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ABSTRACT

This review focuses onrecentdevelopmentsinadditivemanufacturing(AM)ofprecision
opticaldevices,particularlydevicesconsistingofcomponentswithcriticalfeaturesatthemicro-and

nanoscale. These include, but are not Ilimited to, microlenses, diffractive optical elements,
andphotonicdevices.However,opticaldeviceswithlarge-sizelensesandmirrorsarenotspecificallyincludedasthis
technology hasnotdemonstrated feasibilities in thatcategory.The reviewisroughly
dividedintotwoslightlyseparatedtopics,thefirston meso-andmicroopticsandthesecond on optics with nanoscale

features. Although AM of precision optics is still in its infancywithmany unanswered questions,

thereferencescitedon

thisexciting

topicdemonstrateanenablingtechnologywithalmostunlimitedpossibilities. TherearemanyhighqualityreviewsofAM

processesofnon-

opticalcomponents,hencetheyarenotthefocusofthisreview. Themainpurposeofthisreviewistostartaconversiononoptica
Ifabricationbasedoninformationabout3D AMmethodsthathasbeenmadeavailabletodate,withanultimatelong-
termgoalofestablishingnewopticalmanufacturingmethodsthatarelowcostandhighlyprecisewithextremeflexibility.
Keywords:additivemanufacturing,precisionoptics,microlenses,gratings,diffractiveoptical

1. INTRODUCTION
Manufacturingtechniquesareoftenclassifie
dintosubtractiveand additive methods or, in some
cases, a combination of
thetwomethods[1].Subtractivetechniquesarebasedo
nmaterialremoval. In an additive manufacturing

(AM) process, how-
ever,theworkpieceisfabricatedpointbypointorlayerb
y

layerfromacomputer-

aideddesignfile[2]. Thankstoadvancements in this
technology, the number of printablematerials by
AM has increased enormously, including
metals[3],polymers[4],andceramics[5].SinceAMca
noffermoreflexibilityinthedesignandmanufacturingofc
omplex-shaped
components,itsimplementationinareassuchasmicrofl
uidicsandnanoelectronics[6],aerospace[7],tissueeng
ineering[8],andmedicine[9]isbecomingincreasingly
popular.

In optical manufacturing, AM, as an advanced
manu-facturing method, has been gaining interest
because of
itscapabilitiesinthefabricationofextremelycomplexs
hapes.Itfeatures multiple-scale levels in one setting,
which was
quitedifficultinthepastusingtraditionalfabricationme
thods,suchas precision machining [10], precision
compression molding[11], and precision injection
molding [12]. AM has broughtmore flexibility to
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the design and manufacturing of opticalcomponents
compared to traditional manufacturing. Appli-
cationsofAMinthefabricationofsingleopticalcompon
ents

(e.g. optical crystal [13]) or systems (e.g. the
making of aneagle eye [14]) at the microscale [15] or
macroscale [16]
levelhavebeenthefocusofrecentdevelopments.Other
advan-
tagesofAMoverconventionalmethodsarelessmateria
|

waste and less time between design and
manufacturing [17].Moreover, its capability in the
manufacturing of
multiplepartswithoutassembly,althoughthishasnotb
eencompletelydeveloped as yet, is another
advantage. Utilizing this
uniquefeature,manyopticalcomponents,suchasembe
ddedoptical

elements [18] and a nearly full three-dimensional (3D)
printedconfocalimager[19],havealsobeendeveloped.
Basedonthe
above,AMisanespeciallygoodfitforproductsthatrequ
ireahighlevelofcustomization.

This review is devoted to AM of precise optical
com-ponents at both microscale (microlens or
micromirror)
andnanoscaleopticalfabrication.Insection2,AMtech
niquesformanufacturingmicroopticalcomponentsare
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described(withasmall discussion on regular-size
optics). The limitations
andachievementsofeachAMmethodinregardtooptica
Iman-

ufacturing are presented. In section 3, AM of optics
withnanoscale features is explained. Since direct
writing (DW) ismore common in this field, this
section includes methodsbased on DW, including
dip pen nanolithography
(DPN),electrohydrodynamic(EHD)
jetprinting,anddirectlaserwriting(DLW).Implement
ationofAMinphotonicandopticalcomponentfabricati
onisrelativelynewandbroad;

therefore, only a few review papers have been
written to date[20, 21]. In summary, this review
paper discusses the
mostapplicableandpromisingAMmethodsforoptical
componentproductionatthemicro-andnanoscale.

1. AMofprecisionoptics

AM techniques that have been used in
optical
manufacturingincludeselectivelasermelting(SLM),f
useddepositionmodeling (FDM), stereolithography
(SLA), multiphoton ste-reolithography (MPS),
direct inkjet writing, and inkjet print-ing [20, 22].

opticalpatternsonasubstrate(onelayerormore),theyca
nbeclassified as AM as well. Other less popular
AM techniques,such as laser-induced forward
transfer fabrication [23-25]
andmicrocontactprinting[26],havealsobeentested.

Selectivelaser melting

SLM is based on melting specific regions
of a thin layer ofpowder to form a layer of a desired
object by laser beamscanning. By depositing a new
powder layer on top of thefinished layer and
repeating the layer fabrication step, a newlayer is
formed. The process is repeated until the
componentiscompletelybuilt[27].Figurelillustratest
heSLMconcept.Although a wide range of materials
can be used to build acomponent using SLM, its
application in the manufacturingof metallic
reflective optical components, such as mirrors,
ismorecommon[28,29].
Since roughness on the surface created with this
techni-que is not normally suitable for optical
components, post-processing, such as sand blasting,
milling, and polishing,
isrequired.Forinstance,aconicmirrorprintedbySLM
(figure 2) shows that the roughness is too high
before post-

Since laser writing methods can create processing(morethan40um).Accordingtotheresults,
Fused doposition Direct ink writing Selective laser Melting
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Figurel.Popularadditivemanufacturingmethods.ReprintedbypermissionfromMacmillanPublishersLtd:NatureRev
iewsMaterials[30],Copyright(2018).

grindingandpolishingimprovesurfacerough
nessoftheareaandcanmakeitmoreconsistentontheopt
icalsurface.However,theregionsnearcorners,specific
allytheinnercorners,stillhaverelativelyhigherroughn
ess.
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In other research [31], eight materials were chosen
toinvestigatethecapabilitiesofAMinfabricatingmirro
rsand

precision structures. The materials included
aluminum  (Al)titanium (Ti), beryllium (Be),
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aluminum beryllium (Al-Be),Inconel 625, stainless
steel/bronze, and polyether-ether-ketone (PEEK)
polymer. The study showed that printed surfaces
with6nmroughnesscanbeobtainedafterpost-
processing.Inthe

end, after comparison to conventionally manufactured
parts, theauthors concluded that all of the mirrors
fabricated showedexcellent density, dimension,
stability, and homogeneity ofthermal expansion
over  temperature in the  scale of
opticalmeasurement.Figure3showsthemirrorfabricat
edbyAMandits surface roughness. The results
obtained showed that thecenter and outer regions of
the mirror were less smooth,
thesamefindingsasapreviousinvestigation[29].

Fuseddepositionmodeling

Melting one or more filament materials
and depositing themelts onto a substrate, layer by
layer, is the core concept of FDM. In this technique,
the filament is passed through a hotnozzle; and the
melt solidifies on the substrate or a
previouslayer,asshowninfigure1[32]. Althoughthism
ethodisbothsimpleandcost-
effective,itsqualitydoesnotmeettherequirements for
precision optical components.
Componentsmanufacturedbythistechniqguecommonl
ysufferfrominhomogeneity and low surface quality,
both of which canresultinstronglight-
scatteringeffects[33,34]. Tousethese
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Figure2.Additivelymanufacturedconicmirrorassessment.(a)SLMprintedpart(b)aftergrindingand(c)afterpolishing.
Reprintedwithpermissionfrom[29].

produced. Transmissionandcross-talkofthefaceplate,comparedtocommercialcounterparts,showedthatthemethod

has the potential to be used instead of the conven-
tionalmanufacturingprocessforfiberopticaldevices(fi
gure 4). Transmission of the printed optical fibers
as
afunctionofthefaceplatelengthandacomparisontoitsc
ommercialcounterpartareshowninfigure5.

In FDM-based optical fiber printing, temperature

dis-tribution in the nozzle is the main factor
affecting the man-
ufacturingprocess[45].Also,annealingasavitalpost-
processingstepplaysanimportantroleintheimprovem
entofoptical components. Figure 6  shows
ultraviolet (UV)-visibleand infrared (IR) spectra for
the annealed and non-annealedfabricatedfibers.
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Figure3.(a)AmirrormanufacturedbyAMbeforepost-processing(left)andafterpost-

processing(right)and(b)surfaceroughnessbefore(left)andafter(right)thefinishingprocess.Reprintedwithpermission
from[31].
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components as reflective optical elements,
such as mirrors,post-processing procedures are
required, such as machining[35], etching in
chemical solution [36], and thermal proces-sing
[37]. Recently, Chen et al [38] evaluated
reflectivity ofsurfaces parts fabricated by FDM
after post-processing (re-
formingwithloadingandheatapplied).
Inspiteoftheaforementionedlimitations,FDMhasbee
nutilized to fabricate different optical fibers, such
as air-struc-
turedopticalfiber[39].Figuredshowstheprintedpart(b
efore and after the annealing process) along with
the
lightbeamwithdifferentwavelengthstransmittedbyth
eprinted
opticalfiber.Usingthesameprocessasforstep-
indexopticalfibers [40], microstructured polymer
optical fibers [41, 42],opticalfiberswithspecial-
shapedcores[43],havebeendeveloped.
Recently, Wang et al fabricated FDM-based 3D
printingto manufacture air-clad coherent fiber optic
faceplates [44].Using the same method, a faceplate
containing 200 00
fiberswithaspatialresolutionofuptol.78LPmm 'was

Stereolithography

This AM technique is based on solidifying
curable polymermaterials by UV light. As depicted
in figure 1, a layer ofpolymer is solidified; and then
a new layer of photoresist isplaced on the formed

1em

<
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layer. By repeating this process,
theopticismanufacturedlayerbylayer. Twomainappro
achestoUV exposure are laser beam spot scanning
and light
patternprojections[46,47].Sinceeachlayerisfabricate
dbyasingleexposure in light pattern projection
using a digital micro-
mirrordevice(DMD),theprintingspeedissignificantly
enhancedcomparedtothesinglespotscanningmethod.
Drawbacks of light-projection-based techniques are
a higherpower light source being required, the
negative effect of theprojection’s pixel size on the
print quality, and no control ofthe penetration of
light energy [48]. Figure 7shows whitelight
interferometer scans of a DMD-SLA printed
specimen. Asseeninthefigure,thesurfaceofthesample
hadapixelatedstructure[20].Althoughthequalityofth
eopticalcomponentsmadebySL Aappearstobeadequa
te,inmostcases,improvements are still needed in
both vertical and
lateralresolution. Astepprofileofasphericallenssampl
eandshapedeviationofalensmanufacturedbySLAares
howninfigure 8[20]. According to the figure, shape
deviation
ishigherinthecenteroftheprintedsample.UsingSLA,
Kukkonen et al fabricated nonlinear optical lenses
(NOL).Based on the results obtained, they
demonstrated that
SLAhasgoodpotentialasahighlyefficientmanufacturi
ngmethodforNOL[49].
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Figure4.Theprintedopticalfiber(left)andtransmittedlightwithdifferentwavelengths(wavelength=630nm,515nm,wh
itelight,andexperimentalsetup)(right).Reprintedwithpermissionfrom[39],©20150pticalSocietyofAmerica.
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Multiphoton stereolithography

This technique is based on curing resins
using an
ultrafastlaser.Oncethelaser,withapulsedurationinthe
rangeoftensorhundredsoffemtoseconds, hitsthephoto
sensitivematerial,amultiphotonabsorptionphenomen
onmayhappeninthe
very center of the focus beam region [50-52],
roughly on
theorderoftensofnanometers. Themainadvantageof
MPSover
SLAisthepossibilityofachievingnanometerresolutio
n[53].Using continuous beam movement, the
optical component iscreated via a spot-by-spot
curation process. The excellentsmoothness of the
surface parts fabricated using this
methodandthehighopticalclarityarethereasonswhyth
istechniqueisafascinatingapproachtofabricatingprec
isionopticalcomponents[53].MPSisutilizedtomanuf
actureawide

range of precision optical components, such as
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microlensarrays(MLAs),waveguides,andphotoniccr
ystals[54-56].
Asanimportantopticalcomponentinphotonicsystems

microlenses (MLs) have made it possible to build
high-per-formance, miniaturized systems for a wide
range of applica-
tions,suchasimaging,sensing,andopticalcommunicat
ion

[57-59]. AM has been used to fabricate MLs and
MLAs.MPSusingafemtosecondlaserisacommonmet
hodoffabricating MLAs. Using two-photon
polymerization (TPP),Guo et al fabricated a 2 x2
spherical microlens array (dia-meter:15
um)[54]andaFresnellens(diameter:17
pm).Figures9and10showthemicrosphericalandFresn
ellenses

fabricated by MPS and their performance,
respectively. Lar-ger MLAs on the scale of
hundreds of microns is reported
byChungetal[60].Inthesamemanner,cylinderandaxic
on
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Figure6. Transmissionrangesofannealedandnon-annealedfabricatedfibers.(a)UV-
visiblespectraand(b) IRspectra.Reprintedwithpermissionfrom[39],©20150pticalSocietyofAmerica.
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Figure 7. Pixel structure of the sample manufactured using DMD-SLA.Reprintedwithpermissionfrom[20].

MLswerefabricatedbyL ietal[61]witharesol
utionofupto
1.5 um. Laser beam scanning is the common method
used
inMPSexperimentsetups[62].Inthistechnique,acomb
inationof linear stages and galvano mirrors are
normally used
[62].Forinstance,theexperimentalsetupusedbyMalin
auskaset al to fabricate arrays of custom-parameter
spherical lensesisillustratedinfigure11[63].
Since MPS has a higher resolution compared to
otherAM fabrication methods, it has been used to
manufacturemesoscale structures and large lenses.
Mesoscale structureshave an overall size of up to
centimeters but with micro-
ornanosizefeatures[64]. TodemonstrateMPScapabili
tiesin
the fabrication of mesoscale structures, a large
butterfly (intherange ofa millimeter)with micro-
and
nanoscalefeaturesisshowninfigure12[64].Mesoscale
lenseshaveawide
range of applications, such as ophthalmology and
imagingsystems. In ophthalmology, according to a
study on
printingcustomizedocularandintraocularmesoscalel
enses,theprinted lenses do not meet clinical

standards due to
highsurfaceroughnessandlowtransparencyinthevisib
lelight

spectrum[65—

67].However,makinganopticalcomponentofaneyeha
sheenattempted[68]. Acomparisonbetweenthe
different printing techniques can be found in [21,
33,
69].Figure13showsamesoscaleprecisionlensfabricat
edbyAManditsoptical performancein formingan
almostperfectfocus.
Accuracyofopticalcomponentsina3Dprintingproces
sdependsonthesizeofthevoxels(minimumfabrication
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unit).Improving the accuracy requires a reduction

in voxel
size,whichleadstoariseinproductiontimeandcost[70].
Partially

for this reason, research in the development of
systems orprocesses for manufacturing macroscale
lenses by AM has
beenlimited. Among3Dprintingtechnologies,ithashe
endemon-strated that multiple photon
polymerization (MPP) has thehighest resolution in
comparison to other printing techniques(around 100
nm or less) [21, 69, 71]. Research in
resolutionimprovementofmesoscalelensesfabricatedb
yMPPislimitedto ~ process  improvements by
controlling parameters [72, 73]
anddevelopingnewresins[ 74—
76],newsystems[16,64,77-79],
orlaserscanningalgorithms[80,81].

One of the main advantages of AM over
conventionalopticalmanufacturingisitscapabilityofc
reatingmulti-
compoundsystemsatdifferentscalesinasinglesetting
without assembly. Recently, Thiele et al
demonstrated 3Dprinting of multilens objectives
directly onto a com-

plementary metal-oxide semiconductor image
sensor to pro-
duceafoveatedimagingsystem(asinfigure14)
[14].Freeform optics printed on optical fibers is
another applica-tion of MPS (figure 15) [82-84].
Multilens optical
systems[70],combiningbothrefractiveanddiffractive
optics[84],are

among the wide range of multicomponent that have
beenmanufacturedusingMPS.

Direct inkjetwriting

This technique is based on the ejection of small
droplets ofink through anozzleina specifiedpattern.
Then, the droplets
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(b) (c)
Figure8. (a)AlensmanufacturedbySLA,(b)stepprofile,and(c) shapedeviation.Reprintedwithpermissionfrom[20].

Figure 9. Imagesofthemicrolensfabricatedin[54].(a),(b) 2x2 microsphericallensesandamagnifiedview,micro-
Fresnellensmanufacturedusingseverallateralscanningsteps(bottomfigures).Reprintedwithpermissionfrom[54],©20
060pticalSocietyofAmerica.
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Figure10.(a),(c)Opticalperformancesphericalmicrolensesand(b),(d)micro-
FresnellensesfabricatedbyMPS.Reprintedwithpermissionfrom[54],©20060pticalSocietyof America.
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Figurell.(a)Experimentalsetupand(b)microlensesfabricatedusingMPS.Reproducedfrom[63].©10PPublishingLtd
Allrightsreserved.

solidifyonasubstratetoformthefirstlayer[30
]. Thesecondlayerisdepositedinthesamemannerontop
ofthefirstlayer. Thecomponentisbuilt, layerbylayer,in
aniterativeprocess.Figurelillustratestheprincipleoft
hisprocess. Theprintableink is pressured through the
nozzles. The ink materials aredesigned such that
they solidify once they are deposited
onthesubstrateorthepreviouslayer[85,86]. Thistechni

DOI: 10.9790/9622-081203114132

queis
alsousedtofabricatecavitymicroballlenses[87]andho
lo-gramsgeneratedonmetalfilm[88].

Inkjetprinting
Inkjetprintingworksbyejectingdropletsfromanozzle(
bypressure)anddepositingthemontothesubstrate[89],
as
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Figurel12.(a)Scanningelectronmicroscope(SEM)imageofthewholestructure.(b)Enlargedviewoftheantennas.(c)Close-
upviewofthemicrolensesonthehead,and(d)embeddednanolatticeofawing[64].
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Figure14.Three-dimensional-
printedfoveatedimagingsystem.(a)Lenseswithdifferentfocallengths(f=31,38,60,and123mm).
(b)Pixelatedimageformedbythesystem.(c) Three-dimensional-
printeddoubletlens.(d)SEMimageofthecompoundlens.(e)PrintedlenseswithdifferentFOV (fieldofview)andcorresp
ondingimagingevaluation.Reprintedfrom[14].© AmericanAssociationforthe AdvancementofScience.
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shown in figure 1. The major challenge is how to attach thedroplets to each other to form continuous lines and
surfaces[90].Inspiteofthistoughchallenge,thistechniquehasrecentlygainedinterestbecauseofitsgoodcapability in
controlling ejected droplets and depositing volume on thesubstrate [91]. Since the ink can be selected from a
widerangeofsolvents,alargenumberofmaterialsarepossibleforuseinopticalfabrication. Thismethodhasbeenusedto
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Figurel5.(a)Donut-shapedopticalsurfaceonanopticalfiber.(b)Correspondingexperimentalresultofadonut-
shapedsurface,(c)hat-shapedopticalsurfaceonthefiber,and(d)correspondingexperimentalresultofhat-
shapedsurface.ReprintedbypermissionfromMacmillanPublishersLtd:NatureCommunications[82],Copyright(201

fabricate optical components, such as optical
waveguides,sensors,MLs,anddetectors [92—
98].Forinstance, Xingetal
[99]fabricatedsphericalandcylindricalMLsusingthis
method (figure 16). Performance when printing
large
lensesusingthistechniquehasbeenevaluatedintermso
fsurface
roughnessandimagingquality,asin[100].Figurel7sh
owsaresolutiontestofaconventionalandaprintedlens[
100].Theresults obtained show that this technique
is capable of man-ufacturing large lenses with a
surface  roughness in the rangeofinjection-
moldedlenses.

2. AMofopticswithfeaturesatnanoscale
AM has already been used for microscale
rapid

wWww.ijera.com
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fabrication,andsomemethodshavealreadybeencomm
ercialized.However, AM methods at nanoscale are
not widely
adoptedasyet,especiallyincommercialproducts.Phot
olithographyistheprimaryconventionalprocessforfab
ricatingmicro-
structures.However,atnanoscale,thediffractionlimito
flightrestrictstheapplicationofUVphotolithography[
101].Electron beam lithography can be used for
nanofabrication;however, this method is expensive
with an extremely
lowproductionrate.Inaddition,arbitrary3Dshapescan
notbe
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made using the electron beam process without a
major effort.As a possible alternative, AM can
effectively reduce the costand improve the
fabrication efficiency and complexity [102].These
unique features of AM have been the focus of
somerecentresearchanddevelopmentactivities.
DifferentfrommicroscaleAM,additivenanomanu-
facturing (ANM) relies on some unique methods.
There aretwo groups of ANM methods: DW and
single particle pla-
cement.Usually,singleparticleplacementmethodsare
appliedinthefabricationofatom-

sizedfeatures. Intheopticalrange, DW methods are
more widely used. This section pri-marily discusses
the two DwW methods and their

applicationsinmanufacturingopticaldeviceswithnan
oscalestructures.

Dippennanolithography

DPN is a scanning probe microscopy-
based nanofabricationprocess. This method can reach
a resolution of sub-50 nm
andcanbeadaptedinlargeareas.Figure18showsDPNp
rocessesformanufacturingdifferentopticaldevicesors
tructures.DuringaDPNprocess,aninkedtipisusedtotr
ansfermaterialsthroughameniscusthatnaturallyforms
betweenthetip and the substrate [102]. There are
two types of inks.
Thefirstkindisamolecularink,whichissuitablefordryi
nks,
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Figurel6.MicrolensfabricatedbyD IW.Reprintedwithpermissionfrom[99],©20160OpticalSocietyofAmerica.
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Figurel7. Resolutiontestof(a)aconventionallensand(b)aprintedlens.Reprintedwithpermissionfrom[100].

while the second one is liquid [103]. Features are formed byeitherchemisorption or self-assembly
physisorption[101,102].SincethisprocessdoesnotrequireUVorelectronbeamexposure,DPNisadaptableforbothinor
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ganicand

organicmaterials.Inaddition,asshowninfigures18(a)and

(b), the DPN process can be combined with more conven-tional fabrication methods, such as photolithography
and wetetching.

As mentioned above, the DPN method is suitable forfabricationofnanoscalestructurepatterns. Thismeansthat
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Figure18. SchematicdiagramsforsomeDPNprocesses.(a)DPNfabricationforpolyethyleneglycol(PEG)
lensarraysontopofthehexamethyldisilizane(HDMS)-
coatedquartzglass;subsequently,thisarraywasusedforultravioletphotolithography.Reprintedwithpermissionfrom[1
01].Copyright(2010) AmericanChemicalSociety.(b) TheDPNmethodwasusedtofabricatepolymethylmethacrylate
PMMA)brushesonagoldsurfacetoprepareforwetetching.[104]JohnWiley&Sons.©2017WILEY -
VCHVerlagGmbH&Co.KGaA, Weinheim.(c)DPNisusedasliquidinktocreatedotpatterns.[ 103]JohnWiley&Sons.©2018
WILEY-VCHVerlagGmbH&Co.KGaA, Weinheim.
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optical structures with nanoscale patterns, such as
periodicgratingswithsmallgratingconstantsandnanos
calelensarrays, can be manufactured by the DPN
method. Figure
19showsDPNfabricationresultsandtheopticalpropert
ies.In

figure 19(a), Jang et al [101] fabricated a PEG lens
arrayusingDPN.Thislensarraywasthenusedforsubse
quentuVv

photolithography. Chen et al [104] manufactured a
series ofPMMA brushes above a gold surface with
a large area (asshown in figure 19(b)). With the
help of PMMA brushes, thewet etchingprocess
wasapplied;andgoldnanostructuresfor
opticalapplicationswerefabricatedonalarge-
areaglasssubstrate. This gold nanoscale pattern
substrate can be usedfor a replica of antireflective
coating on the surface of
solarcells(figure19(d)).Zoharetal[ 103]triedtouseDP
Nto
fabricatepolydimethylsiloxane(PDMS)nanoscalegra
tings

(in figure 19(c)) to show the potential for using the
DPNmethodinthemanufacturingofnanoscaleoptical
gratings.

The results of an experiment for such a PDMS
grating areshowninfigure19(e).

s )

0.3 nm Z-Extension

EHDjetprinting

EHD jet printing is similar to inkjet
printing, which is widelyused in printers in the
office and at home. EHD jet printingcan be used for
the  fabrication  of  nanostructures.  The
highestresolution of the EHD jet printing method can
reach 10
nm.Figure20isadiagramofEHDjetprinting. TheEHD
methoduses an electric potential applied between
the nozzle and thesubstrate. With the help of the
electric potential, mobile ionsaccumulate near the
nozzle and form into a Taylor cone.
Inlowelectricfields,theTaylorconewillproducedropl
ets
periodically(asshowninfigure20).Figure21showssev
eral
types of EHD jet printers. If the applied voltage is
very high,multiple jets can be produced and a
continuous flow gener-ated. In this case, EHD jet
printing has already become EHDspraying, which
is widely used in the fabrication of thin
filmdeposition[105,108].Engstrometal[102]andWan
getal
[105]
summarizedtheapplicationofEHDjetprintingingener
alANMcases.
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Figure19.FabricationresultsofDPN.(a) Atomicforcemic
roscopic(AFM)imageofthePEGnanoscalelensarraysge
neratedbyDPN.Thedifferentsizeofeachrowisattributedt
odifferentsubstratedwelltimes.Reprintedwithpermissio
nfrom[101].Copyright(2010)AmericanChemicalSoci
ety.(b)AFMimageofPMM Abrushespreparingforwet
etchingfabricationbyDPN.[104]JohnWiley&Sons.©
2017WILEY-
VCHVerlagGmbH&Co.KGaA, Weinheim.(c)AFMima
geofthegratingpatternarray;differentlinesarefabricated
bydifferenttipvelocities.JohnWiley&Sons.©2017WIL

VCHVerlagGmbH&Co.KGaA,Weinheim.(d) Transmi
ssionrateoftheincidentlightwithdifferentwavelengths
onthesubstratewithorwithoutgoldnanoscalepatterns.
[104]JohnWiley&Sons.©2017WILEY -
VCHVerlagGmbH&Co.KGaA,Weinheim.(e) Exper
imentaldeviceusedtomeasurediffractionordersandth
ediffractivespectrumofthegratingfabricatedbyDPN.[
103]JohnWiley&Sons.©2017WILEY -
VCHVerlagGmbH&Co.KGaA, Weinheim.
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Figure20. SchematicdiagramofEHDjetprinting.Reprintedwithpermission[102].

In optical applications, scientists have
already
adaptedtheEHDjetprintingmethodtofabricationofmi
cro-
ornanoscaleopticalstructures.Sutantoetal[107]usedt
heEHDjet printing method to fabricate three
different
microopticsdevicestodemonstratethepotentialforusi
ngEHDjet
printing in the manufacturing of optical

(d)).BothVespinietal[106]and

Coppola et al [108] used the forward pyro-EHD jet
printingprocess(asshowninfigure22). ThistypeofEH
Djetprintingprocess uses the pyroelectricity effect
to provide the electricfield needed in EHD jet
printing. As a result, they
comparedtheforwardEHDjetprintingprocessbyusing
differentmaterials (PMMA, PDMS, polylactic-co-
glycolic acid
(PLGA),andnanometalinks)andchosePDMSasthera
w

nanostructures (asshowninfigures22(b)—
Electrohydrodynamic
: | : ] :
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Figure 21. Schematic diagram of four different types of EHD jet printers. Reproduced from [106] with
permission of The Royal Society ofChemistry.
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jwan oox

(b)
Figure 22. Some fabrication results of EHD jet printing. (a) PDMS microlens array fabricated by forward EHD
jet printing. Reprinted withpermission from [108]. (b) Optical microscope image and AFM image of microlens
array. (c) Optical microscope image of EHD printedwaveguides and illustration of a waveguide. (d) Image of
EHD jet printed grating and the diffraction when a collimated laser beam passesthroughthegrating.(b)—
(d)Reprintedfrom[107],Copyright(2014),withpermissionfromElsevier.
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material to fabricate a microlens array [108]. The fabricationresultsareshowninfigure22(a).

DLWandmetamaterial

In nanoscale additive fabrication, DLW is
also considered
tobeoneofthemainstreammethods. AlthoughDLWisa
photoresist-based method, nothing additional is
needed afterthe shape is created by DLW, which is
similar to
additivefabrication[102]. Asmentionedbefore,some
DLWmethods,
suchasSLMandMPS,arewidelyusedinmesoscaleadd
itivefabrication. Today, the TPP method of MPS is
one of thesuccessful methods that has been utilized

computer

N.D.
filters

mirror shutter

/4

power
meter

[a]

computer

dichroic
mirror

mirror

photopolymer

in nanoscale addi-tive fabrication [102]. Selimis et
al [109] wrote a review
onthegeneralapproachofDLWasa3Dprintingmethod
from

principle to application (figure 23). In optical
applications, Chenetal[110]
usedDLWtofabricateone-dimensional(1D)anti-
reflective rectangular gratings on the surface of
gallium arsenide(GaAs) solar cells and used finite
difference time
domain(FDTD)tosimulatethegratingproperty.Lietal[1
11]utilized

100x N.A

objective

sample
D — Z y

piezoelectric

z=translator
L J

oil
glass slide
(100mm)

A

Figure23.Schematicdiagramofatypical DL Wexperimentsystem.Reprintedfrom[109],Copyright(2015),withpermissionfr
omElsevier.

3DTPPtofabricatenear-
infraredantireflectivecoatings.Moissetetal[112]used
DLWtomanufacturenonlinearopticalthin film with a
thickness down to 20 nm. Al-Qattan et al
[113]demonstrated fabrication results of 1D and
two
dimensionalnanophotonicstructureswhosescalewasaro
und900 nmoncontactlenses.

Another significant application of DLW is in the
fabri-

cationofopticalmetamaterials. Theuniqueopticalprop
ertiesof metamaterials do not exist in natural
materials. The reali-

wWww.ijera.com
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zationoftheseunprecedentedpropertiesrequiresnanos
tructurearraysindifferentdimensions.Boltassevaetal[
114]reviewed several common fabrication methods
in the manu-facturing of optical metamaterials with
negative

refractiveindices. Amongthesemethods,theDLWmet
hod,specificallyTPP, was considered to be the most
promising method forfabricationoflarge-
area3Dmetamaterials[114].Recently,anincreasing
number of studies applied the DLW method
tofabrication of different metamaterialstructures.
Figure 24shows some examples. Moughames et al
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[115] reported
afabricationofmetamateriallRconcentratorusing3DI
aser

writing (as shown in figure 24(a)). They used the
FDTDmethodtosimulatetheelectronicfielddistributi
onand
experimentallymeasuredtheopticalperformancebyus
inganIR charge-coupled device. Faniayeu et al
[116] designed aperfect electromagnetic wave
absorber based on 3D verticalsplit-
ringresonators(asshowninfigure24(b)). Theyusedthe
DLW methodto
createtherequiredsubmicronresolutionfor

the structure. Li et al [117] utilized the 3D DLW
method tofabricate 1D high-contrast, infrared
polymer photonic

crystals. Asshowninfigure24(c),theydesignedalDstr
ucture array in each layer and packed multiple
layers ver-tically. An SEM image of the fabricated
structure stack after3DDLWisshowninfigure24(d).

1. CONCLUSIONS

This review  summarized recent
developments in the AM ofprecision optical
devices. These processes have shown pro-
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Figure24. AnexampleofDLWusedinthefabricationof
opticalmetamaterials.(a) SEMimagesofthemetamate
rialconcentratorforawavelengthof10.4pum(left)ands.
6pm(right).ReprintedbypermissionfromMacmillan
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misingresultsinthemanufacturingofhighperformanc
eoptical components. The devices and systems
consisting
ofthesecomponentshavealsodemonstrateduniquefea
turesandperformance. Theexactcapabilityofthisexcit
ingtechnologyis difficult to determine based on the
existing
information.Nevertheless,thisreviewclearlydescribe
dapromisinggroupof processes with mounting
evidence that AM could poten-
tiallyrevolutionizeopticalfabricationinthenearfuture.
Based on the current research and development in
3DAM for optical fabrication, much remains to be
done in thenear future, particularly in the
manufacturing of regular sizeoptical elements, e.g.
optics in the size of a few inches. Evenat micro-
and nanoscale levels, the most promising
resultsappear to only have occurred in lab settings
rather than pro-duction environments. There are
many unanswered questionsand issues before this
technology can be widely adopted.These issues
include, but are not limited to, things such asindex
distribution, geometry, and volume shrinkage of
theopticalelements.

idy
PublishersLtd:ScientificReports[115],Copyright(201
6).(b)SEMimageofverticalsplit-
ringresonators. Thetopimageisacloselypackedcase,andt
hebottomimageisamergedcase.Reproducedfrom[116].
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©IOPPublishingLtd.Allrightsreserved.(c)Numericalde
signofthelDPCs.(d)SEMimageofthelDPCsfabricated.
(c),(d)Reprintedwithpermissionfrom[117],©20180
pticalSocietyofAmerica.

The aim of this review is to serve as a platform

forresearchers and
engage and

communities to
even-

industrial

tuallyimplementthiscuttingedgemanufacturingproce
ssanditsassociatedproducts.

(1]

(2]

(3]
(4]

(5]

(6]

(7]

(8]

(9]

[10]

(11]

(12]

(13]

REFERENCES
SealyMP,MadireddyG,WilliamsRE,RaoPan
dToursangsarakiM2018Hybridprocessesinad
ditivemanufacturingJ.Manuf.Sci.Eng.140060
801
Gibsonl,RosenDWandStuckerB2010Introdu
ctionandbasicprinciplesAdditiveManufacturi
ngTechnologies:RapidPrototypingtoDirectDi
gitalManufacturingedIGibsonetal(Boston,M
A:Springer)pp20-35
FrazierWE2014Metaladditivemanufacturing:
areviewJ.Mater.Eng.Perform.231917-28
Jasiukl,AbueiddaDW,KozuchC,PangS,SuFY
andMcKittrickJ2018 Anoverviewonadditive
manufacturingofpolymersJOM70275-83
CastroeCostakE,DuarteJPandBértoloP2017 Ar
eviewofadditivemanufacturingforceramicpro
ductionRapidPrototypingJ.23954-63
SocholRDetal20183Dprintedmicrofluidicsan
dmicroelectronicsMicroelectron.Eng.18952—
68
KlippsteinH,SanchezADDC,HassaninH,Zwe
iriYandSeneviratneL.2018Fuseddepositionm
odelingforunmannedaerialvehicles(UAVs):a
reviewAdv.Eng.Mater.201700552
GleadallA,VisscherD,YangJ, ThomasDandSe
galJ2018Reviewofadditivemanufacturedtissu
eengineeringscaffolds:relationshipbetweenge
ometryandperformanceBurnsTrauma619
AwadA, TrenfieldSJ,GaisfordSandBasitAW?2
0183Dprintedmedicines:anewbranchofdigita
Ihealthcarelnt.J.Pharm.548586-96
LiLandYiAY2012Designandfabricationofafr
eeformmicrolens arrayfora compactlarge-
field-of-viewcompound-
eyecameraAppl.Opt.511843-52
ZhangL,ZhouW,NaplesNJandYiAY2018Fab
ricationofaninfraredShack—
Hartmannsensorbycombininghigh-
speedsingle-
pointdiamondmillingandprecisioncompressi
onmoldingprocessesAppl.Opt.573598-605
LiLetal2014Fabricationofmicroinjection-
moldedminiaturefreeformAlvarezlensesAppl
.Opt.534248-55
DeubelM,vonFreymannG,WegenerM,Pereir
aS,BuschKandSoukoulisCM2004Directlaser

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[29]

[26]

[27]

DOI: 10.9790/9622-081203114132

writingofthree-dimensionalphotonic-
crystaltemplatesfortelecommunicationsNat.
Mater.3444—7
ThieleS,ArzenbacherK,GissibIT,GiessenHan
dHerkommerAM20173D-
printedeagleeye:compoundmicrolenssystemf
orfoveatedimagingSci.Adv.3e1602655
JonusauskasLetal2017Opticallyclearandresil
ientfree-formp-optics3D-
printedviaultrafastlaserlithographyMaterials
1012

Chen X et al 2018 High-speed 3D printing
of
millimeter-sizecustomizedasphericimagingle
nseswithsub7nmsurfaceroughnessAdv.Mater
.301705683
ParisH,MokhtarianH,CoatanéakE,MuseauMa
ndltuartelF2016Comparativeenvironmentali
mpactsofadditiveandsubtractivemanufacturin
gtechnologiesCIRPANN.6529-32
WillisK,BrockmeyerE,HudsonSandPoupyre
vI2012Printedoptics:3Dprintingofembedded
opticalelementsforinteractive devices Proc.
25th Annual ACM Symp. on
UserlInterfaceSoftwareandTechnology(New
York)pp589-98
SavasJ,KhayatzadehR,CivitciF,Gokdel Y Dan
dFerhanoglu O 2018 Toward fully three-
dimensional-
printedminiaturizedconfocalimagerOpt.Eng.
57041402
HeinrichAandRankM20183DPrintingofOpti
cs(Bellingham,WA:SPIE)

CamposeoA ,PersanoL,FarsariMandPisignan
oDAdditivemanufacturing: applications and
directions in photonics
andoptoelectronicsAdv.Opt.Mater.71800419
JonusauskasL,JuodkazisSandMalinauskasM
20180ptical3D printing: bridging the gaps
in the mesoscale J. Opt. 20053001
Kuznetsov A I, Koch J and Chichkov B N
2009 Laser-
inducedbackwardtransferofgoldnanodroplets
Opt.Express1718820-5
DelaportePandAlloncleA-P2016Laser-
inducedforwardtransfer: a high resolution
additive
manufacturingtechnologyOpt.LaserTechnol.
7833-41
DuocastellaM,ColinaM,Fernandez-
PradasJM,SerraPandMorenzalL2007Studyof
thelaser-
inducedforwardtransferofliquidsforlaserbiop
rintingAppl.Surf.Sci.2537855-9
PerlA,ReinhoudtDNandHuskensJ2009Micro
contactprinting:limitationsandachievements
Adv.Mater.212257-68
YapCYetal2015Reviewofselectivelasermelti

www.ijera.com

131|Page


https://doi.org/10.1115/1.40338644
https://doi.org/10.1115/1.40338644
https://doi.org/10.1115/1.40338644
https://doi.org/10.1007/s11665-014-0958-z
https://doi.org/10.1007/s11837-017-2730-y
https://doi.org/10.1108/RPJ-09-2015-0128
https://doi.org/10.1016/j.mee.2017.12.010
https://doi.org/10.1016/j.mee.2017.12.010
https://doi.org/10.1002/adem.201700552
https://doi.org/10.1186/s41038-018-0121-4
https://doi.org/10.1016/j.ijpharm.2018.07.024
https://doi.org/10.1364/AO.51.001843
https://doi.org/10.1364/AO.57.003598
https://doi.org/10.1364/AO.53.004248
https://doi.org/10.1038/nmat1155
https://doi.org/10.1126/sciadv.1602655
https://doi.org/10.3390/ma10010012
https://doi.org/10.1002/adma.201705683
https://doi.org/10.1016/j.cirp.2016.04.036
https://doi.org/10.1117/1.OE.57.4.041402
https://doi.org/10.1002/adom.201800419
https://doi.org/10.1088/2040-8986/aab3fe
https://doi.org/10.1088/2040-8986/aab3fe
https://doi.org/10.1088/2040-8986/aab3fe
https://doi.org/10.1364/OE.17.018820
https://doi.org/10.1016/j.optlastec.2015.09.022
https://doi.org/10.1016/j.apsusc.2007.02.097
https://doi.org/10.1016/j.apsusc.2007.02.097
https://doi.org/10.1016/j.apsusc.2007.02.097
https://doi.org/10.1002/adma.200801864
https://doi.org/10.1002/adma.200801864
https://doi.org/10.1002/adma.200801864

Satchidananda Ghosh Int. Journal of Engineering Research and Application www.ijera.com
ISSN : 2248-9622, Vol. 8, Issue 12, ( Part —111 ) December 2018, pp.114-132

ng:materialsandapplicationsAppl.Phys.Rev.2
041101

[28] LachmayerR,WolfAandKloppenburgG2015
Additivemanufacturingofopticalcomponents
SPIENewsroom(https://doi.org/10.1117/2.12
01511.006233)

[29] SigelA,MerkelMandHeinrichA2017Miniatur
izationofanoptical3Dsensorbyadditivemanuf
actureofmetallicmirrorsProc.SP1IE10329103
290Q

[30] WallinTJ,PikulJandShepherdRF20183Dprint
ingofsoftroboticsystemsNat.Rev.Mater.384

[31] SweeneyM,AcremanM,VetteseT,MyattRand
ThompsonM2015Applicationandtestingofad
ditivemanufacturingformirrorsandprecisionst
ructuresProc.SPIE9574957406

[32] ZolfaghariA2018Studyonmultidirectionalad
ditivemanufacturingMasterOfMechanicalEn
gineeringTennessee TechnologicalUniversity

,Cookeville, TN
[33] Ligon S C, Liska R, Stampfl J, Gurr M and
Milhaupt R

2017Polymersfor3Dprintingandcustomizeda
dditivemanufacturingChem.Rev.11710212—
90

[34] CarneiroOS,SilvaAF
andGomesR2015Fuseddepositionmodelingw
ithpolypropyleneMater.Des.83768—76

[35] PandeyPM,VenkataReddyNandDhandeSG2
003Improvementofsurfacefinishbystaircasem
achininginfuseddepositionmodelingJ.Mater.
Process.Technol.132323-31

[36] TakagishiKandUmezuS2017Developmentoft
heimprovingprocessforthe3Dprintedstructure
Sci.Rep.739852

[37] MohamedOA,MasoodSHandBhowmikJL20
16Analyticalmodellingandoptimizationofthet
emperature-
dependentdynamicmechanicalpropertiesoffu
seddepositionfabricatedpartsmadeofPC-
ABSMaterials9895

[38] ChenY-F,WangY-
HandTsaiJ2019Enhancementofsurfacereflect
ivityoffuseddepositionmodelingpartshypost-
processingOpt.Commun.430479-85

[39] CookKetal2015Air-
structuredopticalfiberdrawnfroma3D-
printedpreformOpt.Lett.403966-9

[40] CookKetal2016Step-
indexopticalfiberdrawnfrom3Dprintedprefor
msOpt.Lett.414554—-7

[41] TaisongWetal2018Novelmethodformanufact
uringopticalfiber:extrusionanddrawingofmicr
ostructuredpolymeropticalfibersfroma3Dprin
terOpt.Express2632007-13

Www.ijera.com DOI: 10.9790/9622-081203114132 132|Page


https://doi.org/10.1063/1.4935926
https://doi.org/10.1063/1.4935926
https://doi.org/10.1063/1.4935926
https://doi.org/10.1117/2.1201511.006233
https://doi.org/10.1117/2.1201511.006233
https://doi.org/10.1117/2.1201511.006233
https://doi.org/10.1117/12.2269801
https://doi.org/10.1117/12.2269801
https://doi.org/10.1117/12.2269801
https://doi.org/10.1038/s41578-018-0002-2
https://doi.org/10.1117/12.2189202
https://doi.org/10.1021/acs.chemrev.7b00074
https://doi.org/10.1021/acs.chemrev.7b00074
https://doi.org/10.1016/j.matdes.2015.06.053
https://doi.org/10.1016/S0924-0136(02)00953-6
https://doi.org/10.1016/S0924-0136(02)00953-6
https://doi.org/10.1016/S0924-0136(02)00953-6
https://doi.org/10.1038/srep39852
https://doi.org/10.1038/srep39852
https://doi.org/10.1038/srep39852
https://doi.org/10.3390/ma9110895
https://doi.org/10.1016/j.optcom.2018.07.011
https://doi.org/10.1364/OL.40.003966
https://doi.org/10.1364/OL.41.004554
https://doi.org/10.1364/OE.26.032007
https://doi.org/10.1364/OE.26.032007
https://doi.org/10.1364/OE.26.032007

