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Abstract: Meltelectrohydrodynamicprocesses,inconjunction witha moveablecollector,

havepromisingengineeredtissueapplications. However,theresidualchargeswithinthefibers

deteriorateitsprintingfidelity.Toclarifythemechanismthroughwhichtheresidualchargesplayroles

andexcludetheconfoundingeffectsofcollectormovement,astationaryprintingmodeisadopted

inwhichfibersdepositonastationarycollector.Effectsofprocessparametersongeneralizable

printingoutcomesarestudiedherein.Thefiberdepositbearsauniqueshapesignaturetypifiedby

acentralconesurroundedbyanouterringandischaracterizedbyaratioofitsheightandbase

diameterHdep/Ddep.ResultsindicateHdep/Ddepincreaseswithcollectortemperatureanddecreases

slightlywithvoltage. Moreover,thesteady-statedynamicjetdepositionprocessisrecordedand

analyzedatdifferentcollectortemperatures.Acharge-basedpolarizationmechanismdescribing

theeffectofcollectortemperatureonthefiberaccumulatingshapeisapparentinbothinitialand

steady-statephasesoffiberdeposition.Therefore,akeyoutcomeofthisstudyistheidentification

andmechanisticunderstandingofcollectortemperatureasatunableprocessvariablethatcanyield

predictablestructuraloutcomes.Thismayhavecross-cuttingpotentialforadditivemanufacturing

processapplicationssuchasthemeltelectrowritingoflayeredscaffolds.
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1.Introduction

Meltelectrowriting processes, asanemergenttechnology utilizingthe principleof

electro-hydrodynamicsandadditivemanufacturing[1,2],havearousedwideinterestduetoits

abilitytoproducepolymericscaffoldwithtunablemicroarchitecture[3–6]andmorphology[7–11].

Moreover,thesolvent-freecharacteristicoftheprocessmakesitamenableforabroadapplication

scopeforengineeredtissues[12–18]. However,theprintingfidelityoftheengineeredscaffold

notablydeteriorateswhentheprintingtoolpathisdesignedforlargerlayeringdimensions[19]or

smallerfeatureporesizes[20]. Whenthelayeringheightofengineeredscaffoldexceedsathreshold

(maximum7mm),thescaffoldwillloseitsfidelityinthelayeringdirection[19].However,whenpore

sizeortheinterfiberdistanceissmallenough,thejetexposedtointeractionfromthepreexisting

fiberswilldeviatefromitsprescribedpath,thuslosingprintingfidelityinthelateraldirection[20].

Thisdeteriorationisattributedtomanyfactors,includingthejetinstabilityandfibersagging[21].

Amongthem,themostimportantfactoristheresidualchargeentrappedwithinthescaffold[19],

whoseeffectsincludethetwoprimaryaspects,chargeamountanddistribution. Consideringthe

principleofelectrohydrodynamicprocessandthesemi-conductivityofprocessedpolymericmelt,

thejettedfibercarriesanetpositivecharge[22,23]. However,duetotheeffectofexternalelectric
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field, the existence of negative charges and its separation from positive charges (charge polarization),
becomes critically important in affecting the interaction between the jet and deposit (i.e., whatever
has been printed on the collector). While the amount of charge governs the jet-deposit repulsion,
the charge polarization dictates the jet-deposit attraction. These two competing, coexisting effects
define the distinctive behavior of jet deposition and the various printing outcomes.

Two methods have been studied to mitigate the effects of residual charge towards improving
the printing fidelity, including dynamic control of an external electric field [19] and manipulation
of substrate conductivity [20]. However, there are still several theoretical problems that need to
b answered. First, although control of the external electric field and other process variables is beneficial
in taming the in-flight jet [1,24], the formation of final printing outcomes depends more on the
interaction between the jet and deposit, which has not been clarified. Second, the interaction on the jet
from the deposit depends not only on the charge amount, but also the charge distribution within the
deposit, or charge polarization, which has not previously been studied with rigor. Lastly, although
the charge amount within the fiber can be tuned by changing substrate conductivity, it is inflexible,
or even unfeasible to obtain a desired substrate material with appropriate conductivity. Moreover,
this method has little effect when the jet deposits on layers away from the substrate.

To address these problems, a stationary printing mode is applied to elucidate the charge polarization
mechanism and how it determines interaction between the jet and deposit, thus printing outcomes. Unlike a
typical melt electrowriting process, the collector is kept motionless throughout the printing process, and the
effect of any other process parameters can be reflected by the geometry of fiber accumulation. In this way,
any effects due to a relative movement between jet and deposit, including jet lag and fluctuation in jet
speed, can be eliminated, thus giving a more explainable result. Collector temperature is extensively studied
considering its significant effect on charge polarization, and printing outcomes.

2. Materials and Methods

2.1. Material Preparation

Poly (ε-Caprolactone) (PCL, Capa 6500) is in the form of pellet with an average molecular weight
(Mw) of 45,600 g/mol and polydiversity of 1.219 (Perstorp UK Ltd., Warrington, UK). A glass Luer-lock
5 mL syringe (Hamilton Company, Reno, NV, USA) is loaded with 5 g PCL pellets. An industrial
heat gun (Steinel Inc., Bloomington, MN, USA) set at 160 ◦C is used to heat the syringe barrel with
its needle-end upwards from bottom to top, until roughly half of the pellets melt into transparent
liquid. The plunger is then pushed upwards so that the melt fills the space among the remainder
pellets and expels the air out of the syringe barrel. The syringe is then placed vertically with its
needle-end upwards in a laboratory convective oven (Sheldon Manufacturing Inc., Cornelius, OR,
USA) set at 70 ◦C and heated overnight to remove any bubbles that may affect the process stability and
the structural formability of fibers. After each experiment, the syringe is kept at room temperature to
avoid unnecessary thermal degradation during storage.

2.2. Melt Electrohydrodynamic System Configuration

The electrohydrodynamic system applied in this paper is schematized in Figure 1. The barrel
of the syringe is heated by the industrial heat gun set at 160 ◦C through a heating tunnel.
The bottom of the heating tunnel is penetrated by the needle of the syringe and the exposed
needle length is 2 mm. The plunger of the syringe is propelled by a programmable extrusion pump
(Harvard Apparatus, Holliston, MA, USA). The needle of the syringe and the aluminum collector plate
(203 mm × 203 mm × 3.3 mm) are connected to the positive and negative terminals of the high voltage
supply (Gamma High Voltage Research Inc., Ormond Beach, FL, USA), respectively. The collector
plate (shown in Figure 1) is fixed on a heat exchange element (DigiKey Electronics, Thief River Falls,
MN, USA, 172 mm × 162 mm × 20 mm), which is mounted on an XY moving platform consisting of
two X slides (Velmex Inc., Bloomfield, NY, USA). The inlet of the heat exchange element is connected
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to the faucet, which can adjust the temperature of the inflow water. The outflow water is discharged
down the drain. Each time the situation of infill water is altered by turning the knob of the faucet,
the temperature of the collector plate is monitored until it stabilizes at the target level for 15 min.
Three levels of collector temperature are selected, which are referred to as high (30 ± 0.5 ◦C), medium
(23.5 ± 0.5 ◦C), and low (16 ± 0.5 ◦C) collector temperature in this paper. The ambient temperature
is kept at 23.5 ± 1 ◦C. The important parameters enabling the melt electrohydrodynamic process are
shown in Table 1.
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Figure 1. Schematic representations of the melt electrohydrodynamic system and the cold plate:
(a) composition of melt electrohydrodynamic system; (b) cold plate with its dimensions.

Table 1. The parameters and their values or range in the melt electrohydrodynamic process.

Parameters Values

Polymer temperature (Tp) 94.7 ± 1 ◦C (measured)
Applied Voltage (V) 12 kV, unless otherwise stated

Volumetric flow rate (Qv) 25 µL/h
Tip-to-collector distance (Dtc) 20 mm

Inter-fiber distance (Sf) 60–500 µm
Set temperature (Ts) 160 ◦C

2.3. Imaging and Data Measurement

A 1080P, 60FPS, industry microscope camera with 0.5× to 4.5× objective (Lapsun, Hong Kong, CN)
is used to take high resolution images and videos (Videos S1 and S2) of printing process. All the
temperatures are measured by the thermometer (Cole-Parmer, Vernon Hills, IL, USA). The macroscopic
dimensions of samples are measured by the slide caliper. Error bars in the figures represent the
standard deviation of samples. At least 3 samples are measured for each data points. When necessary,
data groups are compared pairwise using a t-test with Excel. The statistical significance is characterized
by the probability p-value.

3. Results

3.1. Effect of Deposition Time and Collector Temperature on Bulk Geometry of the Fiber Deposit

In a previous study, the bulk geometry of the fiber deposit based on melt electrospun fiber
accumulation on a stationary collector is qualitatively determined to vary as a function of the substrate
conductivity [20]. In contrast, this stationary printing mode study quantitatively measures the effect of
varying collector temperature on the evolution of the bulk geometry on a bare aluminum collector plate
with uniform conductivity. In order to tune the collector temperature parameter, water channel lines
within the heat exchange element are prescribed varying temperatures in order to reach steady-state
collector temperatures of 16 ± 0.5 ◦C, 23.5 ± 0.5 ◦C, and 30 ± 0.5 ◦C, with other parameters prescribed
according to Table 1. The general observation here is that the shape of the bulk fiber deposit geometry
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istypicallyahighcentralconeencircledbyanouterring.Betweenthecentralconeandouterring,

severallowerconescanalsobevaguelyidentifieduponcloserinspection(highlightedinFigure2b).

Whenthetemperatureis16 ◦C,theheightdifferencebetweenthecentralconeandouterringis

insignificantandthebulkgeometryassumesadisk(Figure3a),while,asthetemperatureincreases,

theidentificationofacharacteristiccone-and-ringfeaturebecomesapparent(Figure3c).Asideview

profilecomparisonisshowninFigure3d.Theevolutionofbulkgeometrywithdepositiontimeis

showninFigure2.Toquantifythebulkgeometryofthefiberdeposit,threeparametersaremeasured

orcalculatedincludingitsheight(Hdep),basediameter(Ddep),andtheirratio(Hdep/Ddep),asisshownin

Figure4.FromFigure4,bothHdepandDdepincreaseasthedepositiontimeincreases,whileHdep/Ddep
remainsrelativelyconstant,whichisconsistentwithFigure2.Asthecollectortemperatureincreases,

HdepsignificantlyincreasesandDdepdecreases,whichresultsintheincreaseofHdep/Ddep(Figure4
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Figure4.Effectofdepositiontimeandcollectortemperatureontheformationoffiberaccumulation

geometry:(a)effectsofdepositiontimeonHdep;(b)effectsofdepositiontimeonDdep;(c)effectsof

depositiontimeonHdep/Ddep;(d)effectsofcollectortemperatureonHdep/Ddep.Asthedepositiontime

increases,bothHdepandDdepincreasein(a)and(b),whiletheirratiosHdep/Ddeparerelativelyconstant

in(c).Asthecollectortemperatureincreases,Hdep/Ddepincreasessignificantly.

3.2.EffectofVoltageonBulkGeometryofFiberDeposit

Foranenhancedunderstandingoftheformationoffiberaccumulationgeometry,theeffectof

appliedvoltageonitsthreegeometricparametersHdep,Ddep,andHdep/Ddepisstudied.Thedeposition

timeiskeptat4min,andtheappliedvoltageismaintainedwithinanoperationalrangeof11to15kV

withthelowerboundyieldingfiberpulsingphenomena[25],andtheupperboundwithresultant

sparkingorterminationoftheelectrospinning. AsisshowninFigure5,asthevoltageincreases,

theheightofthefiberaccumulationandHdep/Ddepdecreasesslightlywhilethebasediameterincreases

(almostunchangedat30◦C).
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Figure5.Effectofvoltageontheformationoffiberaccumulationgeometry:(a)effectsofvoltage

onHdep;(b)effectsofvoltageonDdep;(c)effectsofvoltageonHdep/Ddep. Asthevoltageincreases,

HdepdecreasesslightlyandDdepincreasesslightly,exceptfor30
◦C.Thecalculatedratio,Hdep/Ddep,

decreasesslightly.

3.3.ObservationofJetStatesandItsDependenceonCollectorTemperature

Tofurtherclarifythegeometricformationoffiberaccumulation,howthejetisdepositedonthe

cumulativefiberdepositsischaracterizedoveraperiodofdepositiontime.Observationindicates

thatat23.5◦Cand30◦Cwhenthecone-and-ringfeatureofthecumulativefiberdepositsbecomes

discernible,thejetwillswiftlyswitchbetweendifferentstatesandalternatelydepositonthecentral

coneandouterringduringtheprintingprocess.Basedonthis,thejetstatesarecategorizedas1,−1

and0(showninFigure6),whichrepresentsthejetresidesonthecentralcone,outerringorinthe

transitionstate,respectively.Two15svideos(VideoS1for23.5◦CandVideoS2for30◦C)arerecorded

andanalyzedfortheirconstituentframes.Resultsshowthatstate1,0,and−1arisesequentiallyand

cyclically(1→0→−1→1→0→−1···).Inotherwords,betweenstates1→−1,thejetdepositionpoint

descendsfromthecentralconetotheouterring,featuringanobservabletransitionstate(0).However,

ascendingfrom−1→1istransient,wherebythejetdepositionpointeffectively“jumps”directlyfrom

theouterringtothecentralcone.Itisalsonoteworthythat,at30◦C,thedepositionpointswitches

betweenthecentralconeandouterringlessfrequentlyandresideslongeratthecentralconecompared

tothatat23.5◦C(Figure6c).
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Figure6.Effectofcollectortemperatureonthedynamicjetdepositionprocess(printingtime5–5.25min):

(a)jetstates−1,1,and0at30◦C;Thescalebarsdenote1mm.(b)evolutionofjetstateat23.5◦C;

(c)evolutionofjetstateat30◦C;(d)percentageofdifferentjetstatesat23.5◦Cand30◦C.State1,−1

and0representsthejetdepositionpointisonthecentralcone,outerconeortransitioningfromthe

centralconetotheouterringonthefiberdeposits.

4.Discussion

Inthisstudy,thestationaryprintingmodeofoperationrepresentsanidiosyncraticandpredictable

process,duringwhichthewhippingmotionofthejet,alongwiththedistortionofthejetduetoits

impactwiththecollector[26],playsignificantrolesindeterminingthegeometricformationofthe

cumulativefiberdeposits.Furthermore,thecompetingchargeeffectsofjetattractionandrepulsion

withthefiberdepositsalsocontributetotheprocessoutcomes.Toframetheinitialdepositionbehavior

offibersinaprobabilisticmanner,theschematicinFigure7adepictsacentralpointConthecollector

directlybelowtheneedleandatypicaldepositionpointplocatedatanarbitraryradialdistance

frompointC.Moreover,theorangecirculararearepresentsthesetsofallprobabilisticpointswhere

thefibersmaybedeposited.Basedonthisframework,theprobabilityofthefiberdepositionwill

generallydecreaseradiallyoutward.Tobesure,theinitialcumulativefiberdepositsrepresentsa

statisticalaverageoverasignificantprocessdurationratherthananoutcomethatcanbepredictedat

aninstantaneouspointintime.InanidealCase1wheretheabsenceofchargeeffectsishypothesized,

thecombinedeffectsofwhippingmotionofthejetandbucklingimpactfromthecollectorwill

presumablyresultinadome-likefiberdepositionshape,regardlessofthecollectortemperature

(Figure7b).However,whenthechargeeffectisconsidered,collectortemperaturemakesadifference.

Alongthespectrumofpossiblefiberdepositshapesasafunctionofcollectortemperature,fourother

discretecasescanbeconsideredinthisstudy.
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Figure7.Imaginaryschematicofinitialfiberdepositshapebasedonprobabilisticjetdeposition

behavior:(a)depositionareaundertheneedle;(b)idealCase1withoutfiberattractionandrepulsion;

(c)Case2atlowcollectortemperaturewithstrongrepulsionbutweakattraction;(d)Case3atmedium

collectortemperaturewithcomparableattractionandrepulsion;(e)Case4athighcollectortemperature

withstrongattractionbutweakrepulsion;(f)Case5atsuperhighcollectortemperaturewithsuper

strongattractionandlittlerepulsion).

Foralowcollectortemperaturesetting(around16◦C)inCase2,theintroductionoffiberrepulsion

weakensthedependenceofdepositionprobabilityateachpointintheorangeareainFigure7aonits

location,andresultsinacharacteristicdisc-likefiberdepositionshape(Figure7c).Instantaneously,

thefibersmayhaveahigherprobabilityofdepositingatsomeexistingpointsoftransientmaterial

accumulation. However,theweakpolarizationandtheaccumulatedfiberrepulsionredirectthe

fibertrajectoryawayfromtheseexistingmaterialdeposits,yieldingarelativelyuniformthickness

offiberdeposition.Bycontrast,inCase4(Figure7e)athighcollectortemperatures(around30◦C),

theinvolvementofpolarizationstrengthensthedependenceofdepositionprobabilityateachpointin

theorangeareainFigure7aonitslocation,whichcanbeexplainedasfollows.Duetothedifference

ofdepositionprobabilityateachpoint,pointsatthecenteraremorelikelytoaccumulatemore

material,thusformingaprotuberance,wherethelocalelectricfieldisstronger.Inturn,thelocal

strongerelectricfieldmakestheprotuberancepolarizedevenmoreheavily,whichmeansmorenegative

chargesareseparatedandmoveupwardlyoverafurtherdistance.Theresultisthattheupperpartof

theprotuberanceaccumulatesmorenegativechargeandattractsthejettobedepositedtheremore

frequentlyandmakesitevenhigher.Fromtheperspectiveofprobability,thefiberismostlikely

depositedatthepointrightbelowtheneedle(CinFigure7a),lessatitssurroundingarea(orangearea

inFigure7a)andleastattheouterpart(outsidetheorangeperimeterinFigure7a),thusresultingina

maximumconepeakatthecenter,severallocalmaximumconepeaksaroundit,andboundbyan

outermostring(Figure7e).Herein,theincrementincollectortemperaturemodifiesthejettrajectoryto

onethatisincreasinglyattractedbythefiberaccumulation,especiallybythecentralpeak.Theresultis

thatthefiberdepositshavealowerprobabilityofspiralingdown,yieldingrelativeincreasesinHdep
anddecreasesinDdep.Case3atmediumtemperature(around23.5

◦C)inFigure7disatransitioning

statefromCase2toCase4.Finally,ifextremelyhighcollectortemperaturesareprescribedasin

Case5inFigure7f,thejetwillbeattractedbythefiberdeposittightly,stopwhippinganddeposit

continuouslyatthepointrightbelowtheneedle,thusthefiberaccumulationwillbelikeapole.

Theprobabilisticbehaviorexplainstheinitiationofdifferentshapesoffiberdeposit.Afterthe

initialshapehasbeenformed(after2min),thejetdepositionreachesasteadystateandbecomesmore

predictable.Sincetheprescribedrangeofcollectortemperaturesinthisstudyresultsinthefiberdeposit

shapesillustratedinFigure7c–eandCase3inFigure7drepresentsatypicalstateoffiberaccumulation,

thejetdepositionbehaviorinsteadystateforthiscaseisdynamicallyrecordedandanalyzed.Results

indicatethatthelocationofjetdepositionpointisdeterminedbythepolarizationstateofthedeposit

(showninFigure8),andswitchesbetweenthecentralconeandtheouterperipheryring(Figure6b,c).

InFigure8a,thejethasjustreturnedtothecentralconefromtheouterringbecausetheconehasbeen

sufficientlypolarized,andtheupperpartoftheconeisabundantwithnegativecharge.Theincoming

positivelychargedjetmixeswiththenegativechargeinthecone(Figure8b),untiltheincreasing

positivechargerepelsthejettotheouterring(Figure8c),whichhasbeensufficientlypolarized.

Whilethejetisdepositedattheouterring,thechargeintheconeisgraduallyredistributedbecause

ofexternalelectricfield(Figure8d).Therefore,thejetisattractedbacktotheconeagain(Figure8a).

Thisformsacycleinwhichdepositionandpolarizationhappenscyclicallyatboththeconeandring.
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Again,itshouldbenotedthatthecone-and-ringmodelonlydepictsthejet’spredictablebehaviorafter

thebasicshapeoffiberdeposithasalreadyformed(printingtime>2min),soitprovideslimited

insightintotheformationoflowerconeshowninFigure2
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Figure8.Cyclicchangeofjetstateanddepositpolarizationstateinsteady-stateprintingphase:

(a)thejetisattractedbackfromtheouterringtocentralcone,whereinthecentralconeissufficiently

polarized;(b)thejetisdepositedonthecone,whereinthecentralconebecomesgraduallypositively

charged;(c)thejetisrepelledawayfromthecentralconetotheouterring,whereintheouterring

issufficientlypolarized;(d)thejetisdepositedontheouterring,whereintheouterringbecomes

graduallypositivelycharged.

Theeffectofcollectortemperatureonthedynamicprocessismainlyrepresentedbythetimepercentage

whenthejetstaysonthecentralconeandtheswitchingfrequencyofjetstate.Asthecollectortemperature

increases,theextentofpolarizationalsoincreases,whichmeansthatthenegativechargesmovethecone

upwardsoverafurtherdistance;therefore,thenetpositivelychargedjetwillresideontheconeforalonger

period(Figure6c),andthejetdepositionswitcheslessfrequentlybetweentheconeandring(Figure6a,b).

Basedontheanalysisontheformationoffiberaccumulationandourpreviousstudy,effectsofprocess

parametersonitsgeometryareapparent[20].Changeofanyparameterthathelpsimprovementofpolarization

willincreaseHdepandchangeofanyparameterthatproducesmorepositivechargewillincreaseDdep.Moreover,

therelativesignificanceofthesetwoeffectsdeterminestheshapeoffiberdeposit,whichwillresultina

cone-and-ringstructureiflarge,andaflatdiskstructureifsmall.Therefore,Hdep/Ddepcanberegardedasan

indicatorofthestrengthratiooftheextentofpolarizationtothechargerepulsioneffect(orthestrengthratioof

fiberattractiontorepulsion).Fundamentally,substrateconductivitywillaffecttheamountofnetpositive

charge,whilecollectortemperaturewillaffecttheextentofpolarization.Theincreaseofsubstrateconductivity

andcollectortemperaturehelpstodecreasetheamountofnetpositivechargeandpromotethepolarization,

respectively,whichhelpstheformationofcone-and-ringstructure.Incontrast,whenthesubstrateconductivity

andcollectortemperaturedecreases,theamountofnetpositivechargeincreasesandtheextentofpolarization

decreases,whichisbeneficialtotheformationofdisk-likestructure.AsisshowninFigure4,sincethecollector

temperaturemainlyaffectstheextentofpolarization,Hdep,insteadofDdep,issignificantlyaffected.Duetothe

weakeningofpolarizationasthecollectortemperaturedecreases,thejetissubjecttoweakerattractionfrom

thecone,morematerialwillbedepositedontheperiphery,andDdepcorrespondinglyincreases.

Itisevidentthat,inadditiontocollectortemperature,theextentofpolarizationisalsoaffectedby

thelocalelectricfieldstrength.Consideringitseffectonnetpositivecharge,asthevoltageincreases,

bothHdepandDdepareexpectedtoincrease.However,theresultsfromstudyingtheeffectofvoltage

onfiberaccumulationgeometry(Figure5)areinconsistentwiththeexpectationofHdepandcanbe

explainedasfollows.First,anincrementinthevoltageyieldsanincreaseinthejetspeed,whosestronger

impactontheareaofexistingfiberdepositeffectivelydecreasesitsheight.Second,anincrementinthe
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voltage leads to an intensification in the whipping motion, which makes the jet more likely to spiral
down along the periphery. Both the decrease of Hdep and increase of Ddep result in smaller Hdep/Ddep
(Figure 5). However, compared to voltage, collector temperature is a more tunable process variable
sensitive to affecting the shape of fiber accumulation. By changing the collector temperature from
16 ◦C to 30 ◦C, Hdep/Ddep increases approximately 10 times from 0.14 to 1.38, while, by changing the
voltage from 15kV to 11 kV, Hdep/Ddep increases 1.14 to 1.29.

5. Conclusions

In the stationary printing mode of operation for a melt electrohydrodynamic process, the fiber
accumulation geometry, as characterized by the ratio of its height to its base diameter (Hdep/Ddep),
is found to be affected by the two key process variables of collector temperature and voltage. Within the
experimental variable ranges studied herein, collector temperature is determined to be a more tunable
process variable with significant downstream formation of the fiber deposition shape. Specifically,
the collector temperature plays a mechanistic role by affecting the charge polarization process in the
initial deposit and thus affecting the probabilistic deposition behavior of the jet. By dynamically
observing the steady-state deposition process, the jet is found to alternatingly deposit between the
central cone and outer ring as a function of time. As the collector temperature increases, the jet
deposition point resides longer on the central cone and switches its states less frequently as predicted
by the polarization mechanism. Although the stationary printing mode of operation investigated
in this study does not yield engineered porous 3D tissue scaffolds, the advanced approach reveals
the generalizable effects of collector temperature on charge polarization on fiber deposition shape.
As a result, this work sheds light on the explanation of charged-related phenomena in other melt
electrohydrodynamic processes, such as melt electrowriting of microscale porous structures.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/8/11/1440/s1,
Video S1: Video of jet deposition at 23.5 ◦C, Video S2: Video of jet deposition at 30 ◦C.
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