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Abstract The ultravioletassisted 3D printing (UA8DP)wasusedto manufacture
photopolymebasednicrodevices with 3Belfsupported anfteeformfeaturesThe UV3DP
technique consists ofthe robotized deposition of extrudeadiits, which areapidly
photopolymerized under UNumination during the deposition proce$is paper
systematicallgtudies the processing parametefthe UV3DP technique usgtwophoto
curable polymers and their associated nanocompositeriaiatd he main processing
parameters includingaterials’ rheological behaviodepositiorspeed andxtrusion
pressure, and UV illumination conditions were thoroughly inyatstd.A processing map was
then cefinedin order tohelpchoodngthe proper parameters folne UM3D printing of
microstructures with various geometri€ampared to seBupported features, the accurate
fabrication of 3D freeform structuregasfound to take plade a narrower processing region
since a higherrigiditpfthe extruded filamemtasrequiredfor structural stabilityFinally,
various 3D selsupported and freeform microstructureith high potential in micro
electromechanical systems, migystems and organic electronvesre fabricated to showthe
capability ofthe technique.

Submitted toJournal of Micromechanics and Microengineering

1. Introduction

Micro- and nanotechnologicalsystems using photopolymes and their associated
nanocomposite materialhave gained considerable attention in various fields such as micro
electromechanical systems (MEMB)], microelectronicg2], optoelectronicg3], biotechnology4]
and microchemidasystemg[5]. Despite tle wide variety of applications, device miniaturization and
threedimensional (3D) shape optimization have not reached their full potential, partydeeof the
lack of easy and cosdffective manufacturing techniqueStandard nairofabrication techniques such
as stereolithographic technique§t,7] have been adaptedto fabricate 3D productsusing
photopolymers Ultraviolet-assisted 3D-printing (UV-3DP) [8] is an alternative technique to
manufacture photopolymdyased microdevices with 3feeformor supportedeaturesFigure 1lis a
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schematic of th&V-3DP fabrication of afreeform helical microspring.This techniquerelies on the
robotically-controlled micreextrusion of a Uvtcurable ink filamenthrough a capillary nozzlerhile
the extrusion point isnoved in three directiond heuncured inkmaterialis photopolymerizedvithin
seconds after extrusion under WMmination thatmoves alongthe extrusion pointUpon curing, the
increased rigidity D the extruded filament enables the creation of rdiféctional shape3D
freeform and selsupported) layout along the trajectory of the extrusion pdidmpared to
conventional microfabrication technicgjethe UV3DP exhibits a high level of flexibilty, cost
effectiveness and fabricatioate

Despite the flexibility of théJV-3DP techniquethe type ofUV-curable materials as well as
the processg parameters have to be carefudgljustedto build aprecise3D microstructureln this
paper, wesystematically investigate all thieain processing parameters suchdepositionspeed(i.e.,
extrusion point moving speedextrusion pressurenaterial viscosity and UV-exposure regianThe
influence of each parameter was studied the fabrication of3D selfsupported and freeform
microstructuresusing the UV3D printing of UV-curable thermosetting resinsicatheir associated
nanocomposi materials.One of the main outcomes of this investigation is the creation of a
processing map which can be used gsiide for the fabrication of different 3D geometries.

Syringe mounted on
— the robot head

o

="
|
|

UV-curable
polymer

Figure 1. A schene of theUV-assisted fabrication ofraicrospring made of a photopolymer.
The materialis extruded through a micronozzle aagidy photopolymerized under the UV
llumination provided bya set of optical fibers.



2. Experimental Details

2.1. Materials

The materials usea@s the inkmaterials in this studywere commercially available @
component dual cure setiule (UV/heat curable) resimwhichwereused either atheywerereceived
or after being rheologically modified (e.g., mixing with nanoparticled)he resins were either
polyurethandsased (NEA123MB& NEA123T, Norland Products) or epekpsed (UV15DC80,
Master Bond Inc.) materialsThe resins contagd UV photoinitiators having a maximum
absorption at 365 nm and a hdatiator active in the 60- 80 °C range Nanoparticlessuch as
fumed silica (Aerosil 200, Degugsandsinglewalled carbon nanotubg8] were added tthe resins
to make nanocomposite inkBhese nanocomposiigk materials were prepared by blending the resins
and the nanofillers using ultrasonication and tmadlemill mixing methods (more detailsn the
nanocomposite inks preparatiman be found elsewher@-10]). The inks were stored in WV
protective 3CC syringes (Nordson EFD) at room temperature. Based on ouersx@ettie materials
remain stable at least for a year under the above conditions.

2.2.UV-3DP Experimental Setup

Figure 2shows image of the UV-3DP setup anddeposition of a microspring using this
techniqueThe UVdirectwriting platform is composed @ computercontrolled robot (I & J2204, |
& J Fisnar) that moves a dispensing apparatus {KFEFD) and a UV lightmission setip along the
X, ¥ andz axesusing acommercial software (JR Points for Dispensing, Janome Sewing MacFree).
dispensing apparatus mounted on the robot head carries a 3 CC syringe (NordsoonE#ing the
ink material(Figure 2a)which is thenextruded by an appliegressureThis apparatus is connected to
a pneumaticfluid dispensel(Ultra™ 2400 series, EFD) which can provideextrusion pressurep to
4.9 MPaThe UV light is provided by two higimtensity UV lightemitting diodes (LED, NCSUQ33A,
Nichia) having a wavelength centered at 365. A set of six optical fibersgartan a circular pattern
(Figure 2c)deliver the UV lightclose tothe tip ofthe extrusiormicronozzle(Precision Stainless Steel
Tips, EFD) The intensity of the present UV radiation is rAVcmi2 measuredising a UV intensity
probe (UV Intensity meter, model 100, Karl Sus8). [The fastcuring of the ink enables the
fabrication ofself-supportedcandfreeform3D structures when the extrusion position spatially changes
(Figure 2d)



Figure 2.(a) a 3 CC syringe containing UV-curable material(b) the deposition setwpith
inserted syringe and pressure pistogunted on theomputercontrolled robat(c) UV light
delivery system consisting of six fiber optics showing UV radiation ednftteounted on the
robot in (b), and @) image of a microspringlepositionusing a U\fcurable ink

2.3.UV-3DP Fabrication of 3D self-supported andfreeform microstructures

Stainless steel mionozzles withwo different internal diameters® of 100 um and150 pm)
were used with 3 CC syringe8s aselfsupported structureg 3D periodic scaffold was fabricated
which has potential applications in tissue engineefdify The fabrication of the scaffold began with
the deposition of the inks flaments on a substrate, leading to a 2D patterfollowing layers were
deposited by successively incrementing #ipmsition of the dispensing nozzle by the diameter of the
flaments and changing the dispensing direction by 90° rotation from the underlying Tdnger.
fabricatedscaffolds consisted ofeveral layerge.g., 4 layersdf the ink filamentsin which each layer
was alternativelorientedperpendicular to or along thiest deposited layefl his processvasrepeated
until the desired 33 caffoldwascreated.

3D freeform microstructusefeaturingdifferent geometries weralsomanufactued using the
UV-3DP techniqueThe firstfabricatedmicrodevice was composed of a setl6ffreeform vertical
filamentshaving a diameter of ~50 umin a square layout @fx4 microrods. Networks of 3D helical
microstructures composed of up to 15 microsprings were also accurately maedfactur

2.4.1nks viscosiy characterization

An experimental method based on capillary viscomgify12] was used to measure the
procesgelated apparentiscosity of the ink To obtain different shear conditions, ten continuous
filaments of material were extruded through a micozzle (518-0.25B, Precision Stainless Steel

Tips, EFD,length of~16mm and internalidmeterof 150 um) atsame pressure over a glass substrate
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and was repeated ftive different pressuref.e., 0.7, 1.4, 2.1, 2.8, and 3.5 MP&he filaments were
deposited usinghe dispensingobot with a calibrated deposition speed. Shortly after the deposition,
the filaments were cured under a UV lamp {®K600, ColeParmer) illumination for 5 min. The
material flow rate during the extrusiowas calculatedby multiplying the deposition speed blye
depositedfilaments crossection The crosssection area of the filaments was measured with an
optical microscope (B>61, Olympus) and image analysis software (ImBge Plus 8, Media
Cybernetick The possible errofor the calculation of filament crossection area upon curingas
negligible since the materials shrinkage is < 1% according to the supgiier processelated
apparentviscosity and the proceseslated shear rate were calculatadnf capillary viscometry
equations including Rabinowitssitorrection[10,12]. The end effects called Bagley correctiwere
negligible in the viscosity calculations because of thery high capillary aspect ratio (i.e.,
lengthtliameterof theextrusionnozzle used./D ~ 106).

2.5.Morphological characterization of fabricated microstructures

The structures fabricated through different processing conditicere observed using an
optical microscope (B>61, Olympus) and image analysis software (ImBge PlusV7, Media
Cybernetics) in order to find the processingpfor a successful UV direatriting. Themorphology
of therepresentativeelf-supported and freeform microstructureas also observegither by optical
microscopy or field emission scanning electron microscopy (FESEM JEOL-,/880TFE)

3. Results and discussion

3.1.Material properties

The materials viscosity is probably the most important paramefethe direciwrite
techniques. Mterialswith moderate to high viscosities are necessargxiudestable filaments
[13,14). Sincethe high viscosity may limit flow through fine extrusion nozzles, an extruded materia
shearthinning behavior (i.e., a decrease of viscosity with an increase of shearifaide the nozzle)
is preferable. For shedminning inks, theirigidity increases when exiting the extrusion nozzle, that is,
when the shear strain applied to the material returns to a near aeeo Vhls rigidity allows the
filaments shape retention and enables to fabricatsgpefiorted 3D struates. However to fabricate

freeform 3D structures, a further increase of rigidity is reduinat is provided by the polymerization
of the inks in the UNSDP techniqué8].

Figure 3shows the proces®lated apparentviscosity (3333 with respect tathe process
related shear ratds@@btainedusing our capillary viscometry technique for all the materials used in
this study. Figure & shows the viscometry results for the-tivrable urethanbased (UWPU)
materials. A nearly constaf§ ;:0f ~ 6 Paswas observed for the pure NEA123MB, indicating a

Newtonian behavior in the range of shear rates studied. The incorporation of 5 lid&b6 si



nanoparticles into this pure resin resulted in a considerable increasef(iy) ¥ér 3554t low @6d
aso a sheathinning rheological behavioil his increasenight be due to weaknetwork formation of
hydrogen bonded fumed silica particles which caused-tkgeheological behavior to the mixture at
rest. The weakly bounded network is then destroyed under moderate shear fateg riesthe
reduction of the viscosityThe second type of UPU (NEA 123T) which was used as received
(contains nanparticleswhich werealready added by the supplier) shows a relatively high viscosity
and a sheathinning behavior withoufurther adding nanofillers (Figure 3aligure 3 shows the
resultsobtained for the viscosity dfV-curable epoxybased(UV-epoxy) materials Similar to the
pure NEA123MB, a Newtonian behavieasobserved for the viscosity of the kBpoxyresinwith a
slightly higher value of ~ 17 Pahe [ 5 ;0f the resin increased by the additior0& wt% of CNTSs.
Further increases of the viscosity waohievedwith the increase of CNTs concentrations (1wt% and
2w1t%). A shearthinning behavior of the resulting nanocomposites with different pametindices
(slope of the curves) was also observed. The carbon nanotubes high aspect chtipas$ibly

enabled the formation of a rheological percolation network and also their possiblatimmieduring
extrusion are thought to be responsible for the observed shear thinning behavior.
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Figure 3. Procesgelatedapparenviscosity of the ink materials with respecpimcesselated shear
rate using a method based on capillary viscometry: (a§ Wble urethanbased (UVPU) resins and
(b) UV-curable epoxybased resin and its associated Ghdihforced nanocomposites.

Figure 4shows the effect of viscosity (or rheological behavior)tlofee representative
materials used in i studyon the UM3DP fabrication of freeform microspringSigure 4 shows an
unsuccessful fabrication of the designed microspring when theismesity Newtonian UMPU (pure
NEA123MB) wasused. As it can been seen in the inset of Figdaiethe viscosity of the material used
seems not to be high enoughcreatea stable filament. Similar behavior was also observedHer
low-viscosity Newtonian pure UMepoxy (the result is not showniowever, the fabrication of

microspringswvas successfl when the materials with higher viscositigere usedFigure 4b shows a
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representative optical image of a fabricated microspring with 7 coils treng\VPU (NEA 123T)
and a stable filament is observed in the inset image. Similarly, a microsprihg6ncoils was
fabricated usinghe U\tepoxy containing 1wt.% CNTas a result of its relatively high viscosigs
shown in Figure 4cThe higher viscosity prevents sagging of the extruded filament prior to curing
under UV exposureas dilamentary shape isbserved for both materials in the inset of the figures.

Figure 4. Optical images of UABDP fabrication of microsprings usitiyyee representative materials
(a) the pure NEA23MB (low viscos material), and (b) and (c) NEA 123T and thesplky
containing 1wt.% CNTs (high viscibg materials). The imageshow the viscositgependent stability
of filaments to build a structure with desired shape, in this case, a mingosp

In case of the pure low visdts resins, the addition of nanofillers was a key in order to
increase the resins viscosity and make them suitable feuccessfuUV-3D printing while the
observed shedhinning behaviorfacilitated materials extrusion at lower pressures. Howevtee
addtion of higherloadings especially in case of CNTmay decrease the resins transparency and

consequently their photopolymerization rates, and thus, lowers the fabrication rate.

3.2. Processing criteria

Materialconversiorrate GHILQHG KHUH DV . ZKLFK kdldéicktianGdHJUHH RI
0 for the uncured visas liquid to 100% for the completelguredsolid) is a crucial parametéor an
accurate UV ' S U LQWdegedds on both the intrinsic properties of theeniwdt (e.g., type of
monomer, photopolymerization mechanism, etc.) and also procestted parameters such as the
thickness (or diameter) of the extruded filaments, the intensity of theoUles its distance from the
extrusion point and the UV exposure time. For an accurate 3D supported or fresddaation, the

photoinitiated polymerization of monomers should occur within seconds tcagivitical degree of
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materials conversion GHILQHG KwHitiH isDhé required increase of rigidityFigure 5
schematically represents the matepiadcess related photopolymerization mechanism duhedJ\¢
3DP fabrication of a flament Depending on designed geometrieiher sefsupportedor freeform
features, a specific value fac may be requiredn particular, to accurately fabricate a 3D freeform
microspring, the extruded filament must stay under theekposure for a certain time until it reaches
enoughrigidity, being able to mechanically support newlet liquid extruded materia(high .c
valueg. This value may be lower for safipported periodic scaffold or even for the vertical rods.
Considering all the parameters, we can come to the conclusion.tisainfluenced by three major
processingparametersradiation exposure lengtfregion) depositionspeed and extrusion pressure,
which are thoroughly discussed in thaldwing sections.For each parameter, only representative
optical imagesof structuredabricatedusing an extrusion nozzle @60uminternal diameteandthe
UV-PU resin NEA 123T will be shownFinally, a processing map wil be drawn to show the

capability of the UV3DP technique for the fabrication of various microstructures with different
geometries.

Rigidity transition point (defined as
when areaches a.)

Radiation
exposure length

Extrusion to exposition length ~|:—>|<_:| Conversion length

Extrusion to rigidity length |

100%
Sufficient rigidity for ’
UV-3D printing o

T

Materials too soft for a
UV-3D printing

Figure 5. Schematicrepresentation of the mater@locess relategphotopolymerization mechanism
during the U¥3DP fabrication of a filament.



3.2.1. Radiation exposure lengthl{/-exposureone)

The radiation exposure length or {&Xposure zone is shown in FigeThis parameter is
controlled by moving the UV source (i.e., thieg with six fiber optics shown in Figure 2c)ward
and dowward The U\texposure zonés adjusted such that the filament is exposed to the UV
radiation slightly after extrusiofie., extrusion to exposition length as shown in Fig)ré&his allows
the increase in rigidity upon curing to occur away from the extrusion point. Howsy&d\tradiation

must nonetheless remain as close as possible to the extrusion point in oegpeodace the specific
path of the moving extrusion deviiee., short gtrusion to exposition length as shown in Figbye

Figure 6shows the effect of radiation exposure length on the fabrication of freeform
microsprings. Figure&is schematic oh designed microspringd coils, coil diameter of 1 mm and
filament diameteiof 150 um)to be fabricateavhile Figure6b and6c shows the optical images of an
unsuccessful fabrication resulting froam incorrect positioning of UV radiation apparati$e
material used here was tRU (NEA 123T) and the extrusion nozzle was 150 m. Figure 6b
shows the structures fabricated when the tip of extrusion nozzlé thee U\Vtlight (i.e., extrusion to
exposition lengthequals to0O mm) by which the nozzle might be clogged byetcured materials.
However when UV radiationwas adjusted far from the extrusion nozzle (i.e., long extrusion to
exposition length the extruded filamentgid not reachthe desiredULJLG LW \< L) kb provide
structural support for the material being deposited, resulting in-@mame structures (Figuée).

Figure 6. Incorrect adjustment of Uéxposure region: (a) virtual image of the programmed path of
the extrusion nozzlepj the extrusion nozzle is very close to4d¥posure region, and (c) the

extrusion nozzle is too férom UV-exposure region so the filament meets the UV light later than it
has to. The deposition carried outatepositiorspeed of 0.3 mm/s and extrusion pressure of ~ 1 MPa
using an extrusion nozzle of 150¢internal diameter and the LRU resin, NEA 123T
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3.2.2. Depositionspeed

Figure 7 showsoptical images of the vertical lines (Fig. 7a) and microsprings (Fig. 7b)
fabricatedat differentdeposition speed0.1 — 0.7 mm/s) while maintaininga constant extrusion
pressure of 4 MPa In order to better interpret the resulise extrusion speed tfie material inside
the micronozzle was estimated for the extrusion pressurel d¥iPa The extrusion speed cannot be
controlled directly and is the extrusion pressure dependerhe extiusion pressuref 1 MPa the
apparent viscosity of material was extrapolated fitbmn viscosity curve of LAPU (NEA 123T)
shownin Figure 3a.The associated extrusion spe&;],, was then estimated from the following
popularcapillary equation:

452
where [ 545 theextrapolatedapparent viscosity of the material apd?s the pressure drogtand .

'M1)

areradius and length of the extrusion nozekespectively.lt should be mentioned that tiestimated
extrusion speed value might not be accurate amslcaiculated to help better interpretation of the
results bycomparingthe deposition and extrusion speeds. For the extrusion pressure of thklPa,
extrapolated value of thBwas ~ 115 Pa.s andhe extrusion speed was estimated.4 mm/s At the
relatively low depositionspeed (0.1—-0.2 mm/s) the lineswere straight and stable having a diameter
much larger than the internal needle diameter dubdth mismatching thelepositionspeed(< 0.4
mm/s)and theextrusionpressurispeedand also swelling of the material after the exit of the extrusion
nozzle The UV-exposurdime was enough to allow the colete curing of the filamenté.e, U R §

and thusthe fabricagd lines werestraight.However,a slightinstability like waviness of the filaments
was observed at thepeedof 0.3 mm/s The filaments’ diameter varied depending on the material
possibleswelling and thelepositionspeed As thedeposition speehcreasedihe filaments diameter
decreased anithe straight flament&/ere observedit the deposition speed of 0.4 mnvs, the filament
wasstraight with a diameter close to th#& of the micronozzle, indicating the possible match between
the deposition speed and extrusion pressure/sgeéeuigher speed$0.6 —0.7 mm/s) the possible
stretching ofthe extrudedmaterial(deposition speed > extrusion speaw)y also affectthe filament
diameter.As thedeposition speed increased, the length of the vertical filaments reduced and a bubble
shapewas observed at the topndof the vertical filamentThe reason is that the extrusion nozzle
moved to the robot origin after it reaell the final extrusion point and thus thetest extruded
materialsdid notmeetthe UV light enougho reach the requiredgidity. Thereforetheshort UV
exposure time (long extrusion to rigidity lengtiesulted in an incomplete polymerization of miater

at the top of flamentg§i.e., . ). This problem can be addressed by keeping the extrusion mbzzle
the last extrusion poirfior a fewseconds while no monek is extruded.
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Figure 7. UV-3DP fabrication of (a) vertical filaments and (b) freeform microspagkfferent
deposition speeds and a constant extrusion pressure of ~ 1 MPa using an extrusion nozzle-of 150um
internal diameter and the URU resin, NEA 123T.

Figure 7b shows optical images of the microsprings fabricated at differenttidepspeed
(0.1-0.7 mm/s) and a constant extrusion pressureloMPa.At a relative lowdeposition spee(D.1
— 0.2 mm/s) the extruded filamentidl not follow the designed patRor an accurate fabrication, the
UV exposure zone should be adjusted such that the filament is exposed ¥ tadidtion shortly
after extrusion which allows the increase in rigidity upon curing. Therefothedow deposition
speed, it takes longefor the filament before reaching the exposure region (meeting thiaghty,
thus the filament maglumpby its weight as a result of incomplete curing. In other words, the rigidity
of the extruded filamentgvas not high enougHi.e., . ¢) 1o providestrictural support for the
material being depositedn addition to incomplete curing, the possible filament bending due to the
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mismatchbetween the deposition spe@d0.4 mm/s)and the extrusiopressure/speecbntribute to
some extent tthe unsuccessful lfaication. A thedeposition speemcreased (0.3-0.4 mm/s), stable
filaments with geometries close to the designed pate observed. The best match was achieved at
the deposition speedf 0.4 mm/s(matchingthe extrusion pressure/speed0.4 mm/s) that enabled
the accurate fabrication of microsprings composed of seven turns fot heigte of 7 mm with the
middle coils having a pitch of + mm. A further increase of the deposition sp@efl —0.7 mnv/s) led

to the fabrication of the microcoils Viag smaller diameter than their programmed diamé&this
issuemay comdrom the fact that the rigidity increase of newly deposited mateniat high enough
due to the short UV exposure time. Therefore, the extruded filamsrihdnaame rigidity fronmits
extrusion point to the previous support point so that the filament sradeeg the extrusion nozzle
changing direction. To address this issue and have relatively high fabricagsn meaterials with
higher polymerization rates should be usAdothe contribution may come from the mismatch
between théeposition speeand theextrusion pressure/speed (> 0.4 mm/s) that leads to the stretching
and the deformation of the filament.

3.2.3. Extrusionpressure

The effect of lhe extrusion pressure on the431 printing of the structuresvas investigated,
while keeping the deposition speednstant. Figure 8ahows optical images of the vertical lines
fabricated asevendifferent extrusiorpressure$0.5 — 35 MP3g) and a constd deposition speedf ~
0.5mm/s The extrusion speed of the material inside the micronozzleestimated for the seven
extrusion pressures by extrapolating the apparent viscosity of the miateniarigure 3aand using
Equation 1 (see section 3.2.Z)able 1 lists the estimated extrusion speeds for the sevesi@xtru
pressuresised The fabricated vertical filaments were straight and stable for dssyres up to 2 MPa
with the increase of flaments’ diameter with increasing the extrusiesspre Above this pressure,
either waved onon-shapdilaments were observed, confirming the importance ofmalching the
extrusion pressufgpeedand thedepositionspeed As listed in Table 1, for the first twelatively low
pressure30.5—1 MPa), the dgnated extrusion speedserebelow the deposition spe€d.5 mm/s)
Therefore, flament stretching most pssibly responsible for the smaldiameter of the filamenté<
the extrusion nozzle’tD). The fabrication of the filaments at the pressures.BfNPa and 3 MPa
gradually made the filaments less stable and prodoeekdng instability. This instability is possible
GXH WR LQFRPSOHWH SR§VYeddusé pbisuffic@nt WV ldxposure time and also
bending of filament as result of tlikeposition speed and extrusion pressure/speed mismxa@h (
mm/9 for the relatively high material flow rate.
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Table 1. Estimated extrusion speeds based on capillary equations for seven extrusion presdures us

Extrusion pressure Extrapolated viscosity | Estimated extrusion speed base
(MPa) from Figure 3a (Pa.s) on capillary equations (mm/s)
0.5 240 0.1
1 115 0.4
1.5 100 0.6
2 80 1.2
2.5 70 1.6
3 65 2.3
3.5 60 2.9

Figure 8. UV-3DPfabrication of(a) vertical flaments angb) freeform microsprings at different
extrusion pressures and a constiegositiorspeed of ~ & mm/s using an extrusion nozzle of
150puminternal diameter and the LURU resin, NEA 123T.

Figure 8b shows optical images of the microsprings fabricated at diffexgusion pressures
(0.5 — 3.5 MPa) while maintaining a constant deposition spafed 0.5 mm/s. The fabrication of

microsprings at the lowest extrusion pressure (0.5 MPa) was unsutsestat either the extruded
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material lost their filamentary shape mostly after the first coil was fategtar a vertical wavy
filament was obtained, as can be seen in Figure 8b. This relatively low extnessorgassociated
to anextrusion speed of 8.1 mm/s)may result ina mismatchwith the deposition speed whiddads
to stretching of the filamenvhenthe deposition speeudas set a0.5 mm/s. At the pressures above 1
MPa, more stable filaments were observed, although the fabricabedspmings featured different
shapes, heights and coil diameteks.pressures of 1 and 1.5 MPa, the estimabederial extrusion
speeds of @ - 0.6 mm/s(see Table 1lereclose to lie deposition speed of 0.5 mnidsus, the
microsprings geometryerecloseto the programmed design, indicating the proper selection of the
processing parameterSimilar to the microsprings fabricated at lafepsition speesl (0.1— 0.2
mm/s) shown in Figure 7b, applying relatively higher pressure8.8 MPa) led to the fabrication of
non-shape structures most probably due to incomplete curing of the filasrehéds o their possible
bendingcaused by mismatd betweerthedeposition speed and the extrusion presspeed.

3.3.Processing map based on materialnd processing criteria

The experiments shown in sectiBr2wereselectivelyrepeated foa few materials either pure
resins or their nanomaterials filled nanocomposites having shear thinningityidsteaviorssimilar
to those shown in Figure 3. The extrusinozzles diameteusedwere 100 pum or 150 pm. A
processing mawascreatedunder those cditions for the U/-assistedBD printing technique Figure
9 shows the processing map drawn based on the two most important processiegepgrahich are
the extrusion pressure and tlepositionspeedThe diameter of the extrusion nozzle is found tecff
only the extrusion pressures so that less pressure is required for tiedoaxaf materiathrough
larger nozzle diameter and vice verBlae UV intensitywassetfor all the experiments &0 m\Wcni2,
match with the Uvcuring kinetics of the mater@alThe UV exposure zone wadsaadjusted such that
the filament is exposed to the UV radiation slightly after extrusion and kepanbnst
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Figure 9. UV-3DP processing map for the fabrication of different microstructures at an adj¥sted U
intensity and exposure zone. Zone | (blue): vertical microrods, Zone Il (greérguppbrted
structures, Zone Il (red): 3D freeform structures, and Zone 1V: wesstul fabrication.

For successful and accurate fabricationveftical microrods,3D self-supported and 3D
freeform micragtructures, the manufacturing parameters as well as the intringierfiee of the
materials have to be properly chosen. After atemed met the criteriafor the viscosity and
polymerization rate required for the LBDP technique, the extrusion pressure and the speed will be
matchedto achieve the critical conversion rate;, which may vay dependingon the desired
geometryThe large area of zone | indicates that a vertical microrod can beatabliica broad range
of pressures and speeds udiifferentmaterials. Zone Il which is part of Zone |, shaWwatthe range
of the parameterare limitedfor the fabrication of sklsupported or layeby-layer microstructures
when compared to those of the microrodisndicates that a higher value ofc is required for the
fabricationof layered structures due to possible buckling of the flaments between twotsppipts
at an mcomplete curingProcessing zone is much narrower for the fabricatiorBdffreeform
structuresas shown in Figure @& Zone lll. Further increase of thilamentrigidity (i.e., much higher
.c) is required, which limits the range of extrusion pressures and speed. lasth slight mismatch
between the extrusion pressure anddigositionspeed affects the fabricated structure shapes which
may be far from the programmed trajectatgne IV shows the range of parameters in which the UV
3DP was unsucssful with our UV seup and the materials used in this stutly.general, the
fabrication of the 3D complex structures is found to be more complicatedhidiaof vertical microds
in which the fabricated filament is along the direction of extrusion. dlbisz's the vertical flament to
uniformly expose to the UV light, which is not the case for the 3Dssgported and freeform

microstructures.
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3.4.Fabrication of 3D supported and freeform structures

Various complex freeform and salfipportedmicrostructures were fabricateas shown in
Figure 10 Table 2 lists the detadld informationof the manufactured microstructures such as
geometry, feature size, processing conditions and typmadérials usedFigure 10ashows SEM
image of a typical fiament circular crossectionhaving a diameter of ~20 ym. The filament
spannedwo rectangular pads with distance of 10 mm and wd#abricatedwith the U\:epoxy
nanocomposite (containiny wt.% CNTS3. The fabricated very high aspect ratio (Length/Diamnet
(L/D) equals to~ 65) flament could be used as higklgnsitive hanocomposite sensor to accurately
measure the strain of a structure under mechanical Isadiidj. In general, the concept of
nanocompositdased strain sensors is based on their elmetrbanical sensitivity that stems from the
rearrangement of percolating conducting pathways (e.g., nanotubes pathwegyl ibguan external
mechanical disturbancd]. The freestandingfeature of tle filament fabricated here may lead to
avoid capturingof undesired parasitic perturbations (local cracks, plasticity, Btapplications where

overall measurements are soudif.

Gnld spunered

R

Figure 10. Optical and SEM images skverafrepresentativenicrostructures fabricated using the-UV
3DP technique: (a) gpicalfabricatediilamentcrosssection (b) a 3D periodic 4ayer scaffold, €)

higher magnification oftf), (d) a network of 16 vertical microrods, (e) a network of 4 nanocomposite
microsprings, (f) a network & goldsputtered microsprings electrodes
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Table 2. Detailed information (geometry, feature size, processing conditions andateatsel for
the fabrication of microstructures shown in Figure 10.

Fig. 10 Geometry and Materials used | NozzlelD Extrusion Deposition
feature size (um) pressure (MPa)| speed (mm/s)
(a) A single filament UV-epoxy
having 10 mm length | nanocomposites 100 ~1.5 0.4

(1wt.% CNTS)

(b, ©) 4-layers scaffold with UV-PU

flament span of 1 mn| (NEA 123T) 150 ~1.5 0.3
(d) A network of 16 UV-PU y
vertical rods (/D:100)| (NEA 123T) 150 1 0.6
(e) A network of 4 UV-epoxy
microsprings nanocomposites 100 ~1.5 0.2
(1wt.% CNTSs)
(f, 9) A network of 15 golel Uv-PU 150 1 0a

sputtered microspring  (NEA 123T)

The flexibility of the UV3DP methods enabled to fabricate 3D periodic scaffolds with a
desired overall size, flaments length and diameter having potential applcati tissue engineering.
In these applications, filament spacing (or porosity of the structure) isaifigmgortance. Figure 10b
displays the enlarged SEM image of a representatiaget scaffold featuring 15 filaments in each
layer in a square fashion, which composed of the filaments having a length of ~ dfdnandiameter
of ~ 200umwith the filament spacing of 1 mm. Figure 10c is a closeiew of the smooth surface of
a flament in Figure 10b. Contrary to other techniques such asdirigiog of a fugitive ink filaments
whose spacing in a given layer is limited to approximateiytimes the filament diametdy/D of 10)
[16], the significant increase of the filament rigidity in the-BMP technique prevestisagging of the
flaments fabricated over the underlying layer featuring a long filampattirsg. Owing to this unique
capability, the spacing between filaments (i.e., structural pordsitg) given layer could be easily
tailored in order to provide an appropriate condition, in term of struetep@ndent parameters, for
cell attachment and growth7L

Figure 1@ shows optical image of a microrods network composed of 16 idemtctdal
microrods having a length of ~ 15 mm and a diameter of ~b®QL/D of ~ 100) The network was
fabricatedin a square layout ¢4) having a rod spacing of 3 mm. This type of microdexndaght find
applications in MEMS and labn-a<hip systems, for instance, as surface enhancement textures in gas
and biosensors and iolar cells [L§. In the literature, a rod aspect ratio of up to 50 has been achieved
using photolithography techniques in order to make such a device to entrap kidney cellsork netw
consisting of hundreds of microrofisaturing considerably largerspectratio of up tofew hundreds
can be manufactured using the-BBP technique.

Figure 10e shows SEM image of network of microsprings made of carbon nabasdok
nanocomposite materials with potential MEMS application such as freefwaim sensor with a

possible capability of sensing outf-plane strains I5]. This nanocomposibased microdevice
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consists of four identical freeform microsprings with seven 1 mm diameierand intecoil distance
of 3 mm. The height of microsprings was ~ 6 mm and taméht’s diameter was ~ 150 pigure
10f shows optical imageof afabricated networkvhich iscomposed 09 gold-sputtered3D freeform
microsprings with high potentiad in lab-on-achips. This manufacturedinterdigitated 3D
microelectrodemight be usedo build a real labon-a-chipdevicein order topromotecell separation
(e.g., cancer cell detectiorthrough dielectrophoresi®rces representing higher efficienoyhen
compared tetandard planar microelectrodd®]. The flexibility of the UV3DP tetnique enables
the accurate fabrication of complex 3D microstructures with diffegaametries for various
technological applications such as MEMS, microelectronics, and tissue emgineer

4. Conclusion

In the present workthe effects of manufacturing conditions of the-BBP techniquavere
thoroughly investigated in order to find a processingp for successful and accurate freeform
fabrication of 3Dself-supported and freeforsiructuresit was found that for successfulcaaccurate
fabrication of 3D structures, thaeposition speed, the pressure applied to the material, and the UV
radiation intensity have to be adjusted according to the viscosity and the curing treeertruded
material. Once the proper conditiomas goplied, the manufactured microstructures geometry maiche
the programmed robot’s paths and the fabricatiasreproducible A higher increase of the filament
rigidity was required for the fabrication of freeform microstuues, which limited the procesgi
condition to a much narrower zone, when compared to that edggiforted structure3he detailed
results presented in this study may help understand better the parametersintflibe UV3D
printing of microstructures with various geometries and may offer a genergleoveaf the technique
with its capabilities Further studies should focus on the creation of a dimensionless processit@y map
extend its applicability. This next step wil requirtaking into account the materials

photopolymerizatio kineticsduringthe fabrication of a structure.
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