!microspheres!and!polymer.!Chizari!et !al.![ 161]!
recently!demonstrated!a!combination!of!the!HOT!and!TPP!approaches!
that!produces!microstructures!with!embedded!strain!energy.!

6.4. Feature!size!resolution!

6.4.1. Feature!size!resolution!capabilities!and!challenges!for!optical!
tweezing!

Holographic! optical! tweezers! have! been! used! to! precisely! locate!
particles!as!small!as!5!nm132!and!as!large!as!60±75!" m![ 161,167]!in!both!
two-! [ 134]! and! three-dimensions! [ 168].! Automated! handling! of! 100!
particles! with! average! velocity! of! 15! " m/s! per! particle! was! recently!
reported! [ 148].! Brownian! motion! limits! the! positioning! accuracy! of!
microparticles! to! approximately! 350! nm! within! a! room-tempera ture!

aqueous!medium![169],!although!a!colder!and!more!viscous!medium!
would!have!improved!accuracy![ 170].!OT!has!also!been!demonstrated!
viscous!media!up!to!$ ˆ 2000cP![171]!including!ethylene!glycol![ 172]!
gelatin![ 147]!and!various!pre-polymer!solutions![ 153]!which!can!offer!
reduced!Brownian!motion!and!higher!heat!capacity.!All!HOT!sy stems!
and!virtually!all!optical!imaging!systems!are!limited!in! resolution!to!a!
few!hundred!nanometers!by!the!optical!diffraction!limit,!d! ˆ #/(2*NA),!
where!d!is!the!size!of!the!minimum!resolvable!distance,! # is!the!illumi-
nation!wavelength,!and!NA!is!the!numerical!aperture!of !the!objective!
lens.!

6.4.2. Possible!approaches!to!overcome!current!limits!in!feature!size!
resolution!for!optical!tweezing!

Recent! developments! in! creating! precisely! shaped! nano-particles!
have!shown!promise!for!increasing!optical!trapping!forces!a nd!dexter-
ity!at!smaller!scales!via!non-photonic!interactions!(e.g.,!p lasmonic!in-
teractions![ 173,174]!or!whispering-gallery!mode!resonances![ 175]).!A!
recent! study! has! also! reported! possibility! of! optical! manipula tion! of!
macroscale! objects! by! controlling! the! refraction! of! light! via! adding!
subwavelength!nanophotonic!structures!on!their!surfaces![ 176].!How-
ever,! imaging! increasingly! smaller! particles! becomes! challenging!
beyond! the! diffraction! limit! of! light.! Super-resolution,! o r!
sub-diffraction-limited,! imaging! techniques! have! been! de monstrated!
outside! of! OT! systems! [177],! although! considerable! development! is!
needed!before!these!approaches!can!be!used!with!the!OT!approach.!

Fig.!5. (a)!Schematic!diagram!of!a!typical!the!holographic!optical! tweezers!system,!"gure!reprinted!from!Ref.![ 134].!The!incoming!laser!beam!is!split!into!several!
beams!using!a!diffractive!optical!element!and!then!focused!on!to!the!sample!plane!to!spatially!con"ne!and!manipulate! micro/nanoscale!particles!at!the!points!where!
they!have!been!focused.!The!assembled!particles!can!be!further!cured!into!3D!structures!using!localized!heating!or!sing le/two-photon!photopolymerization!steps.!(b,!
c)!SEM!images!of!3D!silica!assemblies!created!by!OT,!"gure!reprinted!from!Ref.![ 137].!
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6.5. Throughput!

6.5.1. Throughput!capabilities!and!challenges!for!optical!tweezing!
The!HOT!approach!allows!for!additive!fabrication!of!complex!m ulti-!

material! structures! by! using! microparticles! as! the! buildin g! blocks.!
Therefore,! this! method! is! a! promising! approach! to! fabricate! micro-
granular! crystals! (i.e.,! nonlinear! metamaterials! consisting ! of! closely-!
packed!arrays!of!particles![178])!with!any!desired!3D!bulk!shape!and!
controlled! vacancy! locations,! a! capability!which! is! not! possib le! with!
established!self-assembly!approaches! [179].! It! is!estimated! that!auto-
mated!HOT!can!yield!3D!microgranular!crystals!with!volumetr ic!rate!of!
3.7! mm3/h! in! the! foreseeable! future! [ 137].! The! HOT! approach!
throughput! relies! on! the! maximum! speed! that! each! particl e! can! be!
moved!and!the!maximum!number!of!particles!that!can!be!con currently!
patterned! into! shapes.! In! addition! to! particle! positioning,! th e! time!
required! for! particle! delivery! and! permanent! joining! also! affect! the!
throughput!of!this!approach.!

6.5.2. Possible!approaches!to!overcome!current!throughput!limits!in!optical!
tweezing!

As!discussed!above,!throughput!of!OT!as!a!fabrication!method!de-
pends!on!a!variety!of!parameters.!For!an!ideal!optical!tweezers!system,!
the!ultimate!drag!velocity!of!the!particles!is!limited!by !power!per!trap,!
which! is! set! by! the! maximum! incident! power! threshold! of! the ! SLM.!
Potential!improvements!in!liquid!crystal!materials!or!alte rnative!beam!
shaping! techniques! such! as! use! of! dynamic! micromirrors! [180]! can!
result! in! an! increase! in! maximum! incident! power,! and! the reby!
throughput.! Further! process! improvements! to! the! suspension! #uid,!
particle! delivery! system,! parallelized! optical! columns,! an d! substrate!
nanopositioning!systems!may!allow!for!step-and-repeat!manufacturing!
at!increased!throughputs.!In!the!case!of!combining!optical !tweezing!with!
two-photon!polymerization,!the!overall!fabrication!through put!can!be!
improved! by! parallelization! of! the! polymerization! process! wh ich! is!
discussed!in!detail!in!section!8.5.!

6.6. Prognoses!

Optical! tweezing! has! proven! to! be! a! very! powerful! approac h! for!
manipulation! of! meso-,! micro-,! and! nanoscale! objects.! Its! resolution,!
dexterity!with!a!variety!of!particle!shapes,!and!multima terial!capabil-
ities!make!it!a!promising!technique!for!microscale!applic ations!where!
precision!is!of!utmost!importance.!For!example,!the!OT!approach!pro-
vides!a!means!to!enable!the!fabrication!of!microgranular!c rystals,!which!
hold!potential!for!use!in!a!wide!variety!of!application!suc h!as!a!shock-!
absorbing! metamaterial! [ 181],! photonic! crystals! [ 182]! and! acoustic!
lenses![183].!However,!scalability!of!this!technique!for!the!fabric ation!of!
bulk! materials! is! still! a! challenge! mainly! because! of! it s! throughput!
limitations.!Further!technological!improvements!in!the!fa brication!sys-
tem!components!such!as!SLMs,!galvanometers,!and!pulsed! lasers!will!
increase! the! throughput! of! optical! tweezing! as! a! high-re solution! AM!
technique.!

7. Conclusions!

This!article!is!the!second!one!in!a!four-part!series!of!artic les!which!
discuss! the! challenges! associated! with! microscale! additive!
manufacturing! processes.! Laser-based! microscale! AM! processes! are!
ubiquitous!in!the!macroscale!feature-size!(> 100!" m)!market!which!has!
applications! in! defense,! aerospace,! and! rapid! prototyping! indu stry.!
Because! of! the! wide! energy! densities! that! are! available! with! lasers,!
several!controllable!interaction!mechanisms!in!metals,!semiconductors,!
insulators!and!polymers!have!been!investigated!which!can!be!leveraged!
for! micro-nanoscale! fabrication.! As! part! of! this! article,! t he! material,!
resolution,!geometry!and!throughput!constraints!for!laser-based! micro-
scale!AM!processes!have!been!explored,!and!potential!solutions!to!spe-
ci"c! issues! have! been! comprehensively! discussed.! Micro-!

Stereolithography!is!one!of!the!"rst!microscale!AM!processes!that !was!
developed.!" -SLA!uses!a!single-photon!absorption!mechanism!and! its!
variants!are!reliably!able!to!produce!sub-5! " m!parts.!However,!there!are!
several! challenges!associated!with! fabricating!higher! resolution!parts!
using!a!single!photon!photopolymerization!approach.!Ther efore,! two-!
photon!or!multi-photon!absorption!approaches!(TPL)!have!been!i nves-
tigated!to!create!the!part!inside!the!reactive!medium!in !a!voxel-by-voxel!
manner.!TPL!offers!several!advantages!over!other!microscale!AM!ap-
proaches!including!higher!resolution,!throughput!and!better !geometric!
capabilities.!Optical!tweezing-based!approaches!are!used!to!manipulate!
and!precisely!position!individual!particles!into!3D!structure s!which!can!
then!be!permanently!joined!using!multiphoton!lithography !approaches.!
However,! these! laser! curing! approaches! are! generally! limited! by! the!
materials!which!can!be!polymerized.!Laser!heating!processes!like!LIFT!
and!" -SLS!are!designed!for!a!wider!range!of!materials.!While!LIFT!uses!
localized!heating!to!transfer!material!on!to!the!substrate! due!to!shearing!
or!cavitation!pressure,! " -SLS!consolidates!thin!material!"lms!by!local-
ized!necking!to!form!3D!parts!in!a!layer-by-layer!manner .!The!achievable!
resolution! using! these! processes! is! currently! limited! to! sub-10! " m.!
However,!the!potential!to!parallelize!the!process,!achiev e!true-3D!ge-
ometries! and! create! metallic! structures! make! LIFT! and! " -SLS! strong!
candidates! for! microfabrication.! The! limitations! to! the! sca lability! of!
these!processes!have!been!discussed!and!potential!approaches!to!miti-
gate!the!challenges!have!been!proposed.!A!comprehensive!overview!of!
general!design!principles!that!must!be!followed!while!devel oping!laser-!
based!microscale!AM!processes!are!presented!in!part!IV!of!the!series!of!
articles.!
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