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ABSTRACT: Embedded 3D printing enables the manufacture of

soft, intricate structures. In the technique, a nozzle is embedded into ‘ ‘

a viscoelastic support bath and extrude®ents or droplets. While # ) o ‘ o ‘ o) @) O

embedded 3D printing expands the printable materials space to low-

viscosity uids, it also presents new challenges. Filament Cross-  Decreasing ink viscosity/support viscosity

sections can be tall and narrow, have sharp edges, and have rough

surfaces. Filaments can also rupture or contract due to capillarity, LLlL EEEETE ¢ 3

harming print delity. Through digital image analysis of in situ

videos of the printing process and imagesawfents just after

printing, we probe the ects of ink and support rheology, print ... - —_ — —

speeds, and interfacial tension on defects in indiiaongnts.

Using model materials, we determine that if both the ink and support

are water-based, the local viscosity ratio near the nozzle controls the
lament shape. If the ink is slightly more viscous than the support, a round)ameitis produced. If the ink is oil-based and

the support is water-based, the capillary humber, or the product of the ink speed and support viscosity divided by the interfe

tension, controls théament shape. To suppress contraction and rupture, the capillary number should be high, even though tt

leads to trade-s in roughness and roundness. Still, inks at nonzero interfacial tension can be advantageous, since they lead to r

rounder and smoothelaments than inks at zero interfacial tension with equivalent viscosity ratios.

KEYWORDS:3D printing, extrusion, support bath, HeBulkédy, rheology, surface tension

‘e © o

Increasing capillary number

INTRODUCTION embedded multiphase compon@Bisibedded 3D printing is

nown by many aliases, includfngeform 3D printifig *

The proliferation of 3D-printing techniques has enabled th% ; ; PN
fabrication of complex, custom structures in a wide range fggform reversible 9{2960‘0“.”9 (FRE. _“guest host
riting (GHost writind) ™ “sacricial writing into functional

materials. Each printing technique is limited to a particul 17 « 2. .
materials space. For example, inkjet printing is well-suited El;\?vé,,sw\ivllg!: ;2 d“ws;il:;peir:lde?a*a/:rr aé?%zmél\&%tr;gnug%urmg
low-viscosity photopolymers, while fused deposition modeli - . gmngr g tably, £l

aflows incorporation of cells into bio-inks, which can improve

is restricted to thermoplasficBirect ink writing (DIW), cell adhesion compared to seedina cells on orinted
wherein continuousaments are extruded onto a substrate 121321 24 P 9 P

and subsequently cured, requires extrudable and seifaolds.

! . . ; While it presents new opportunities, embedded 3D printing
supporting viscoelastic matetiagRecently, embedded 3D resents unique challenges in print quality. Whéasets

printing has enabled the fabrication of soft, low-viscosi % DIW and fused deposition modeling tend to be short and

materials and IS partlcularly us_eful for blopr_ﬁ1t‘f'ngn wide as they spread and are squeezed between the nozzle and
embedded 3D printing, a nozzle is submerged into a supp?ﬁ[e substral%'”}')% EIW laments tend to be tall and

bath, which is usually a viscoelastic gel. The nozzle em}?z{rromfaﬂ 291t |ament lament interfaces are weaker or
eé;[\r/l\J/des gontlrtiou?Iamentt)s,d;ord 3mdetded. t|_nk WE%'gg less conductive or have lower cell concentrations than the
.( ), or droplets, for em edaded droplet printing ( ) .)’ enters of thelaments, largdament aspect ratios could lead
into the support bath. The printed part can be cured via ligh o anisotropy in the full part. Some ElMments have sharp

PH, thermal curing, or introduction of a cross-linker such as ges and triangular cross-sectiéis:>° while others have
enzyme or ion and then extracted via rinsing, melting, or

dissolution of the print batilternatively, the support can be .
cured and the ink can be remdved,both can be curéd.  Received: May 6, 2022
Because the bath holds the form of the printed part, embedd&gcepted: June 20, 2022
3D printing expands the materials space to include lower-

viscosity materials, expands the toolpath space to include

vertical lines instead of being constrained ydayers, and

expands the design space to inclute structures and
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Table 1. Variables Referenced in This Work for Ink and Support

d, d, inner, outer nozzle diameters
Qest programmed|ament diameter CNATPR
Vink ink velocity ink ux/nozzle area
Vsup support velocity stage translation speed

ks sup shear rates

ink sup local viscosities

ke sup densities

interfacial tension

vink v, sup shear yield stresses

BMhw Bmy, Bingham number yield stress/viscous dissipation
Ca,, Cayp Ca capillary number viscous dissipation/interfacial tension
JeR,ink OpR sup normalized critical diameter yield stress/interfacial tension
ORnk Ohyyp Ohnesorge number viscous dissipatigrfinertiax interfacial tension)
Rey Reyp Reynolds number inertia/viscous dissipation
Wen, Weyp Weber number inertia/interfacial tension

round cross-sectiofis® In addition to sharp edges, some inertia in this printing process. In this wtrdtid’ refers to
material systems producéaments with rough surfa- the ink value divided by the support value. For example, the
ces:*3! 3% Filament surface roughness and sharp edgesscosity ratio is,/ s, Where velocities are referenced, ink
could introduce porosity to thenal part® trap support ow speeds are deed as the volumex of ink divided by the
material? or introduce surface roughness to tfe part and  inner cross-sectional area of the nozzle. Support speeds are
inhibit removal from the bathThis work uses parameter de ned as the translation speed of the stage.
sweeps to directly probe theeet of interfacial tension, ink At zero interfacial tension, various rheological and inertial
and support rheology, and printing speeds on cross-sectioaatcts could be at play. Simulations of embedded 3D printing
shape and surface roughness. Criticalljpdvénat rounder,  which varied the viscosities of the ink and support indicated
smoother laments are produced as the local ink viscosity tthat the local viscosity ratig,/ s, (Table }, controls the
support viscosity ratio increases and the capillary numbeoss-sectional shape at zero interfacial térEheviscosity
decreases. ratio has also been shown to correlate with morphologies of
Although laments can rupture in Dit/the lack of injected and embedded viscolsnents’*® Alternatively,
substrate pinning introduces new rupture modes in EIWgne could consider the Bingham numbers of the ink and
including PlatealRayleigh instabilittesand cell-induced ~ supportBm=,d/( V), where , is the shear yield stredss
rupture and buckling.These rupture modes can be leveragedhozzle diameter,is viscosity, andis velocity. The Bingham
for EDP, but control of droplet size and frequency is Criticalnumbers describe the relationship between shear yield stress
Multiple theories have been proposed that connect 24 &nd viscous dissipation. The support Bingham number, which
lament stability to the ratio between the interfacial tensioi$ similar to the Oldroyd number, has been shown to correlate
and mechanical and rheological properties oflahgent ~ with ow behaviors during embedded 3D printing andof
including the ink elastic modulus, support shear yield stregéscoelasticuids around cylindets.** Finally, one could
and ink tensile yield strés$§*® However, these previous consider the Reynolds numbers of the ink and supgort
relationships describe long-term behaviors of inks and suppor¥¢! , where is density, which describes the ratio between
that have recovered, so the critical energetic contributions anertia and viscous dissipation and has also been shown to
elastic. In many embedded 3D-printing applications, theorrelate withow behavior around a cylindfer:*
laments are cured soon after printing, via interaction with aAt nonzero interfacial tension, there are several ways to
cross-linker in the bath, exposure to a curing light, or pHalance interfacial tensiopagainst inertia and rheology. The
change upon interaction with the Bdththese scenarios, the ratio between the interfacial tension and viscosity has been
short-term behavior of théament is critical, so the viscous found to _correlate with shrinking and rupture in injected
behavior of thelament and bath may be more important than laments. This ratio is contained in the capillary nun@er,
the elastic behavior. In this work, we sweep through inks amdnich describes the relationship between viscous dissipation
supports of varying rheological medioncentrations, known and interfacial tension. The capillary number can hedde
interfacial tensions, and print speeds. These results show tiggRarately on each side of the support interface, where
in the short term, the capillary behaviors of prinéedents ~ Can = invind  and Cayp = ey - Alternatively, the
correlate just as strongly with local viscosity-based scalf@pillary number can be used to describe how viscous
factors as yield stress-based scaling factors. Additionally, urfiiegipation in the support interacts with the of ink.
long time scales, at short time scales there is no critical radiusCa: /
at which laments break into droplets. sup Yk @

In embedded 3D printing, the stability of writtaments
SCALING RELATIONSHIPS has been proposed to depend on the critical diameter for
Several scaling relationships have been proposed as key tB#ieauRayleigh instabilitiedhe = / sy where alament
for controlling print quality in embedded 3D printing. Here,With a diameter smaller the, will rupture>** To put the
we discuss a few relationships whiactehe relationships ~ Critical diameter in context, we can use the programmed
between interfacial energy, viscous dissipation, yielding, at@ment diameted,,= d;/ i,/ &, The critical diameter
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Figure 1.Diagram of printing setup. Inset: Schematic of toolpath. The ink pressure is on for thick lifiesdotted lines. Arrows indicate
writing direction. Models are via #Js51

ratio, dog = dif dg, describes the likelihood of Plateau based inks were prepared using the same procedure as that for the
Rayleigh instabilities, where a value greater than 1 indicaf¥§Port 9els, but with blue water. Laponite-based inks were printed

that instabilities should be suppressed. Alternatively, the Webl sdgymiirfrrgicxtiigﬂ'oi%gfgé?;gmzngelﬁsgoﬂizfgﬁz&ﬁﬁ?@r-
numberWe= vd , which describes the relationship between erage molecular madg,700; Sigma-Aldrich) was added to blue

inertia and interfacial tension, has been shown to correlate w ter and mixed in the planetary mixer. A mass fractioh205%

the morphology type in Injectedhment§.3 Finally, the Aerosil 200 fumed silica (Evonik) was added to the PEGDA/water
Ohnesorge numbe©h= /,/ d, which describes the mixture and mixed in the planetary mixer. PEGDA inks were printed
relationship between viscous dissipation, inertia, and interfadiel same day that they were mixed. For mineral oil-based inks, a mass
tension, is a strong indicator of dripping modes in inkjefraction of 0.01% Sudan Ill red dye (Sigma-Aldrich) was added to
printing‘.“" white, light mineral oil (Sigma-Aldrich) and mixed in the planetary
mixer. Then, a mass fraction 0®% Aerosil R812S fumed silica was
added to the mineral oil and mixed in the planetary mixer. For mineral
METHODS AND MATERIALS oil (MO) inks with surfactant, a mass fraction of 0.5% Span 20
The data produced for this work, including density measuremen{§igma-Aldrich) was added to mineral oil and mixed in a planetary
surface tension measuremerds; rate calibration measurements, mixer before adding fumed silica. Mineral oil and mineral oil/Span
rheology measurements, Shopbot moveren{equivalent to G-  inks were printed the day after mixing. For poly(dimethylsiloxane)
code), videos of the printing process, raw and stitched images (@DMS) inks, vinyl-terminated poly(dimethylsiloxane) (molecular
printed structures, timpressure tables, and extracted metric tablesmass, 28 000 g/mol; 1000 cSt; Gelest DMS-V31) was combined with
are available at v The code used to analyze the data is available a2 3% (mercaptopropyl)methylsiloxanajimethylsiloxane copoly-
refdé. o _ _ o mer (molecular mass, 608000 g/mol; 120180 cSt; Gelest SMS-
Materials. In all steps in this section whevéds were mixed ina  022) at a 3:1 mass ratio and mixed in the planetary mixer. A mass
planetary mixer, they were mixed in a Flacktek planetary mixer fction of 0.05% Sudan Il red dye was added to the PDMS mixture
2500 rpm (262 rad/s) for 3 min. Where a mass fraction is cited, ifng mixed in the planetary mixer. A mass fraction of 5% to 12.5%
refers to only the mass fraction at the current step, not foralhe  agrqsjl R812S fumed silica was added to the PDMS mixture and
material. H?r7e|n, onl)r/]“mass fraflc“oﬂs arfe u;set?/;)armfers to t?e mixed in a planetary mixer. Finally, a mass fraction of 25% mineral oil
nutmt}er 0.0 1’38 sucf ,a.n:ass raction of 2 % néfers to 2 g of X or silicone oil (SO) (20 cSt; Sigma-Aldrich) was added to the mixture
OUSO every g of mixure. . and mixed in a planetary mixer. PDMS-based inks were printed the
upport gels consisted of Millipore water, Laponite RD (BYK)d after mixing
and, in some cases, Tween 80 (Sigma-Aldrich). Gels were mixed in h . . .
eology. Dynamic frequency sweeps and dynamic strain sweeps

overhead stirrer at 400 rpm (4.19 rad/s) for 4 min, where a mass ;
fraction of 2.254% of Laponite powder was added slowly to watervere collected on an Ares-G2 rheometer. Sweeps were collected using

during stirring. For gels without Tween, gels were poured directly inf> MM diameter parallel plates with a gap size of 1 mm. Oscillatory

the printing reservoir and rested for 1 day before printing. For gelguency sweeps were collected at a strain of 12.5%, from a frequency

with Tween, the Laponite gel rested for 1 day, and then a ma8100 to 0.1 rad/s. Oscillatory amplitude sweeps were collected at a

fraction of 0.5% Tween 80 was added to the gel and mixed infegquency of 10 rad/s from a strain of 1000 to 0.01%.

planetary mixer. A 40 g amount of support gel was then pouredlnterfaual Tension. Interfacial tensions were measured between

directly into the 49 mL printing reservoir and rested for 1 day beforeil-based inks and water-based supports using a Puiriptorce

printing. tensiometer (Sigma Instruments 700/701). Interfacial tensions
Several inks were tested. To create blue water, a mass fractiolefiveen water-based inks and water-based supports were assumed

0.01% Nile Blue A dye (Sigma-Aldrich) was added to Millipore watetlg be negligible. For comparison, one test included Laponite and

mixed in a planetary mixer, and rested for at least 1 day. Laponisg#ica, but we could not cam that elasticity had a negligiblect
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Figure 2.(A) Examples of oscillatory strain sweeps showing yield stress behavior for Laponite-based andugiicadf®aEsdmples of
oscillatory frequency sweeps showing shear thinning behavior for Laponite-based and sitisaf{Gadestimated ink viscosity inside nozzle

as a function of silica mass fraction in ink, at ink speeds of 5 mm/s. (D) Measured yield stress as a function of silica mass fraction in ink.
Estimated support or ink viscosity inside nozzle as a function of Laponite mass fraction in support or ink, at ink speeds of 5 mm/s. (F) Meast
yield stress as a function of Laponite mass fraction.

on the measurements, so interfacial tensions included in the scalssgtional shape (XS). Thest printed line was not included in the

variables used data fromds without Laponite and silica. reported data, to eliminate transiemces. Next, four vertical lines
Printer Con guration. Experiments were conducted on a were printed (1015 mm), wherein the nozzle would start at the top
modi ed Shopbot Desktop D2418 CNC mifigure ). The drill of the line, plunge to the bottom without extruding ink, then extrude

head was replaced by a stainless steel stage, which was cantilevekesis the nozzle traveled upward (vertical). Finally, three horizontal
out from the gantry. The moving stage contained a gasket-lined sloies (17 22.5 mm) were printed such that the camera would record
that held a replaceable glass printing reservoir. The reservoirs wiligr side view. The extrusion pressure was turredttee end of
made of 75 mm by 25 mm by 1 mm glass slides, glued together usewmrh line. For some experiments, the extrusion pressure was turned o
Loctite 0151 adhesive. All other components were statiearit slightly before the end of the line due to a machine error. Pressure
the base of the printer. The nozzle was a 20 gauge blunt tipped neeclleves were recorded during printing, so anticipdedent
with an inner diameted) of 0.603 mm, a wall thickness of 0.152 dimensions were calculated considering transients and timing
mm, and a length of 38 mm. A Fluigent LineUp Flow EZ mass inaccuracies.
controller controlled the inlow rate via programmed air pressures. A Image Analysis.During each print, videos were collected of the
color camera (Basler ace acA800-510uc) with a lens (VZM 450printing process. After the print, the nozzle was removed, and images
viewed the printing reservoir from the side. The reservoir was backdiere collected. First, the entire horizontal area was imaged, from
by two LEDs at wavelengths of 590 and 625 nm, mounted togethkottom to top and left to right. Next, vertical lines were imaged in
with a long-pass mirror and ground glassseli (Thorlabs). The  reverse order from when they were printed, from bottom to top.
gantry, massow controller, and camera were controlled using aFinally, cross-sections were imaged in reverse order, from bottom to
custom interface written in PytHi8n. top. For all laments, the focal plane was in the center detient.
Densities, which were used in pressome speed calibration, Images were processed using OpenCV?4r5R4thon 3.8% The
were collected by measuring masses of known volumes of ink. Eaotle for this work is available at4@fFirst, images were stitched
time a new ink was loaded onto the printer, extrusion pressures wévgether such that all of the horizontal lines combined into one image
calibrated to intendedw speeds by extruding ink into air atexd and each vertical and XS line had their own image. Stitching smaller
pressure for aked amount of time and measuring extruded masses.ifages allowed for higher-resolution measurements, although, in
quadratic curve wasto the pressure ow speed measurements and some cases, the ink and support moved between images, particularly
used to calculate extrusion pressures. For fumed silica-based inks, ti@ combinations with dynamic processes including capillarity and
guadratic term was usually negligible. Calibration curves for a givamelling. Next, images were thresholdesti, and labeled into
composition could vary between trials based on small variations in t@nnected components to identify unique ink segments. For cross-
time since mixing, length of the tubing, or composition. sections, the largest ink segment was selected and measured. For
Toolpaths were designed to print horizontal and vertical linekorizontal and vertical lines, where some lines ruptured into multiple
(Figure ). First, ve horizontal lines (1@5 mm) were printed such  droplets, the segments were separated by the line they belong to,
that the camera would view them head-on, documenting their crogssunted, and measured.
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Statistical analysis was performed using both linear regressions #hel nozzI€° In the following sections, we use the Herschel
Spearman rank correlations in Python. Unless otherwise noted, bg[]|k|ey model to estimate the viscosities of the suppimg
variables are log-scaled before performing linear regressions. SpEdund the nozzle at shear rag = Veud do and the ink
man rank correlation coeients,r, andp values are listed in the owing through the nozzle at shear F%“F \c} J o
Supporting InformatioriTo be considered as a potential scaling Increasing the concentration ofl rhecl?logli'cal modi

variablejrd > 0.5. In all such cases, fhealues are much less than Y . . -
0.01. Throughout this work, error bars indicate standard error. ~ Whether it is Laponite RD, hydrophobic fumed silica, or

Simulations. For comparison and understanding of the pressurdlydrophilic fumed silica, increases the viscosity and yield stress
eld, simulations from r2® and new simulations are shown in the Of the supportKigure £,D). Adding Tween 80 or Nile Blue
Supporting InformationNew simulations of Newtonian inks in A dye to Laponite in water decreases the viscosity and yield
Newtonian supports were run as described iA9ret support  stress Figure E,F). Whereas Laponite-containingds
viscosities of 1@nd 18 Pas and at ink viscosities of 49 16 exhibit a shar@ drop-o at yield and largé /G contrast
10° 1075 105 and 10° Pas. Briey, OpenFOAM, a volume-of- pejow yield, the silica-containing inks experience a more
uid-based computationaid dynamics solver, was used to S'm“|ategradua[3 drop-o (Figure A andFigure S The oil-based

the extrusion of individual horizont@ments from a static nozzle : o e .
oriented along theaxis into a bath, where the surfaces of the bath ar ks eXh!b't less severe shear-thlnnlng behf”“’"’f than the water-
ased uids, particularly at low strain rategyre B and

owing along the axis’®* The nozzle has the same dimensions as™ | C .
the 20 gauge nozzle used in these experiments, and both print spdel@g!re S1EH). The Laponite-moded uids also have a
are set to 10 mm/s (twice as fast as the default speed in thg{ronger dependence on the time since mixing than the fumed
experiments). Cross-sections were collected from the simulated 8ilica-modied uids. Immediately after mixing, Laponite-
volume 5 mm downstream of the nozzle after 2.5 s of extrusion angodi ed uids are pourable and have a low viscosity, allowing
reported in th&upporting Informaticof this work and in réfo. For — for support baths without air bubbles. However, withinsthe
vgrtlcal laments, bqundary cond!tlons were establlshed. sllghtlday, the viscosity and yield stress increase sharply and then
di erently. The positive and negakwand positive and negative - qn4inye to rise gradually over tirig(re S2) In contrast,

faces, which were parallel to the directiorowf had a constant - . . . .
velocity downstream at 10 mm/s. The ink inlet, which was parallel tt(pe rheology of silica-moeld uids varies less over time,

the direction of supporbw, had a constant velocity downstream at Particularly for high silica loadinggy(re S2B

10 mm/s. The nozzle walls had a no slip boundary condition. The Composition Controls Interfacial Tension. We use
positive and negatizefaces, orthogonal to thew direction, were ~ di erent uid matrices and surfactants to probe varying
quasi-free surfaces like the positiared downstream face of the interfacial tensions. Interfacial tensions between water-based

horizontal simulation, so support and ink comdin and out. supports and water-based inks were assumed to be negligible.
Interfacial tensions between water-based supports and oil-
RESULTS AND DISCUSSION based inks, without Laponite RD and fumed silica, were

Particle Additives Control Rheology. We use particle ~measured using a Du Iyaing force tensiometeFgble 3.
additives to control the rheology of the ink and support, which _ : :
strongly inuence printability. For good form holding, a yield Table 2. Material Systems Used in This Work
stress is helpful in both the ink and support, such thatidse

. . . . . . support
are solid-like below the yield stress and liquid-like above t| come,’smon ink composition symbol  (mN/m)
yield stress. To limit the pressures required to extrude inks, a@@er, Laponite  water, Laponite, bluewater 0
to allow the nozzle to travel through the bath without dye
de ecting, shear thinning behavior is also biahelf the ink water, Laponite  PEGDA, water, blue PEG 0
and support are shear thinning, they have a low viscosity within ~ dye, silica
and near the nozzle and a high viscosity during recovery. All ", Laponite, mineral oil, Span 20, MO/Span 1.4 0.07
. . . . ween 80 red dye, silica

the inks and supports in this study have a yield stress and shea{ . . :

N . . . . water, Laponite mineral oil, red dye, MO 42.13+ 0.14
thinning behavior above yiel&igure 2and Supporting silica
InformatiorFigure S1), although in some cases the yield stresgater, Laponite ~ PDMS, mineral oil, reBDMS/MO ~ 32.76¢ 0.02
is veg low. There are multiple ways one caredie yield dye, silica
stress” We dene the yield stress, as the drop-ostress at ~ water, Laponite  PDMS, silicone oil, reBDMS/SO  56.2& 0.02

which the storage modulu3 X decreases by 2% relative to dye, silica

the averagé measured at lower stresses. Another Commoﬁ\lonzgro interf_acial tensi_ons and stan.dard error are colleqted via Du
way to dene the yield stress is the crossover stress@vigere Nouy ring tensiometry without Laponite and silica but with dyes.
equal to the loss modulu§ (.°° The crossover stress is UYncertainty is standard error.

higher than the drop-ostress and is too high to progerly
describe the behavior of most Hers@wkley uids> Adding Tween 80 to water and Span 20 to dyed mineral oil
Using the drop-ostress from oscillatory strain sweepst we reduces the interfacial tension from 42.1814 to 1.42+

the oscillatory frequency sweep data to the HerBcitidey 0.07 mN/m. PDMS with mineral oil has a lower interfacial
model: = / +k" 1 where is the viscosity,is the shear  tension than PDMS with silicone oil, although PDMS and the
strain ratek is the consistency index, anid the power law  mineral oil phase separate, so this measurement may be more
index. Fitted regression values are shdviguire ZandTable re ective of a single phase than the mixture. Laponite and silica
S3 In the following sections, we use théwsl values to  may change the interfacial tension. When the support is freshly
estimate local viscosities for the ink and support. Because theseed water with 2% Laponite RD, and the ink is mineral oil
materials are shear thinning, their viscosities are nowith Sudan 1ll dye and 4% silica, the measured interfacial
uniform?® However, previous simulations indicated that theension rises to 53.%40.24 mN/m, from 42.18 0.14 mN/
viscosities of the ink and support within a yielded zone near without rheological moeirs. The Pickering ect, i.e.,

the nozzle only vary within an order of magnitude and can beterfacial stabilization via migration of particles to the
estimated using the ink and support speeds and dimensionsrtérface, has been proposed as a mechanism for lowering
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Figure 3.Cross-sections (XShigure ). Circles indicate size of intended cross-section. (A, C) Laponite-based inks with blue dye in Laponite-

based supports. Color variations are due to white bélamzticates prints with the same parameters. (B, D) Mineral oil-based inks with red dye

in Laponite-based suppofts.indicates prints with the same parameters. (A) Varying Laponite loadings in the ink and support, where the ink anc
support speeds are both 5 mrfds.indicates prints which were done on ardnt day, with a new batch of materials. (B) Varying silica loadings

in ink and Laponite loadings in support, where the ink and support speeds are both 5 mm/s. (C) Varying ink and support speeds, where ink
support have 3% Laponite. (D) Varying ink and support speeds, where the ink has 5% silica and the support has 3% Laponite.

interfacial tension in embedded 3D printing of viscoelastimpact on the morphology ddments. It is not safe to assume
materials? and migration of particles to the iskpport that cross-sections will be circular. A common morphology at
interface has been leveraged to stabilize printing of Newtoniagro interfacial tension is ashaped morphology, wherein
uids with an otherwise high interfacial tei§idrtHowever,  the top of the lament is pinched into a sharp edge and the
the Pickering ect would lower the measured interfacialbottom of the lament is wider and either rounded at
tensiorr® while here the addition of particles raises the(Figure &,C). At nonzero interfacial tension, cross-sections
interfacial tension. It is possible that this increase in measuma not have sharp edges and tend to be circular or elliptical
interfacial tension comes from elasticity or viscous dissipatigfjgure B,D).
which are assumed to be negligible in Duy Ndug The concentrations of rheological madin the ink and
tensiometry. As such, in the remainder of this work, we usepport, which correlate with the local viscosity and vyield
interfacial tension measurements collected without fumed silgtaess, iruence lament shapes. When printing water
and Laponite. Laponite inks into watektaponite baths, ddrent Laponite
Increasing Viscosity Ratio and Decreasing Capillary  loadings produce a wide rangdarhent shape§&igure 3\).
Number Produce Rounder Filaments.Head-on views of Where there is much more Laponite in the ink than in the
horizontal lines (XS irigure ]} indicate that rheology, support, nearly circulataments are produced, with slight
interfacial tension, and print speeds all have a consideraplaching at the top of thdament Figure 3). In contrast,
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Figure 4.Cross-section aspect ratios. Error bars indicate standardrenitates curling instabilities. (A) Viscosity ratio vs aspect ratio, where the
velocity ratio is 1. (B) Viscosity ratio vs aspect ratio, for water-/Laponite-based inks, where either viscosities or speeds are waried. (C) Cap
number vs aspect ratio, where interfacial tension is nonzero and either viscosities or speeds df¢ Qaoesis@otional area vs aspect ratio.

(D) Viscosity sweeps, where the speed ratio is 1. (E) Viscosity and speed sweeps, for water/Laponite inks. (F) Viscosity and speed sweef
mineral oil-based inks.

where the Laponite loading is much higher in the support thdncreasing the ink speed or decreasing the support speed
in the ink, the laments are tall and narrow with a sharp,increases the cross-sectional area, produces a rizumeler
pinched top edge and at bottom faceHigure &). When bottom surface, and produces a taller, shdgreent top
printing mineral oilsilica inks into watetaponite baths, edge Figure &). Next, consider 5% silica in mineral oil inks
laments tend to be roundé&tigure B). Like the water-based extruded into 3% Laponite in water supports, which produce
inks, at low support viscosities and high ink viscositiespund cross-sections at a speed ratio of 1. Increasing the ink
laments are round, and at high support viscosities and low isgeed or decreasing the support speed leads to a larger cross-
viscosities,Jaments are tall and narrdwgure B). However,  section and taller aspect ratio, still with round eé&gpsd
the mineral oil-basedament cross-sections are smooth and3D).
do not exhibit the at bottom edges and sharp top edges To quantify the escts of printing parameters on cross-
exhibited at zero interfacial tension. As showigime S9 sectional shape, we can use the aspect ratieddss the
water-based cross-sections are more bottom-heavy. At nonzeght divided by the width of the bounding box containing
interfacial tensions, thlEament cross-sections are larger thanthe cross-section. We can use Spearman rank correlations to
intended due to shrinkage and rupture. identify unifying scaling relationships acrossedt material
The ink and support speeds can alsaeimce horizontal systems. A Spearman rank correlatiorcea,rg, of 1orl
cross-sectional shapes. Here, the support speedeid de  indicates a strong correlation, while a value of 0 is a weak
the translation speed of the stage, and the ink speetkd de correlation. At zero interfacial tension, the Reynolds number
as the volumeux of ink divided by the inner cross-sectionalratio (s = 0.76, Bingham number ratig;(= 0.75, and
area of the nozzle, as measured during calibration. The iviscosity ratior{ = 0.77) have similarly strong correlations
speed to support speed ratiaugnces both the cross-sectional with the cross-sectional aspect rafiable S) All three
area of thelament and its shape. Consider 3% Laponite irscaling parameters contain the viscosity ratio, indicating that
water inks extruded into 3% Laponite in water supports, whietithin the tested domain, the cross-sectional shapes change
produce a triangular cross-section at a speed ratio of dver speed sweeps not because of inertia but because the
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viscosity ratio decreases as the speed ratio incFegges ( (Figure #). For speed sweeps, as the extruded area increases,
S3. Increasing the viscosity ratio produces more circulahat extra area is diverted vertically, like the zero interfacial
laments Figure 4A,B), in agreement with previous tension case. However, for viscosity sweeps, there is a negative
simulations Kigure Sy} Considering only water-/Laponite- correlation between area and aspect ratio. For viscosity sweeps,
based inks, both speed sweeps and viscosity sweeps colltpseross-sectional area also increases as horizontal lines get
onto a similar curve~jgure 8), conrming that the local shorter Figure SB indicating that the increase in area and
viscosity ratio alone is stient to predict aspect ratios. decrease in aspect ratio both come from contraction of the
Considering all interfacial tensions, for each ink, the aspe¢ament toward a spherical shape. In contrast, for speed
ratio decreases with increasing viscosity Fagioré A). At sweeps, cross-sectional areas increase while horizontal lines get
lower interfacial tensions, aspect ratios are |aigare(4). longer. Thus, increased speed ratios lead to larger areas but less
One ink, mineral oil with surfactant, experiences an increasecimtraction Figure SB
measured aspect ratio at high viscosity ratios. In contrast withSwelling E ects on Shape and Size of Cross-Section.
the pinching experienced at low viscosity ratios, this higpEGDA-based inks show that swelling can increase the size
aspect ratio represents a separate mechanism, where ahd decrease the aspect ratidashent cross-sections. These
lament curls over on itself near the noEzipife S} These PEGDA-based inks are 55%% water, in contrast with the
curling instabilities were documented in simulations ofaponite/water supports, which are ¥675% water. The
Newtonian inks and supports at high viscosity Tatos measurements Irgure 4are collected roughly 4 min after
they were more extensively explored via simulations apdnting. As shown iRigure D andFigure 5those cross-
experiments in ré&.
At nonzero interfacial tension, the interfacial capillary
numberCa(rs = 0.67), normalized support critical diameter,
Obr sup (s = 0.68, support Ohnesorge numb@ty,, (rs =
0.63, Reynolds number ratiRg,/ Rg,, (s = 0.5, and
viscosity ratio,in/ sup(rs= 0.5 correlate with the cross-
section aspect ratio. The correlations withRéneatio and
viscosity ratio are weaker, indicating that the interfacial tension
is necessary to predict the aspect ratio. The strongest
correlations are witl€a and dog ¢, indicating that the

relationship between the print speed, rheology, and interfacial
tension is a useful predictor of the aspect ratio. Incr€asing
increases the aspect ratio, indicating thaients become
more cylindrical with increasing interfacial tension, decreasing
ink speed, and decreasing support viscBsityd¢ €). The
aspect ratio scales the same @dHor speed sweeps and
viscosity sweepBigure £ andFigure S6/A while the aspect

ratio increases more quickly with ¢ for speed sweeps than

viscosity sweeps-ifure S6I) indicating thatCa better
captures the scaling of the system.

Cross-Sectional Shape Changes with Cross-Sectional
Area. When the cross-sectional area increases, the cross-
sectional shape changes. This is most apparent when plotting
the cross-section aspect ratio directly against the cross-
sectional area. First, consider only speed ratios of 1, with
varying viscositieBigure ). In water-/Laponite-based inks,
the cross-sectional areas are all close to the intended area but
have varying aspect ratios, indicating that changes in shape can
occur without a change in area. Next, consider PEGDA-based
inks. All of these inks have roughly 14 times larger areas than
intended. In PEGDA-based inks, there is a positive correlation ) o .
between the cross-sectional area and the aspect ratio. Fin&igure 5.Cross-sections of PEGDA-based inks in afonite
consider oil-based inks. There is a negative correlation betWéHHp?fésf'ogfgﬁieogt 'tehfé \évﬁéepgﬂieoﬁ‘tﬁ?e Ili;?lrgi(ljoliteeslzlt gfttﬁé ggr?]tg;g’
cross_—sectlonal area.and aspect ratio. Where t_he cross—sect?mﬂ fes an right were collected approximately 4 min after printing,
grea is close to the intended area, aspect ratios are taller t the focal plane in the center of the line. In some images, an ink
intended, and where the areas are larlgesents are circular.  {hread exists between thement and the nozzle.

Next, consider how viscosity sweeps vary from speed sweeps
when comparing cross-sectional areas and aspect ratios.
Consider water-/Laponite-based inks at zero interfacial tensisactions are much larger than intended. However, comparing
(Figure £). Whereas viscosity sweeps can produce a varietyimfages collected just after the line is printed to images
aspect ratios at the same area, speed sweeps exhibit a pogitiltected after 4 min, the cross-section clearly evolves over
correlation between cross-sectional area and aspect ratio.tife. Just after printing, cross-sections are only slightly larger
the area increases due to the increase in speed ratio, that ettiean the intended cross-sectiéigre %. Like the water/
area is diverted vertically. Next, consider mineral oil-based irlegponite inks irFigure 3, the PEGDA cross-sections just
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Figure 6.Images of vertical and horizontal lines (as narkegliie ), where the ink is mineral oil-based. Lines can be either contiaonmrgs

with accurate lengthléments), contracting into shdements (contracting), or rupturing into multiple droplets (droplets). Approximate domain
boundaries are shownindicates images which used the same speeds and materials. (A, C) Images of vertical lines, cropped together. Inter
spacing is wider in the actual bath. (B, D) Horizontal lines. (A, B) Speed sweeps at 5% silica in the ink and 3% Laponite in the support. Press
were on for the entire line length. (C, D) Viscosity sweeps at ink and support speeds of 5 mm/s. Pressures \westehiefiorectioe end of the

line.

after printing are more circular at higher viscosity ratiosvill complicate the toolpath design. Moreover, contraction
However, swelling slightly decreases the aspect ratios otlecreases the resolution of the print because it produces
time, as large aspect ratios expose the sides lafiieat so  thicker laments. In embedded droplet printing, where
they are available for swelling, so widths increase more quidltgplets are intentionally produced, the droplet size is critical
than heights. Swelling of tHement sides is likely why cross- for many applications.
sectional aspect ratios are smaller for PEGDA inks than forViewing laments from the side, it is evident that printing
water/Laponite inks=gure 4), even though both are water- direction, print speeds, and ink and support rheolagnie
soluble and have negligible interfacial tensions. Likewiske morphology of thelament. Printed lines exhibit three
swelling at the sides of thament is likely why cross-sectional types of morphologies: droplets, contracting, k@ngents
areas increase with aspect ratio in PEGAré D). (Figure §. Droplets occur where multiple droplets rupture
Increasing Capillary Number Inhibits Rupture and from the nozzle over the course of the printed line or where a
Contraction. At nonzero surface tension, the length ofprinted lament ruptures into droplets after printing.
printed laments and droplets scales with the capillary numbeContracting laments only rupture from the nozzle at the
Lengths are important for shaplelity. If laments contract end of printing but are shorter than the intendachent
to a shorter length than programmed and contraction is nd¢éngth. Filaments are the intended length.
taken into account during toolpath design, tkements will Morphology maps vary depending on whether speeds or
be written in the wrong relative positions. Even if contractioniscosities are varied and whether lines are vertical or
is taken into account, contraction over nontrivial time scaldwrizontal. First, consider speed sweeps. Filaments occur at
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Figure 7.(A, B) Lengths of longest horizontal segment, divided by programmed line length, for nonzero interfacial tensions. (A) Droplets, whe
there are more than 3/3 segments. (B) Contradingents, where there are 3/3 segmentdYGlormalized vertical line lengths and widths,

for viscosity and speed sweeps. (C) Viscosity ratio vs normalized length. (D) Capillary number vs normalized length. (E) Viscosity ratio
normalized diameter. (F) Capillary number vs normalized diameter. Error bars indicate standard error.

high speed ratios, and droplets occur at low speed ratios., the expected length of ttement. Horizontal line lengths
(Figure &,B). However, verticalaments are less prone to and droplet lengths at zero interfacial tension are close to the
rupture. At intermediate speed ratios, vertilzahents intended line lengthF{gure SIand do not correlate with
contract, while horizontalaments rupture into multiple any of the tested variabl&slfle SyTable SE However, line
droplets. Next, consider viscosity sweepsiré €,D). In lengths vary at nonzero interfacial tension.
vertical lines laments are produced at high support viscosities First, consider the dropletting region, where more than 1
and contracting laments are produced at low support segment per line is extrudeelg(ire A). Droplet lengths
viscosities. In horizontal lines, the same is true, but full lengllecrease with decreasaand, then, plateau arou@d <
laments start to appear at lower support viscosities, and there to 3 10% of the intended length. Several variables have
is a third region at low ink viscosities where droplets fornstrongr, with the maximum segment length:(r, = 0.87),
Ihese pnase boundaries cals et horontal Inge SUPOERF T afr=0.89, Oy (1,=072,Ri Ry .=
viscosity sweeps also exhibiemint dropletting behaviors. 0. A, and ind sup(fs= 0.5 (Table Sk Of thosefaand

Because the inow speed becomes much slower than thefollowed by the product of the ink and support normalized

support translation speedaments break up into more, critical diameters have the strongest correlation with line

smaller droplets, as droplets rupture from the nozzle mol%ngtfh' While the droplet Iength mg:reases@a&tha S|m|Ia|1r | h
frequently Figure @,B). In contrast, as the ink becomes muchrate or speed sweepSﬂd thy sweeps, the droplet lengt
less viscous than the suppdements break up into fewer, SCales much faster wdgl in % dpr sufOr speed sweeps than
larger droplets, as droplets cling to the nozzle and are draggéstosity sweeps-igure SIB indicating thatCa better
through the matrixHjgure ®). represents the scaling of the system.

There are two ways we can quantify the horizontal line Next, consider horizontal line lengths in the contracting and
length. The sum of the segment lengths in each line represent@ment regions, where one continuous segment is produced
the accumulated shrinkage of all of the extruded material. Tfeg each intended line. Naturally, these contradéingents
maximum segment length in each line represents the sizeapé longer than the droplet maximum lengths, given the same
individual droplets. For both metrics, the length is normalize@a (Figure A,B). However, for the sai@a the sum of the
by the distance traveled while the extrusion pressure was dmgplet lengths is similar to the contractilagnent length
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Figure 8.Filament position and roughnésscludes curling instabilities. (A) Depth of projection into the bath just below the nozzle, divided by
d.; the intendedlament diameter. Negative projections are deeper into the bath. Insets are for PEGBAu@Bness, represented by the

object perimeter divided by the convex hull perimeter, where there are 3/3 segments. (B) Example of roughness calculation for a single w
Laponite segment. (C) Nonzero interfacial tensions. Insets are for mineral oil viscosity sweeps (MO). (D) Zero interfacial tension. Insets are
water/Laponite viscosity sweeps.

(Figure S1¢ Like droplet lengths, contractingaments (Figures S16 and Jllike the results in r82, a much lower
lengths increase with increas®a (Figure B). Several apparent interfacial tension than the measured interfacial
variables have strongwith the total line lengtiCa (rq = tension would be necessary to bring the continlaoaents

0.90, Ghreup* O prmifs = 0.84, Ohy, (rs = 0.77, Rey/ on the correct side of the critical radius cuiegi(es S16 and

Re,p(rs=0.79, and i/ s,p(rs=066) (Table Sp Like the S1).

. | hth Lline | h | Vertical line lengths follow patterns similar to horizontal line
maximum segment length, the total line length correlates mq’éﬁgths. Verticallament lengths are slightly shorter than

strongly withCa, followed by the product of the normalized contracting horizontal lengths given the s@gdor each

critical diameters. Between the t@a,better consolidates material systemF{gure S1# This di erence is more

viscosity sweeps and speed sweeps onto the same trendlifshounced for viscosity sweeps than for speed sweeps. Like

(Figure S15A)B horizontal lines, vertical line lengths increase with capillary
There is no critical capillary number or normalized criticahumber Eigure D). However, unlike horizontal lines, vertical

diameter at which droplets begin to appear. While droplefihes at zero interfacial tension are not always the correct

tend to appear at low&a and dpg o, Values, in all of the length. Instead, the zero interfacial tension vertical lines are

. — typically longer than intendegidure T). Though it appears
tested materials, there @:@anddsp s, values where both that at zero interfacial tension, line lengths decrease with

contractinglaments and droplets are preseitfufe SI¥BY  increasing viscosity ratio, the correlation between viscosity
mapping morphologies as a function of support yield stress argio and line length is weak< 0.18;p= 0.07) Figure T
1/(estimated radius), it is apparent that the proposed criticalnd Table S1D For some vertical lines, including the water/
radius of / , does not hold over short time scales, as the_aponite viscosity sweep Rigure T, after the extrusion
lament and droplet regions of the map overlap greatlgressure dropped to zero, the stage continued to translate
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downward, allowing extnaid to leak out of the nozzle even at correlation witlfiRg,/ Rg,,is no better than the strength of the
zero extrusion pressure. In nonzero interfacial tengisn correlation with the viscosity ratio, inertia is not necessary to
the maximum recorded line length is close to the intended lirexplain dierences in projection depth between inks, only
length and theuid breaks oof the nozzle wherow stops.  viscous dissipation. At nonzero interfacial tension, there are
Leakage after the pressure drop manifests as a small droplahy strong correlations with the projection depah/

that clings to the nozzle and break#/ben the nozzle starts Cayp(rs= 0.70, dog il dPR,su.(rs= 0.68, Ohy/ Ohy,p(Ts

to travel horizontally agaifigure €). - - -
Vertical line lengths correlate with many of the same scalli 0-79, Rew R_%“p (rs = 0.7, Bith/ Bp (s = 0.6

lized length d ith viscosity ratio, partly becalals O™
normaiized Iength decreases with VISCosity ralio, partly beCausg,q ygrtical position of thdament downstream of the

the lines become too thin to detaélglire SIB At nonzero nozzle was also analyz&dgporting InformatipnThere are

mteﬁamgl tension, several va&bles have sjrofty the no clear, unifying trends across all inks. An experiment that
vertical line lengtita(rs = 0.87), tog sup(Ts = 0.89, Ohyyp(rs explicitly controls for ink density and nozzle wetting may be
= 0.83, Rgy/ Reg, (rs = 0.69, Bm,Bm, (r; = 0.51, and necessary to better understand the scaling afaheertical

ind sup(frs= 0.69 (Table S1)L AgainCahas the strongest position of the lament.
correlation, followed fug g Increasing Viscosity Ratio Decreases Roughness.

At zero interfacial tension, vertical line diameters arBoughness is a critical metric of print quality. Surface
constant. The water-based ink viscosity sweep diameters &¢ghness on an individuément could lead to porosity,
smaller than intended, which may be connected to transien@§icapsulated support material, or surface roughness on the
the calibration process, or inaccurate image segmentation B@l part. To measure roughness, we use segmentation to
the di use interface. Intuitively, at nonzero interfacial tensiofinarize images of horizontal lifégre 8). Roughness is
vertical line diameters grow wider as vertical line lengtigeasured as the perimeter of thement divided by the
shrink, with increasing Viscosity ratﬁjgmre 'E) and perlmeter of the convex hull that e_ncompasse%thent, )
decreasingCa (Figure F). At nonzero interfacial tension, Subtracted by 1. A roughness of 0 is perfectly smooth, with a
familiar correlations with the vertical line diameter er@erge: convex hull that overlaps with tement. A large roughness

r.= 084, too.(r.= 088, 0 r.= 089, R indicates that thdament contains deep and frequent crevices.
I(?S - ‘90 :PR'SE"( SB 8_ g‘g’( s q 9 e”ki Roughness primarily appears on horizdataénts. At speeds
Gup(rs= 0.64, BmuBmy,(rs= 0.61, and jnd sup(rs= and uid compositions where horizontaments exhibit deep

0.62 (Table S1B Again, the strongest correlations_ are cravices, verticaaments are smoothigure S26

measured fo€8 deg s andOhy,, Because the correlation  filaments at nonzero interfacial tension are 2 orders of

with Oh is no stronger than the correlation V@ inertia ~ magnitude smoother thalaments at zero interfacial tension

likely has a negligible impact on the vertigalent diameter  (Figure €,D). While laments at nonzero interfacial tension

at nonzero interfacial tension. Because the correlation wigan produce bulgingaments Figure &), laments at zero

Obr supiS Stronger than the correlation Wity it is possible  interfacial tension can produce protrusions with bulging

that yielding has a greater impact on vertarakent diameter ~ €nd points, resulting in a very large surfacefageae(®).

than viscous dissipation. At both zero interfacial tension and nonzero mterfag:lal tension,
Increasing Viscosity Ratio Plunges Filament Deeper  the lament roughness trends close to zero as the ink becomes

into Bath. The viscosity ratio controls verticdment  more viscous than the suppdfigire €,D). At very high
positioning, which is important for print feasibility. If theViscosity ratios, thelament curls over on itself, as
lament is positioned too high, the nozzle may need to scragémonstrated iffigure S7and ref29. Because of the way
into existing lines to write new lines. Just below the nozzle, tHUghness is deed, high viscosity ratio curling instabilities are
ink projects into the bath, and just behind the nozzle, thEleasured as an increase in roughness but are governed by a
lament risesHigure ). The normalized projection into the di erent mechanism than the low viscosity ratio roughness
bath is measured here aszbestance between the bottom of measurements.
the nozzle and the part of tHament that projects deepest ~The lament roughness mainly scales with the viscosity ratio
into the bath, divided by the estimatedhent diametet, A and capillary number. At zero interfacial tension, the horizontal
negative projection is into the bath, below the nozzle. Ideallj}e roughness correlates ViRi/ Re,, (s = 0.69, B,/
normalized projections should have a valud,dhdicating  BMy,(rs= 0.73, and i/ syp(rs= 0.78. Of the three,
that the bottom of thelament is exactly one intended the strongest correlation is with the viscosity ratio, indicating
diameter below the nozzle. Most measured projections dfat yielding and inertia are not necessary to préadiugnt
greater than 1, indicating that thelament is scraped roughness at zero interfacial tension. At nonzero interfacial
downstream, rather than projecting into the agfuie &.). tension, thelament roughness correlates Waifrs = 0.68,
Projections become deeper with increasing viscosity ratio. dgg ¢,o(rs = 0.69, Ohnd Ohyp (rs= 0.70, Rey/ Rgy, (1s =
other words, viscous inks project deeply into low-viscosity 73, BMyd Bmy, (s = 0.54, and i/ sy (1s = 0.70.

baths. Though Ca and b o, have similar correlation strengths,

There are several scaling variables that correlate strongly . . .
with the projection depth, but the viscosity ratio is theggvam,Cabetter collapses speed sweeps and viscosity sweeps

dominant scaling variable. For water-based inks, the project®M0 the same curve thag, o, (Figure S27D)EAIthough
depth strongly correlates Wi,/ Rg,,(rs=0.68 and ./ water-based inks expereenmuch higher roughnesses,
sup (Is = 0.69 (Table S1y Because the strength of the between oil-based inks, we found no scaling relationship
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which better unés inks of dierent interfacial tension than the simulations of embedded 3D printddments? Where

viscosity ratio Higure S27DIl). Moreover, becaugeh,/ decreasing the ink pressure increases the ink viscosity and

Oh,, ReW/ Rg,, and i,/ gypall contain the viscosity ratio, it increasing translation speeds decrease the support viscosity,

is likely that viscous dissipation alone igisnt to explain  these results are consistent with previous experimental

di erences in roughness. ndings, which indicated that increasing the ink pressure
Multiple Hypotheses Probe Physics of Defect increased aspect ratidsincreasing the translation speed

Formation. A summary of the key scaling relationships islecreased aspect ratli§,and increasing the ink pressure to

shown inTable 3 Out of the tested variables, the viscositytranslation speed ratio increased aspectratiogarly, other

works found that more viscous baths produce ldageent

Table 3. Summary of Key Spearman Rank Correlation  cross-section aspect ratios°° and teardrop orn-shaped

Coe cients between Printing Metrics and Scaling Variables cross-sectioiéand more viscous inks produce smaller aspect

ratios>° Additionally, sharp edges and triangular cross-sections

iy Y such as those shownHigure &,C have been demonstrated
metric md sp RGWREp Ca&  Grap ik sup for water-based inks in water-based supporS. Our
XS aspect ratio 0.77 0.76 0.67 0.68 051 ndings provide a general rule for material and speed selection:
horizontal segment ~ 0.00 0.02 0.87 0.76  0.55 to produce smooth, circuldaments, the local viscosity of the
length- ink in the nozzle should be slightly higher than the local
toltg‘r']gt?]”zoma' 0.02 044 090 082 0.66 viscosity of the supporwing around the nozzle. However, if
otal vertical length  0.40 0.45 0.57 0.85 065 the viscosity ratio is too .hlgh, curling instabilities emerge.
vertical line diameter ~ 0.16 012  0.84 088  0.62 _Sa man-Taylor Instabilities Cause RoughnessAt low
projection depth 0.69 0.68 0.34 052 078 ink viscosities and high support viscosities, surface roughness
horizontal roughness 0,78 0.69 0.68 068  0.70 appears onlaments, particularly at low interfacial tension.

Previous reports of varying roughness gratit microgels
could be linked to the var in% viscosities of the supports or
ratio is the dominant scaling variable at zero interfacial tensi$@rying support particle sizé:** Because a low viscosity
for the cross-section aspect ratio, projection depth, andlid is injected into a viscousid, this material system is
horizontal line roughness. At nonzero interfacial tension, tig@nsistent with Sman Taylor instabiliti€. An increase in
capillary number and normalized critical diameter have similéiterface length with decrieas viscosity ratio matches
correlation strengths, with the capillary number oftessimulations of Senan Taylor instabilitieS. At nonzero
exhibiting slightly stronger correlations and betteration interfacial tension, the increase in roughness with capillary
of speed sweeps and viscosity sweeps, for the cross-sediighber is consistent with previouslings that Sanan
aspect ratio, horizontal segment length, total horizontal lifgaylor instability nger width decreases with increasing
length, vertical line length, and vertical line diameter. Eveneapillary number. Although oil-based inks demonstrate
nonzero interfacial tension, the viscosity ratio isiesu to much lower roughness values than water-based inks, between
describe the scaling of projection depth and horizontal lingil-based inks the interfacial tension does not seem to have a
roughness. strong eect on roughness, so roughness may correlate more
The Spearman rank correlation tables inSthgporting  strongly with miscibility or roughness may plateau with respect
Information illustrate the importance of testing multiple to interfacial tension above a critical interfacial tension.
hypotheses. For example, we could hypothesize that becaudéhe trends in surface roughness are more consistent with
Ohis a strong predictor of dropletting in inkjet printdly, =~ Saman Taylor instabilities than other instabilities that appear
could also be a strong predictor of dropletting in embedded 3D extrusion-based printing processes. One is the Plateau
printing. If we only probedh we would see thptvalues of Rayleigh instability, wherein interfacial tension causes
Spearman rank correlations betvw@eand line lengths are  perturbations on the surface of lament to propagate,
very small, down to orders of ¥0 From that single causing thelament to rupture into droplétsA Plateau
correlation, we could erroneously conclude that the balan&ayleigh instability can increase the surface roughness of a
between viscous dissipation, inertia, and interfacial tension idment by initiating but not completing pinch-8light
critical. However, by testing b@handOh, we can see that increases in surface roughness associated with incomplete
Cahas an even stronger correlation. Thus, the strength of titateauRayleigh instabilities are apparent in these experi-
Ohcorrelations likely comes from its similari@a®o inertia ~ ments at low capillary numbers which are not low enough to
is not important at these low Reynolds numbers, just thimduce pinch-o (Figure S28 However, PlateaiRayleigh
relationship between viscous dissipation and interfacial tensimstabilities become more prominent at low capillary numbers,
Viscosity Ratio Controls Defects at Zero Surface  while the surface roughness increases with capillary number
Tension. At zero interfacial tension, the dominant scalingFigure S28 Another potential source of roughness is an
variable is the viscosity ratio. Helpfully, when printingxtrusion instability such as a sharkskin instability. These
horizontal lines, increasing thg/ s, produces rounder, instabilities appear at the nozzle exit for polymer melts
smoother laments that project more deeply into the bath.extruded into air and become more severe with increasing
Correlations between the measured defect sizes and ttaee® Sharkskin instabilities originate directly at the nozzle lip
Bingham numbers and Reynolds numbers are the samed generate new surface as the inner layer slides past a
strength or weaker than correlations with the viscosity ratiractured outer lay&tin contrast, the instabilities in this work
indicating that yielding and inertia have a negligiblet e form past the nozzle exit, where th@ment reaches its
compared to viscous dissipation within the probed regime. Tldeepest extent into the batfigure S29 It is possible that
correlations between viscosity ratio and roundness amstharkskin instabilities do not emerge in this study beocause
viscosity ratio and projection depth are consistent withates are too slow or because sharkskin instabilities are linked
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to polymer stretch and entanglem&hitshile the uids below the walls at the tip of the nozzle is at a lower pressure.
studied here are colloidal gels and low molecular weight resifibe pressure dérential between the inside of the nozzle and
Another documented source of surface roughness in printdtese drag-induced low-pressure regions driglesut of the
beams is buckling, as Eredicted by BEB&noulli beam  nozzle. This pressure @liential still exists when there is no
theory for elastic solifs> Beam theory predicts that the imposed extrusion pressure, which is why the nozzle leaks at
wavelength of the buckling instabilities increases witime end of vertical lines. The pressureréintial between the
increasing ink modulus divided by support motiifus, inside and exit of the nozzle is the same for vertical and
which matches the trend here, wheements become horizontal laments[figure S19 For horizontallaments, the
smoother with increasing viscosity ratio. However, becauseessure continues to drop, farther into the bath and
the instabilities form on short time scales while both the indownstream of the nozzle, which would draid away
and support should be yielded, we expect that this roughnesfdisn the nozzle exit. For verticdhments, the pressure
controlled by viscous dissipation rather than elastic stressegches a minimum just outside the nozzle and, then, rises
Further, beam buckling must be driven by a compressive strafsng the lament. This local minimum could lead to lower
along the length of théament, such as interfacial teriSion ow rates in verticalaments. These pressuresténtials may
cell-imposed strességut the water-based inks in this work explain why there is a region in viscosity space where vertical
have no known compressive stress along their lengtines contract, and horizontal lines are full lerfgtiure
Instabilities can also appear due to turbulence at larg&,D), and there is a region in velocity space where vertical
Reynolds numbetsput the Reynolds numbers in this work lines contract and horizontal lines ruptéiigute @,B).
range from 10 to 10 . Finally, surface roughness can occur Transients can lead to undev and leaking. While mass
on laments when the supports are composed of microgelsw controllers reach their target pressure faster than syringe
with particle sizes on the same order as th@ent  pumps, they still havenite pressure transients. Viscous
diameter." In this work, the Laponite-based gels are composegissipation in the ink can also contribute to transientsvin
of akes with diameters on the order of tens of nanometergate. Startup transients are visible at fast support speeds, where
and aggregates on the scale of hundreds of micrometers aretAetvertical laments are shorter and widen toward the top, as
expected As such, these instabilities are most comparable the ow rate reaches iteal value Figure S18 Transients at
Saman Taylor instabilities. However, in microgels withthe end of the line, where viscous dissipation allows the ink to
larger particle sizes, roughness could emerge via a sepaggiftinue owing even after the driving pressure is removed,
mechanism, the structure of the support. can also contribute to leaking.
Roughness may additionally beiémced by interaction  Creep can also complicatew rate calibration. The
with the nozzle. IRigure S29B, agering instability is able to  rheological behavior of Laponite in water depends strongly
grow longer and thinner via pinning at the downstream edge @ its shear histo?§ During the calibration processy rates
the nozzle. It is possible that becauselément does not  for a certain pressure can change over the course of multiple
project deeply into the bath at low viscosity ratiosligiment ~ measurements. The vertidaiments in the water/Laponite
is more Ilkely to be pinned at the downstrgam c'orner'of th@iscosity sweep #igure E may have been underextruded
nozzle, leading to more roughness at low viscosity ratios. pecause the shear history of the ink shifted between calibration
Gravity, Drag, Transients, and Creep Hinder Shape  and printing. To avoid these shifts in calibration, it may be

Fidelity. Gravity may iruence the printing process in penecial to use inks with a short recovery time and minimal
multiple ways. At high support Laponite concentrations, tr@feep_

crevasse behind the nozzle never closes after printing becauggapillary Number Dominates Defects at Nonzero

the hydrostatic preSSsure is lower than the yield stress of tegrface Tension. At nonzero interfacial tensioBa =
support Figure ®).” Additionally, toward the bath surface, \ _ / strongly correlates with the cross-section aspect
lament breakup is more common, potentially because thgtio, horizontal segment length, horizontal line length, vertical

lower hydrostatic pressure leads to delayed crevasse closie, length, vertical line diater, and horizontal line
exposing the ink to air. Because theirdrinterface has a

higher interfacial tension and lower viscosity than th(raoughness. Similarbe sup™ (.58 1) \/V/i“kv suptrongly
support ink interface and thus low€ra this exposure correlates with the same metrics. Bathnddog ¢ ,depend

makes Plateaiayleigh instabilities more likely. Density on similar variables: the ink speed and support rheology

di erences between the ink and support can also cause defagifanced against the interfacial tension. Ho@eusses the
At very low support viscosities, the mineral oil gdtgo the local viscosity ariig .,uses the yield stress
| sup '

top of the bath. On the other end, PEGDA-based inks sink in ) - .
low-viscosity supports, for both vertical lifigsi(e S30and Previous works have proposed dbgt,,and other yield
horizontal lines. Thus, if a low-viscosity support is necessatyess-based parameters predict whetltaneant breaks into
because the ink has a low viscosity, the support should alsodpeplets>** However, for most HerschBulkley uids, the
density matched to the ink. yield stress correlates with the local viscosity, leading to
Viscous drag can cause leaking. By Stakeshe drag di culty separating viscouseets from elastic ects. This
force on an object scales with the product of the viscosity wfork suggests that viscous dissipation may be equally or more
the matrix uid and the translation spéé@ecause of Stokes important than yielding. From a practical standpoint, the
drag, the downstream outer wall of the nozzle is at a lodistinction does not matter. Regardless of the physics of the
pressure for horizontal lines, and the nozzle exit is at a Igwocess, suppressing droplets via support rheology, e.g., by
pressure for vertical lines. These low pressures in horizoradiding more rheological madi to the bath, will usually
lines were previously documented in simulations of embeddedrease both the yield stress and local viscosity of the bath.
3D printing®™® A complementary simulation of a vertical Only an experiment that truly isolates the local viscosities from
lament is shown iRigure S19As expected, the region just the yield stresses can prove which factor is more important.
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This work shows several pieces of evidence that the critidalerfacial tensions present tradein lament quality. One
diameter construction is inadequate at short time scales amould produce rounder and smoothHaments by increasing
that both yielding and viscous dissipation may be necessarhe interfacial tension, decreasing the ink speed, or decreasing
characterize the system. First, there is neither adyifiggl ~ the support viscosity, but thements may become short and
nor a criticaCawhere laments break up into droplefgure  thick, potentially harming shagielity and resolution. The
S12. Second, in many cas@s,better unies the trends in lament aspect ratio is close to 1 at a capillary numbet,of 10
viscosity and speed sweeps. Third, at nonzero interfacﬁ)zﬁg at the same capillary number, the programmed length is
tension, lament cross-sectional shapes and sizes are nearly e/° of the mtende_d length. Howev@au[s h'gh enou.gh to
same just after deposition and 4 min after deposiiigm¢  SUPPress contraction, a nonzero interfacial tension system
S10B,C,h Because almost all of the shape evolution i§OUId sl be justable, given Improvements in r_oughness and
nished just after deposition, the shape evolution occurs Whggfneecuifsﬁorpﬁ%w to zero interfacial tensids at the
the ink and support are both yielded. Foutéiments often The viscosiy ratio is correlated with many metrics at
rupture into droplets directly at the nozzle tip, where thenonzero interftgcial tension. It is not a coincidgnce that the
ts# ep pnoc:tzzllsey'gllj?ierg(gtrji:ﬁms gll)gSAI;ﬁ:)nV?:'l;/@B/; ethseg 4%?% 0 viscosity ratio correlates with the cross-section aspect ratio,
previous simulatiofslf the ir;terfacial tension only needed to Ihonz;)ntal ddroplgat Ilelngthd,_ honzontzl Img rl]engthlé vertlcall I|r_1e
- . . N ; ength, and vertical line diameter, but with weaker correlation
\?v\girlcélorg('?myelelgbr:gég %fﬁ?r%gﬁtcsoii(? |stsr:gﬁt|orrlelpturentﬁ]to strengths than the capillary humber and normalized critical

droplets long after printing. Because these droplets form diameter. The support rheology is present in all three

thev are leaving the nozzle. thev form within the vielded zo Zrameters. Moreover, in many nonzero interfacial tension
Yy 9 '€, they ey ; orrelation tables, the viscosity ratio correlation has strength
which was documented in simulafibasd particle imaging

locimet imertsAt | L it similar to that of the support viscosity and the correlation with
velocimelry eXperimentsat 1ow support L.aponite concen- ,q ) viscosity is much weaker. As such, for both miscible
trations and high ink silica concentrations, a continuo

lament is initially extruded and then tlaenent later breaks &nd immiscible material systems, the mosgritial design

into droplets Figure S11B In this case, the viscous choice is the rheology of the support. Because the support

L . : rheology has such a stronguance, it is important that the
dissipation delays rupture, but because the interfacial tensgﬂb gy o P

is high enough to yield the support, rupture eventually occurs. port properties do not change over time.
As such, both viscous dissipation and yielding control the ~oNclLUSION
printed morphology. . . . .

The formulation ofCa that best unies the trends in N this work, we used model materials to investigatesttte
viscosity sweeps and speed sweeps uses the viscosity oPfhK and support rheology, interfacial tension, and print
support and the velocity of the ink. As with all works, thiSPE€ds on the morphology of individual vertical and horizontal
formulation is tailored to the specjeometry of this system. _|aments in embedded 3D printing. From these experiments,

Others have used drent formulations. For example, in W& make the following recommendations.
If the ink and support must be miscible, ensure that the local

micro uidic t-channels, behaviors can be mapped across a twg- " N . ;
dimensional space formed by the injected capillary number a'ﬁ% viscosity is slightly greater than the local support viscosity

continuous capillary num &rHowever. the change in near the nozzle. This can be achieved via the concentration of

direction that takes place in the printing of horizontal “negheologlcal moders in the mk and support, or by. choosing
makes the relationship between the ink speed and suppoff’V SPeeds and translation speeds that shift the local
viscosity important. More closely relevant, the diameter gjscosities via shear thinning. By keeping the local viscosity
droplets in embedded droplet printing has previously bedfti slightly above llaments will be round and smooth. If
shown to scale inversely with the formulation we refer to as gyiscosity ratios are Iowele,ments take on &-shaped cross-
support capillary number, which uses the translation speed tion, with a tall aspect ratio and sharp edge at the top.

d : : : ilaments at low viscosity ratios are also vulnerable to
local support viscosiin this work, the support viscosity gEman Taylor instabilities, which lead to surface roughness

scales inversely with the translation speed, so the SUPPBI yiviqual laments. Additionally, for misciblaids
ca_plllary number fails to capture variations in droplet size wi ncentrations of mobile species sh’ould be similar t;etween
print speeds Higure S1)3 Moreover, because the probed the ink and support, to suppress swelling.

support viscosity space is mostly focused on the transition fror‘r]f the ink and support can be immiscible, choose a nonzero

Iament;: t_o drop_lets and meagurements are qollected SORterfacial tension to achieve rounder, smod#dreents and
after printing, this work describes few spherical droplet

TR . . Suppress swelling. In order to prevent capillarity-induced
Rather than transitioning to smaller spherical droplets wi rinkage and rupture of printddmentsCa = Vi uf

increasing support viscosity, this work demonstrates thinnﬁ{uSt be high. As a trade-a highCa will produce a
longer droplets with increasing support viscosity. The PreVIOHBncircular cross-section, although it will be rounder and

work grlloweddthatlgcrﬁats]mg tlw’. speed .er:lfrt]s Fhe CUVE smoother than the cross-section achieved at zero interfacial
e B e eans I ot enson Wi an eauvclent viscosiy rato A itan be
len pth with increasirtmgin Fi A P achleve_d_ by modifying the_,- inlow rate, the support
9 b gure A composition, or the translation speed, or by lowering the
At lowCaanddsy, 5, We expect capillarity-induced rupture jnterfacial tension via surfactints particle stabilizets.
and contraction**** This is consistent with the experiments  Further work is necessary to more precisely understand the
in this work. Decreasing the capillary number cdasesits physics of this printing process. This work shows that viscous
to become rounder, smoother, shorter, and thicker. In othelissipation is likely more important than yielding, and the
words, they become more spherical. As such, nonzeshort-term morphology ofaments is determined within the
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