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ABSTRACT

Extrusion-based bioprinting is a powerful tool for fabricating complex cell-laden constructs. Embedded ink writing (EIW) is an extrusion-based
printing technique wherein a nozzle embedded into a support bath writes continuous filaments. Because it allows for low-viscosity inks, EIW is
particularly useful for bioprinting. One of the largest challenges in extrusion-based bioprinting is limiting the damage that cells experience inside
the nozzle. Longer shear stress durations and higher shear stress magnitudes lead to more damage. Shape fidelity is also critical for bioprinting.
Filaments in EIW can exhibit defects such as sharp edges and large aspect ratios, which can lead to porosity, surface roughness, and poor mechan-
ical properties in the final part. We use numerical computational fluid dynamics simulations in OpenFOAM to evaluate whether common shear
stress mitigation techniques improve cell viability without causing shape defects. Critically, we find that using a conical nozzle, increasing the noz-
zle diameter, decreasing the print speed, and decreasing the ink viscosity can improve the viability of stress magnitude-sensitive cells, but using a
conical nozzle, increasing the nozzle length, and decreasing the print speed can increase damage in stress duration-sensitive cells. Additionally,
using a conical nozzle or a larger nozzle can lead to larger shape defects in printed filaments. Material selection and printing parameter selection
in embedded bioprinting should take into account allowable shape defects, allowable cell damage, and cell type.

Published by AIP Publishing. https://doi.org/10.1063/5.0102573

I. INTRODUCTION limited elastic behavior. As such, EIW is particularly useful for bioprint-
ing of soft bioactive inks.” Additionally, the support fluid can contain
nutrients which support cell growth after printing.’

The greatest challenge of printing cell-laden inks is ensuring that
cells survive the printing process and proliferate afterward. Damage
could entail the rupture of the cell membrane, mechanical damage to
the cytoskeleton, change in or loss of function due to mechanical sig-
naling, or an inability to proliferate after printing.” ” The main strategy
for improving cell survival during printing is to limit the magnitude
and duration of shear stresses within the nozzle.”® " Several models
have been proposed that relate the fraction of damaged cells D to shear

In recent years, three-dimensional (3D) printing has revolutionized
manufacturing to enable intricate, individually customizable designs. In
particular, bioprinting has expanded the possibilities for tailored thera-
peutic devices and enhanced the allowable geometric complexity of cell
scaffolds and cell-containing constructs. Direct ink writing (DIW),
wherein a fluid ink is extruded as a continuous filament out of a nozzle
and then solidified on a substrate, has demonstrated good suitability for
bioprinting because it can employ materials with a wide variety of prop-
erties and curing methods.' However, DIW requires self-supporting inks
which behave as viscous fluids during extrusion and elastic solids after : X < e
deposition. Embedded ink writing (ETW), also known as embedded 3D stress T and duration t. At the sngrlﬁ))lest, D scales with at’t%, where a, b,
printing, freeform reversible embedding, and other aliases, allows for and c are cell-specific constants.” "~ To impose bounds on the survival
inks which are not self-supporting ” In EIW, the nozzle is embedded into fraction, between 0 and 1, Ning et al. propose that the survival fraction
a viscoelastic support bath and writes continuous filaments. The bath § =1 — D can take an exponential form,

behaves elastically and holds the form of the printed structure under S = exp (—az’t) 1)

static conditions, but the nozzle yields the bath during travel, allowing '

the bath to flow around the nozzle. Because the support fluid is responsi- By imposing an exponential form on the model, Ning et al. are

ble for form holding, EIW allows for inks that have lower viscosities and able to maintain the positive correlation between shear stress and
Phys. Fluids 34, 083112 (2022); doi: 10.1063/5.0102573 34, 083112-1
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damage and the positive correlation between exposure time and dam-
age while improving the fit of the regression for Schwann cells and
myoblasts and imposing physically possible bounds on the survival
fraction.'" These models are plotted in Figs. S1 and S2. More complex
models which precisely fit experimental data have been proposed.™
Across all models, the common theme is that longer times in the noz-
zle and higher shear stresses cause more damage. In this work, we use
Eq. (1) to estimate cell survival within these simulated nozzles. We use
three sets of parameters. First, (a=1, b=0, c=1) reflects cell survival
functions that only depend on the duration of stress. Second,
(a =1072,b=0.5, c=0.5) is similar to the scaling determined in Ref.
11 for Schwann cells and myoblasts in alginate, where survival
depends on both stress magnitude and duration. Third, (a = 1073 or
a=10"% b=1, c=0) reflects cell survival functions which only
depend on the magnitude of stress. a values were chosen to scale all
three models to a similar range, but they overestimate cell damage
compared to the a values fitted in Ref. 11. The purpose of this set of
models is to probe the extremes of how survival can scale with stress
and duration. While the second model reflects how a cell-matrix com-
bination similar to myoblasts in alginate will respond to the probed
printing parameters, the first can be used to predict how the survival
scaling will change for a cell-matrix combination that depends much
more strongly on duration, and the third can be used to predict how
the survival scaling will change for a cell-matrix combination that
depends much more strongly on the magnitude of stress. While a
value of (b=1, c=0) or (b=0, c=1) is unlikely, these models allow
us to probe the underlying physics of the printing process, rather than
calibrating a specific cell line in a specific matrix.

Several strategies have been proposed to limit shear stresses
within the nozzle. A larger nozzle diameter, slower extrusion speed,
or lower viscosity ink can decrease the shear stress.””""'* '
Alternatively, a conical or tapered nozzle can lower the average shear
stress by lowering the ink velocity and keeping cells away from the
nozzle walls.” However, these treatments can also increase the duration
of time that cells spend inside the nozzle, potentially harming cell
survival. These stress-mitigating strategies can also impact printing
performance. Filament cross sections in embedded ink writing tend to
be tall and narrow and, particularly at zero surface tension, can exhibit
sharp top edges."”** Oblong cross sections can produce anisotropy by
lowering the out-of-plane resolution and raising the in-plane resolu-
tion and can complicate toolpath design for printing freeform, three-
dimensional paths. Sharp edges can introduce internal porosity and
external roughness to the printed part. This work identifies tradeoffs
between cell survival and morphological filament defects in embedded
ink writing.

In this work, we use computational fluid dynamics simulations to
predict the effect of common stress mitigation strategies on the shape
of extruded filaments in embedded ink writing. While analytical solu-
tions exist for velocities and stresses inside the nozzle for Newtonian
fluids (see the supplementary material), there is no analytical solution
for the shape of the extruded filament, and numerical solutions are
necessary for Herschel-Bulkley fluids. Numerical simulations allow us
to simultaneously inspect survival metrics and shape fidelity metrics.
Simulations also enable high resolution measurements of viscosity,
velocity, and shear stress inside the three-dimensional nozzles, which
can be difficult or expensive to achieve in experiments. Finally, simula-
tions allow us to isolate physical effects which would be difficult to
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isolate in real life. First, we can precisely control the geometry of the
nozzle, whether tapered or cylindrical. We can make the ink and sup-
port identical in rheology and density, avoiding the changes that can
occur when dyes are introduced for visual contrast.”’ Moreover, we
can isolate individual elements of the rheology. To isolate viscous dissi-
pation from yielding effects, we simulate both Newtonian fluids and
Herschel-Bulkley fluids.

In EIW, the support bath is usually a viscoelastic fluid. Previous
works have used granular gels composed of poly(acrylic acid) particles
or Carbopol, in water,”” nanoparticulate suspensions such as Laponite
in water,” chopped slurries such as gelatin,”’” and organoid suspen-
sions.”® Though EIW enables lower viscosities and lower yield stresses
than DIW, most EIW inks are also viscoelastic. Yield stress fluid inks
used in bioprinting include gelatin methacrylate,'” Pluronic F127,”
and bio-inks with additives including methylcellulose, xanthan gum,
gelatin microparticles, and Laponite nanoparticles.”® Most of these vis-
coelastic fluids follow the Herschel-Bulkley model, which describes
solid-like behavior below a yield stress and shear thinning fluid-like
behavior above yield. In addition to Herschel-Bulkley parameters fit
to experimental measurements for Carbopol,”’ we vary the shear-
thinning behavior of the Herschel-Bulkley fluids using the consistency
index k.

Some works have demonstrated printing of Newtonian inks into
Newtonian supports. Typically, these are low-viscosity, immiscible
inks, and supports with particle-stabilized interfaces.””* Some inks
and supports are viscous, do not have a yield stress, and have minimal
shear thinning, such as certain alginate compositions."” Additionally,
many types of culture media are Newtonian.” To isolate the effect of
local viscous dissipation from the effects of yielding and shear thin-
ning, we simulate Newtonian inks printed into Newtonian supports,
where the viscosity is the local viscosity of the ink and support near
the nozzle for the Herschel-Bulkley fluids in this work. Furthermore,
to probe the scaling of survival and defects with viscous dissipation,
we simulate Newtonian fluids across a range of viscosities.

Previously, we found that OpenFOAM simulations like the ones
in this work accurately predict trends in the aspect ratio, but they
underestimate filament aspect ratios compared to experiments.” As
such, within this paper, shorter aspect ratios and smoother surfaces
are ideal, even when they appear to be vertically compressed.

Il. NUMERICAL MODEL

Simulations were performed in OpenFOAM 8,”* using similar
methods to Ref. 20.”” OpenFOAM is an open source volume of a fluid
numerical computational fluid dynamics solver. Input files and analy-
sis code were written in Python 3.8’ using code available at Ref. 37.
Analysis also employed Paraview 5.10.0.”° The data associated with
this paper are available at Ref. 39. For 2.5s of simulated flow, without
parallelization of individual simulations, on a high performance com-
puting cluster, each of the 65 simulations ran for 2-371h in real time.
Note that these fluids do not reach steady state, and the shape of the
interface continually evolves.”’ However, residuals do converge within
2.5 (Fig. S7). As such, values are collected at 2.5 s for all simulations,
instead of seeking an unreachable steady state.

A. Geometry

The mesh was created with snappyHexMesh, which establishes a
prismatic mesh that is refined at the internal and external surfaces
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of the nozzle.” SnappyHexMesh used up to four levels of snapping
mesh refinement at the nozzle walls and two levels of snapping mesh
refinement at the nozzle inlet (a finer mesh than Ref. 20). The maxi-
mum number of cells was set to 20 x 10° cells, but most simulations
ranged between 1.5 x 10° and 3 x 10° cells. For nozzle inner diameters
d; smaller than 0.8 mm, the initial cell size was 0.2 mm. For the larger
nozzle, the initial cell size was 0.2/0.603 x d; mm. Inscrutably, using a
finer, proportional initial cell size for the small nozzles led to unfeasibly
large solve times, so the coarser mesh is reported here, with obvious
mesh artifacts. Dynamic remeshing was imposed at the ink-support
interface, down to four levels of a finer mesh and up to five levels of a
coarser mesh. Variations in filament shape between four levels of
refinement and five levels of refinement are small (Fig. S8).

The simulated geometry and boundary conditions are shown in
Fig. 1. A nozzle of angle 0, outlet inner diameter d;, and wall thickness
t,, the nozzle remains static. The thickness t,, is defined in the x-y
plane, not necessarily normal to the nozzle walls. The inner, outer, and
bottom walls of the nozzle, which have a fixedWalls boundary condi-
tion, have a no slip velocity condition and a zero gradient composition
and pressure condition. The upstream, bottom, and left and right faces
of the bath have a bathFlow condition, wherein the composition is all
support material, the velocity is fixed at the print speed, and there is
zero pressure flux over the boundary. The inkFlow boundary is
imposed on the nozzle inlet. The flow of ink into the inlet of the nozzle
has a fixed velocity, which is equal to the bath translation velocity mul-
tiplied by the nozzle outlet area divided by the nozzle inlet area. As
such, the ink speed, or the flux of ink through the nozzle divided by
the area of the nozzle outlet, is equal to the stage speed. The inkFlow
boundary has zero pressure flux over the boundary, and the

A B
N bathFlow
inkFlow
ﬁxedEWaIIs atmosphere
C
atmosphere 104 i
w
© 2
o 10 A
:..; k (Pa-s")
3 .
x kS 10" 1 Newtonian 375
S 375
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composition is all ink. The top and downstream faces of the bath have
an atmosphere condition that mimics a plane near the bath surface,
such that the total pressure is zero over the surface, but ink and sup-
port can flow in and out. The velocity condition at the atmosphere is a
pressurelnletOutletVelocity condition, which imposes a zero gradient
condition on the velocity out of the surface and bases the velocity into
the surface on the flux of fluid normal to the surface necessary for
mass conservation. The internal mesh elements are initialized at a
pressure of 0 and velocity of 0. Inside the nozzle, the composition is
initialized as only ink, and outside the nozzle, the composition is ini-
tialized as only support. The bath is a constant 10d; in y width, 16d; in
x length, and 7d; in z height. The center of the nozzle is 4d; from the
upstream face of the bath. For the speed sweep at a nozzle angle of 0°,
a slightly smaller bath was simulated, with a width of 7d,. In all cases,
the center of the nozzle was 4d; from the upstream face of the bath.
The bottom of the nozzle was d;/2 above the midpoint of the bath.
For the nozzle angle sweep, a bath size which increased with nozzle
angle was tested, indicating the same trend but slightly different values
(Fig. 89).

Unless otherwise noted, the nozzle is a 20 gauge blunt tipped nee-
dle with an inner diameter d; of 0.603 mm and a wall thickness t,, of
0.152 mm. Other probed nozzle dimensions are 18 gauge (d; = 0.838,
t,=0.216 mm), 22 gauge (d;=0.413, t,,= 0.152mm), and 25 gauge
(d;=0.26, t,,= 0.127 mm). Unless otherwise noted, the needle is cylin-
drical. Conical nozzles with angles of 5°, 10°, 15°, 20°, 25°, and 30°
were also simulated. Unless otherwise noted, the print speed, which
refers to both the average ink speed out of the nozzle outlet and the
bath translation speed, is 10 mm/s. Speeds of 5, 7.5, 12.5, and 15 mm/s
were also probed.

T T T T T
10° 10° 10° 10° 10

Strain rate y (s71)

6

FIG. 1. (a) Boundaries of the simulation. The gray lines indicate boundaries between mesh cells. Ink flow speed and support translation speed are equal, at velocity v. (b)
Nozzle angle 6, inner diameter d}, and wall thickness . (c) Viscosities of simulated Herschel-Bulkley and Newtonian fluids. The gray dashed line indicates the support shear
rate ) = v/(di + 2t ), where the print speed is 10 mm/s and the nozzle is a 20 gauge cylindrical needle.
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B. Material properties

The ink and support are identical. Unless otherwise noted, the
ink and support are Herschel-Bulkley fluids. In OpenFOAM,
Herschel-Bulkley fluids are defined as viscous fluids below the yield
stress and shear thinning fluids above the yield stress. Within the sim-
ulation, the viscosity 7 is defined in Eq. (2), where } is the shear strain
rate, 1]y is a plateau viscosity, 7, is the yield stress, k is the consistency
index, and # is the power law index

n = min(n,, T/ + k" H). (2)

In this work, g is 10*Pa s, To is 10 Pa, k is 3.75Pa - s”, and n is
0.45, which are reported values for a Carbopol in water suspension.”’
To isolate the effect of local viscosity from the effect of yielding, consis-
tency indices of 0.375,37.5, and375Pas” were also probed.
Increasing k leads to less severe shear thinning and higher local viscos-
ities near the nozzle [Fig. 1(c)]. To isolate the effects of viscous dissipa-
tion from the effects of yielding, Newtonian fluids of viscosity
0.1,1,10,10%, 103, 10*, and 10° Pa - s were also tested, where the ink
and support were identical, at varying conical nozzle angles. To sup-
press buoyancy, both the ink and support had a density of 1 g/ml.

While there are some examples of oil-based inks printed into
water-based supports,” most bioprinting applications use water-based
inks printed into water-based supports, which have negligible interfa-
cial tension effects. This is most evident in experimental water-based
ink and support combinations that produce filaments with sharp top
edges,”"***" matching the zero surface tension simulations in Ref. 20.
As such, the interfacial tension ¢ between the ink and support was
defined as 0 mN/m. The InterFoam solver treats the phase space as a
continuum, where the interface is a multi-cell region containing a mix-
ture of two immiscible, incompressible, isothermal phases, instead of
defining a sharp interface."' Contact angles are not defined, so no con-
tact angle correction occurs at the nozzle wall, and the no-slip condi-
tion governs the nozzle—fluid interface.

C. Governing equations

Simulations used the solver InterFoam, which is a volume of fluid
solver that is described in detail in Refs. 41-43. Briefly, the space is
discretized into volumetric elements which are labeled as boundary
elements or internal elements. Each element is a mixture of ink and
support, with volume fractions between 0 and 1, inclusive, where the
Reynolds number is defined as Re = pV,,D/n, and V is the print
speed, D is the nozzle diameter (inner for ink, outer for support), and
n is the local viscosity at the nozzle outlet. Reynolds numbers in this
work range between 6 x 1078 and 6 x 1072 for ink and 9 x 10~ and
9 x 1072 for support. At these low Reynolds numbers, we expect that
turbulence is suppressed.

For each volumetric element, InterFoam solves the continuity
equation [Eq. (3)], laminar flow transport equation [Eq. (4)], and mass
conservation equation [Eq. (5)], where u; is the velocity in direction j,
x; is the distance in direction j, p is the density, ¢ is the time, p is the
pressure, 7; is the viscous stress, g; is the acceleration due to gravity, o
is the interfacial tension (zero here), and «;, is the volume fraction
of ink

u; _

o, 0, 3)
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]

If the interfacial tension was non-zero, the curvature x would be
approximated by Eq. (6),

_ 0 Oamk/axi
= ({)X,‘ (‘80(,‘”](/6364) ' (6)

Because the interfacial tension is assumed to be negligible, no
curvature correction for interfacial tension is applied.

At boundaries between materials A and B with normal n, the
kinematic condition requires continuity of the normal component of
the velocity [Eq. (7)]

Uy -n=ug-n. (7)

This condition is fulfilled by the no slip condition at the nozzle
walls, the fixed velocity conditions at the inkFlow inlet of the nozzle
and bathFlow faces of the bath, and the zero gradient condition on the
atmosphere faces of the bath. Because the ink-support interface is not
sharp in the volume of fluid method, the interface is instead governed
by the mass conservation equation [Eq. (5)], where each mesh element
contains a mixture of ink and support. The density of the mixture is
determined using a rule of mixtures, given the ink density p;,x and
support density pg,, [Eq. (8)], and the kinematic viscosity of the mix-
ture is determined using the local kinematic ink viscosity v;, and local
kinematic support viscosity g, [Eq. (9)]. Local viscosities for
Herschel-Bulkley fluids are calculated using Eq. (2)

P = inkPink + (1 = Olink) Pouyp (8)
V = OinkVink + (1 - OCink)Vsup- (9)

The dynamic viscosity of the mixture # can, thus, be calculated
using the density and kinematic viscosity

n=pv. (10)

InterFOAM uses the PIMPLE algorithm to handle inter-equation
coupling and apply boundary conditions on boundary elements.”*
Time steps are chosen with a maximum Courant number of 1.

Scalar shear stress magnitudes were computed in Paraview. First,
the shear rate j was determined from the velocity magnitude (via
ComputeDerivatives ™)

. Oly]

Vi

(11)

Xi

Next, the shear stress magnitude t was determined using the
dynamic viscosity and magnitude of the shear rate

T =yl (12)

lll. RESULTS

In order to predict cell survival in these simulated nozzles, we use
the model described in Eq. (1)."" We execute the following procedure
on interpolated points within the nozzle at 2.5s of flow, which is not
quite steady state for many simulations,” but reflects very slow
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changes in state. This procedure traces the approximate path that a
particle takes through the nozzle, tracking the residence time and
stresses experienced by the particle in order to evaluate the survival
probability of a cell at the nozzle outlet. Here, radial positions within
the nozzle are normalized by the inner diameter at the given longitudi-
nal position in the nozzle, r. The procedure assumes that a particle at
normalized radial position r/r will stay at the same normalized radial
position as it flows through the length of the nozzle.

We discard the top 10% of the length of the nozzle, where the
velocity profile is evolving from the constant inlet velocity profile
established in the boundary conditions. Slices are collected at 35
equally spaced z positions within the nozzle. At each z position along
the length of the nozzle, we select only the points at y =0 and at the
downstream x half of the nozzle, which leads to noisier data but faster
processing than averaging points [Fig. S10(a)]. The downstream half
of the nozzle experiences higher stresses at the outlet (Figs. S10 and
S13). These high outlet stresses come from the sharp change in fluid
flow direction at the outlet. The ink experiences shearing flow at the
nozzle outlet, where above the outlet, the flow has a negligible x com-
ponent for cylindrical nozzles, and below the outlet, the flow has a
10 mm/s x component. At the downstream edge of a conical nozzle,

scitation.org/journal/phf

this change in direction is even greater, because just above the outlet
on the downstream edge, the flow has a negative x component as it fol-
lows the taper of the nozzle, and below the outlet, the flow has a posi-
tive x component. This sudden change in the direction translates into
a high shear rate, which results in a high shear stress. Moreover, the
sharp corners of the nozzle around which the fluid bends act as stress
concentrators. This high stress region is shown in three dimensions in
Fig. S13.

We group the selected points by normalized radius /g, rounded
to the closest 0.05 (or 0.1, for Fig. 2), where 1, is the inner diameter at
that z value, and r is the distance from the center of the nozzle. For
each r/ry, we average all points at that r/ry and collect the velocity
magnitude v, position x, y, z, and stress magnitude t. We calculate the
time ¢ that the fluid spends at that z step as the distance traveled since
the previous z step at that r/ry, divided by the velocity magnitude.
Given values of a, b, and ¢, the survival fraction at that step is calcu-
lated using Eq. (1). The cumulative survival fraction is then multiplied
by the survival fraction at that step.

An example of the survival calculation is shown in Fig. 2 for cells
which are equally sensitive to stress magnitude and duration. For a
cylindrical nozzle, the velocity and stress remain somewhat flat along

Varying nozzle angle. Print speed = 10 mm/s, Herschel-Bulkley fluid, k=3.75 Pa-s", d; = 0.603 mm
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FIG. 2. Estimation of cell survival within (a)—(c) a cylindrical (0°) nozzle and (d)(f) a conical (15°) nozzle, for a Herschel-Bulkley ink and support, with speed 10 mm/s, with a d; of
0.603 mm after 2.5 of flow. At each radius within the nozzle, relative to the total inner radius of the nozzle at a given z, as a function of vertical z position within the nozzle, (a) and
(d) the local velocity magnitude, (b) and (e) the local shear stress magnitude, and (c) and (f) the cumulative cell survival are shown. The cumulative cell survival function assumes
that survival equally depends on the magnitude and duration of the shear stress. Insets: Shear stress magnitude maps inside (c) cylindrical nozzle and (e) conical nozzle.
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the length of the nozzle [Figs. 2(a) and 2(b)]. The stress spikes at the
outlet, peaking at the downstream corner of the nozzle [Figs. 2(c) inset
and S13]. The fluid is slowest and experiences the highest stresses near
the nozzle walls (r/ro =0.9). As such, the cells experience the most
damage at the nozzle walls [Figs. 2(c) and 2(f)]. In cylindrical nozzles,
local fluctuations in stress occur at small normalized radii because the
flow of support past the outlet leads to asymmetry in the stress field
near the nozzle outlet [Figs. 2(c) inset and S10(b)]. In a conical nozzle,
the fluid at the edge still experiences the longest duration, highest
stress, and lowest survival [Figs. 2(d)-2(f)]. However, the fluid
increases in speed and shear stress as it approaches the nozzle outlet
[Figs. 2(d) and 2(e)], where the scaling of magnitude and duration are
equal, the slower velocities near the inlet lead to more damage at the
inlet in conical nozzles than in cylindrical nozzles [Figs. 2(c) and 2(f)].
As a final step, we can estimate survival for the entire nozzle by calcu-
lating the average survival at the outlet across all radial positions,
weighted by ring area.

Where the ink and support are identical Herschel-Bulkley fluids,
increasing the nozzle angle changes the filament shape and can help or
harm cell survival. For a cylindrical nozzle, the average shear stress
across the area of the nozzle remains constant along the length of the
nozzle, eventually spiking at the nozzle exit [Fig. 3(a)]. For a conical
nozzle, the average shear stress across the area of the nozzle increases
gradually along the length of the nozzle and spikes to a lower value
than the cylindrical nozzle at the nozzle outlet [Fig. 3(a)]. This change
in shear stress is due to a change in cross-sectional area across the
length of the nozzle. A line trace across the nozzle 2d; before the nozzle
outlet indicates that the shear stress at the wall decreases as the nozzle
angle increases [Fig. 3(b)]. All of the conical nozzles reach the same
shear stress at the nozzle center, but the cylindrical nozzle reaches a
slightly lower shear stress at the center [Fig. 3(b)]. While higher nozzle
angles produce lower shear stresses, they also produce longer extrusion
durations. 2d; before the nozzle outlet, cylindrical nozzles exhibit plug
flow (a constant velocity across the nozzle width) at the center of the
nozzle and a steep decrease in speed toward the wall [Fig. 3(c)].
Conical nozzles shift to more parabolic flow with increasing nozzle
angle, with lower peak velocities at the nozzle center [Fig. 3(c)].

Depending on the damage model, increasing the nozzle angle
can improve or worsen cell survival. Recall that the damage models
use arbitrary scaling constants a, so only trends should be compared
between models, not survival values. Where cell survival depends only
on duration, in cylindrical nozzles, the cell survival plateaus across the
nozzle radius, then steeply decreases [Fig. 3(d)]. Increasing the nozzle
angle decreases survival rates across the entire nozzle, steepening the
decrease in survival toward the nozzle edge. Thus, the overall survival
rate is lower for higher nozzle angles [Fig. 3(d)]. Where the survival
scales equally with duration and magnitude, survival gradually
decreases toward the edge, then steeply drops [Fig. 3(e)]. Increasing
the nozzle angle uniformly decreases cell survival, leading to an overall
decrease in survival with increasing nozzle angle [Fig. 3(¢)]. Where the
survival only depends on the shear stress magnitude, survival rates are
the same for all nozzle angles at the center of the nozzle, but survival
rates gradually decrease toward the wall [Fig. 3(f)]. Small angle nozzles
experience a steeper decrease in survival toward the wall, so the sur-
vival rate increases with increasing nozzle angle [Fig. 3(f)].

Increasing the nozzle angle leads to taller, narrower filaments
with a sharper top edge [Fig. 3(g)]. As the intended placement of the
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filament centroid is one nozzle radius below the tip of the nozzle,
increasing the nozzle angle also shifts the filament centroid upward in
the bath [Fig. 3(g)]. Sharper filament edges can lead to porosity or sur-
face roughness, so larger nozzle angles may lead to more structural
defects. Because we expect that these simulations underestimate fila-
ment height/width, ideal cross sections are achieved at lower nozzle
angles.

Where the ink and support are identical Newtonian fluids, the
same nozzle angle dependencies found for Herschel-Bulkley fluids
apply. In agreement with the analytical solution (Fig. S4), in cylindrical
nozzles, the shear stress remains constant throughout the nozzle and
does not spike at the nozzle exit [Fig. 4(a)]. In conical nozzles, the
stress plateaus at the nozzle inlet, then steeply increases at the nozzle
exit. Both the plateau stress and the outlet stress decrease with increas-
ing nozzle angle. Taking a line trace across nozzle, 2d; before the outlet,
the shear stress at the center of the nozzle is the same for all nozzle
angles [Fig. 4(b)]. The stress increases linearly from the center to the
nozzle walls, but the increase is smaller for larger nozzle angles.
However, while larger conical nozzle angles exhibit lower stresses, they
also experience longer durations. In Newtonian fluids, the velocity
field is parabolic for all nozzle angles, and the velocity at the center
increases with decreasing nozzle angle [Fig. 4(c)].

Depending on the survival function, increasing the nozzle angle
for Newtonian fluids can worsen or improve cell survival. Like the
trend in Herschel-Bulkley fluids, when cell survival only depends on
duration, survival rates decrease more steeply toward the nozzle walls,
and increasing the nozzle angle decreases survival rates across the
entire nozzle [Fig. 4(d)]. If the cell survival depends equally on the
shear stress magnitude and duration, survival rates are higher in
the center of the nozzle but lower at the walls for conical nozzles, lead-
ing to an overall increase in survival with increasing nozzle angle [Fig.
4(e)]. Where survival only depends on stress magnitude, survival rates
improve with increasing nozzle angle, largely due to improvement in
survival at the walls [Fig. 4(f)].

As shown in Ref. 20, simulated Newtonian fluids exhibit taller,
sharper filament cross sections than Herschel-Bulkley fluids. As the
nozzle angle increases, the filaments become taller, narrower, and
sharper, and they shift farther upwards in the bath downstream of the
nozzle. Ridges along the side of the filament also appear with increas-
ing nozzle angle [Figs. 4(g) and S15]. These trends confirm that the
survival trends and the morphology trends exhibited in
Herschel-Bulkley fluids do not just come from shear thinning, because
they are still present when the viscosities of the ink and bath are
constant.

The shape of the flow field provides useful context for the effect
of nozzle angle on the cross-sectional shape of the filament. When the
nozzle travels through the support, it displaces fluid. Fluid that is near
the bottom of the nozzle is displaced below and around the sides of
the nozzle. Fluid that is higher up in the bath is displaced around the
nozzle, then converges behind the nozzle. The support flowing below
the nozzle causes a pressure differential between the high-pressure
nozzle outlet and the low-pressure downstream face of the nozzle, cre-
ating an upward flow zone directly downstream of the nozzle. The
converging support pinches the filament, causing it to become tall and
narrow, with a sharp top edge.”’

Changing the nozzle angle changes the shape and direction of the
flow field and alters the velocity within each of the critical flow zones.
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Varying nozzle angle. Print speed = 10 mm/s, Herschel-Bulkley fluid, k=3.75 Pa-‘s", d; = 0.603 mm
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FIG. 3. The effect of nozzle angle on stresses and morphologies in Herschel-Bulkley fluids, with k = 3.75Pa - s", at a print speed of 10 mm/s, after 2.5s of flow. (a) Average
shear stress across the nozzle-cross section as a function of z position along the length of the nozzle. (b) and (c) Line traces 2d; above the nozzle exit across the diameter of
the nozzle. (b) Shear stress as a function of radial position. (c) Velocity magnitude as a function of radial position. (d)—(f) Fraction of surviving cells as a function of radial posi-
tion, for varying nozzle angles, given three different models. Inset indicates survival for all cells in the nozzle, as a function of nozzle angle. (d) Survival depends only on dura-
tion of stress. (e) Survival depends equally on magnitude and duration. (f) Survival only depends on magnitude of stress. (g) Cross-sections of extruded filaments 8d; behind
the nozzle. Arrows indicate the displacement between the intended center and calculated centroid of the cross section.

In both Herschel-Bulkley and Newtonian fluids, with increasing noz-
zle angle the fluid within and near the filament is pushed to stronger
positive z velocities in the upward flow zone [Figs. 5(a) and 5(d)].
Similarly, the filament and fluid above the filament have slower x
velocities, spending more time in the upward flow zone with increas-
ing nozzle angle [Figs. 5(b) and 5(e)]. These changes in the flow field
cannot merely be attributed to changes in viscosity in
Herschel-Bulkley fluids because they also occur in Newtonian fluids,
where the viscosity is constant [Figs. 5(c) and 5(f)].

Volume displacement provides some context for the change in
the flow field with nozzle angle. In Herschel-Bulkley fluids with cylin-
drical nozzles, the displaced support fluid travels upward along the
sides of the nozzle, then flows downward behind the nozzle as the
downstream volume becomes available, producing negative z velocities
which compress the filament vertically [Fig. 5(g)]. As the nozzle angle
increases, more volume is displaced at higher positions on the nozzle,
leading to less upward displacement of fluid around the sides of the
nozzle, which are matched by smaller downward flows downstream of
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Varying nozzle angle. Print speed = 10 mm/s, Newtonian fluid, 10 Pa's, d; = 0.603 mm
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FIG. 4. The effect of nozzle angle on stresses and morphologies in Newtonian fluids, with 7 = 1Pa - s, at a print speed of 10 mm/s, after 2.5s of flow. (a) Average shear
stress across the nozzle-cross section as a function of z position along the length of the nozzle. (b) and (c) Line traces 2d; above the nozzle exit across the diameter of the noz-
zle. (b) Shear stress as a function of radial position. (c) Velocity magnitude as a function of radial position. (d)(f) Fraction of surviving cells as a function of radial position, for
varying nozzle angles, given three different models. Inset indicates survival for all cells in the nozzle, as a function of nozzle angle. (d) Survival depends only on duration of
stress. (€) Survival depends equally on magnitude and duration. (f) Survival only depends on magnitude of stress. (g) Cross-sections of extruded filaments 8d; behind the noz-
zle. Arrows indicate the displacement between the intended center and calculated centroid of the cross section.

the nozzle, and thus, less vertical compression of the filament [Fig.
5(g)]. The effect is similar in Newtonian fluids. For a cylindrical nozzle
in a Newtonian fluid, the displaced support flows in plane around the
nozzle [Fig. 5(h)]. With increasing nozzle angle, more fluid is displaced
downward, leading to downward flows along the sides of the nozzle
that are matched by upward flows behind the nozzle [Fig. 5(h)]. These
upward flows push the filament upward, where the filaments are com-
pressed horizontally and elongated vertically by converging support
flows.

Varying the nozzle diameter can change survival rates and fila-
ment morphologies. Here, we investigate four sizes of nozzle: 18 gauge

(d;=0.838, t,,= 0.216 mm), 20 gauge (d; = 0.603, t,,= 0.152 mm), 22
gauge (d;=0413, t,=0.152mm), and 25 gauge (d;=0.26,
t,=0.127mm). We expand the simulated region to scale with the
inner diameter of the nozzle, but the print speed remains the same. As
the nozzles grow bigger, they have larger inner diameter to outer
diameter ratios, as shown in Fig. 6(g). For both cylindrical nozzles and
15° conical nozzles, as the diameter increases, the average shear stress
across the nozzle decreases [Figs. 6(a) and S16(a)]. The average stress
decreases because as the diameter increases, the shear stress at the wall
decreases considerably, and the shear stress at the center of the nozzle
decreases slightly [Figs. 6(b) and S16(b)]. However, the velocity profile
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FIG. 5. Simulations at print speeds of 10 mm/s with a d; of 0.603 mm. (a)—(f) Line profiles 1.4 mm downstream of the nozzle, after 2.5 s of flow, as a function of vertical z posi-
tion in the bath. (a) and (d) Vertical velocity in the z direction, (b) and (e) Horizontal velocity in the x direction, and (c) and (f) Fluid viscosity, for (a)—-(c) Herschel-Bulkley and
(d)—(f) Newtonian inks and supports. (g) and (h) Streamlines around the nozzle and filament after 2.5's of flow, colored by velocity magnitude, for (g) Herschel-Bulkley and (h)
Newtonian fluids. Black arrow indicates the part of the flow field that either sweeps upward or downward, depending on nozzle angle and rheology.

does not change with diameter [Figs. 6(c) and S16(c)]. In these simula-
tions, the nozzle length scales with the nozzle diameter. As a result,
because the fluid is flowing at the same speed through a longer nozzle,
it spends more time in the larger nozzles. Thus, when cell survival
depends only on duration, increasing the nozzle length decreases sur-
vival rates across the entire nozzle width [Figs. 6(d) and S16(d)]. The
same is true when cell survival depends equally on duration and

magnitude [Figs. 6(e) and S16(e)]. If the nozzle was merely wider, but
not longer, the duration would be the same, so duration-controlled cell
survival would not be impacted by the nozzle diameter. Where the cell
survival depends only on stress magnitude, increasing the nozzle diam-
eter improves survival across the entire nozzle [Figs. 6(f) and S16(f)].

In Herschel-Bulkley fluids, increasing the nozzle diameter
leads to slightly taller, more pointed filaments with a larger vertical
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Varying nozzle diameter (mm). Print speed = 10 mm/s, Herschel-Bulkley fluid, k=3.75 Pa-s", Nozzle angle = 0°
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FIG. 6. The effect of nozzle diameter on stresses and morphologies in Herschel-Bulkley fluids, with k = 3.75Pa - s", with a nozzle angle of 0°, at a print speed of 10 mm/s,
after 2.5s of flow. (a) Average shear stress across the nozzle-cross section as a function of z position along the length of the nozzle. (b) and (c) Line traces 2d; above the noz-
zle exit across the diameter of the nozzle. (b) Shear stress as a function of radial position. (c) Velocity magnitude as a function of radial position. (d)—(f) Fraction of surviving
cells as a function of radial position, for varying print speed, given three different models. Inset indicates survival for all cells in the nozzle, as a function of print speed. (d)
Survival depends only on duration of stress. (e) Survival depends equally on magnitude and duration. (f) Survival only depends on magnitude of stress. (g) Cross-sections of
extruded filaments 8d; behind the nozzle. Arrows indicate the displacement between the intended center and calculated centroid of the cross section.

shift [Figs. 6(g) and S16(g)]. However, these differences are small: a
12% increase in aspect ratio for the cylindrical nozzle and an
8% increase in aspect ratio for the 15° conical nozzle, from a fourfold
increase in diameter. If the print speeds are scaled proportionally to
the nozzle inner diameter, such that the larger nozzle has faster flow
and the smaller nozzle has slower flow, the nozzle diameter has a
much smaller impact on the filament aspect ratio [Fig. S20(b)]. If the
ink and support are Newtonian, the diameter has no effect on the

filament cross-sectional shape, regardless of whether the print speeds
are constant or scaled relative to the diameter [Fig. S20(b)]. Increasing
the nozzle diameter while maintaining a constant print speed shrinks
the yielded zone within the support [Fig. S20(c)]. Increasing the nozzle
diameter while scaling the print speed relative to the nozzle diameter
shrinks the yielded zone by a much smaller amount.

The evolution of the filament shape over time depends on nozzle
diameter. For Herschel-Bulkley fluids, the tip of the filament is flat
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and wide, as shown in Ref. 20 and Fig. 7. The filament cross-section
then becomes tall and narrow. The height peaks, and then the fila-
ments become shorter and wider (Fig. 7). At larger nozzle diameters, it
takes longer to reach the short and wide quasi-steady-state cross-
sectional shape. As a result, the cross-section collected at 2.5s, 84;
downstream of the nozzle, is taller and narrower than the steady-state
condition for the largest nozzle. Because the cross-section evolution in
Fig. 7 is collected at a constant speed, this means that the larger nozzle
experiences longer transients at the start of an extruded line, relative to
the filament diameter and in absolute time, than the smaller nozzles.
When the ink and support are identical, changing the print speed
does not change the filament morphology, but it can worsen or
improve cell survival. Here, the ink speed and support speed are equal,
where the ink speed is the ink flux divided by the cross-sectional area
of the outlet. In both cylindrical and 15° conical nozzles, increasing
the print speed increases the shear stress uniformly along the length of
the nozzle [Figs. 8(a) and S21(a)]. In cylindrical nozzles, this is largely
due to an increase in shear stress at the nozzle walls at higher print
speeds, relating to a faster shear rate [Fig. 8(b)]. At the center of the
nozzle, the shear stress is only slightly higher at faster speeds [Fig.
8(b)]. In conical nozzles, the stress increases more uniformly along the
radius of the nozzle [Fig. S21(b)]. In cylindrical nozzles, plug flow is
maintained within the nozzle for all print speeds, but increasing the

scitation.org/journal/phf

overall print speed narrows the plug and increases the velocity of the
plug [Fig. 8(c)]. In conical nozzles, increasing the print speed increases
the velocity at the center of the nozzle [Fig. S21(c)].

Depending on the survival model, increasing the print speed can
worsen or improve survival. If the cells depend only on the duration of
stress, increasing the flow rate decreases the amount of time the plug
spends in the nozzle, improving survival [Figs. 8(d) and S21(d)]. If the
cells depend equally on the duration and magnitude of stress, survival
still improves at higher print speeds [Figs. 8(e) and S21(e)]. Where the
cells depend only on stress magnitude, slowing the flow rate improves
cell survival by decreasing the rate of cell damage toward the nozzle
wall [Figs. 8(f) and S21(f)].

Keeping the ink velocity equal to the support velocity, and using
an identical ink and support, increasing the print speed does not
change the cross-sectional shape [Figs. 8(g) and S21(g)]. The shape of
the filament experiences transients, where the cross-section changes
along the length of the filament.”” As a result, at low print speeds, less
filament has been extruded after 2.5 [Figs. S24 and S21(h)], leading
to slight transient effects in the cross-sectional shape in Figs. 8(g) and
S21(g).

The local viscosities of the ink and support in the extrusion
region influence cell survival and the filament shape.”””" There are
multiple ways to alter the simulated local viscosity. One could alter the

Varying nozzle diameter. Print speed = 10 mm/s, Herschel-Bulkley fluid, £=3.75 Pa-s", Nozzle angle = 0°
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FIG. 7. Evolution of filament cross sections over time, for varying nozzle diameter, in Herschel-Bulkley fluids, with k = 3.75Pa - s", with a nozzle angle of 0°, at a print speed
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Varying print speed (mm/s). Nozzle angle = 0°, Herschel-Bulkley fluid, £=3.75 Pa-s", d; = 0.603 mm
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position along the length of the nozzle. (b) and (c) Line traces 2d; above the nozzle exit across the diameter of the nozzle. (b) Shear stress as a function of radial position. (c)
Velocity magnitude as a function of radial position. (d)—(f) Fraction of surviving cells as a function of radial position, for varying print speed, given three different models. Inset
indicates survival for all cells in the nozzle, as a function of print speed. (d) Survival depends only on duration of stress. (e) Survival depends equally on magnitude and dura-
tion. (f) Survival only depends on magnitude of stress. (g) Cross-sections of extruded filaments 8a; behind the nozzle. Arrows indicate the displacement between the intended
center and calculated centroid of the cross section.

viscosities of Newtonian inks and supports or one could alter the sev-
eral parameters in the Herschel-Bulkley model. Previous simulations
in cylindrical nozzles indicated that in Newtonian fluids, if the viscos-
ity ratio is constant, the filament cross-section does not change [re-
plotted in Fig. 9(g)], and in Herschel-Bulkley fluids, if the yielded part

of the viscosity-strain rate curve is constant the filament cross-section
does not change with plateau viscosity 1,.”’ Similarly, previous experi-
ments indicated that at constant surface tension and nozzle diameter
but with varying ink and support compositions, extrusion speed, and
stage speed, the cross-sectional aspect ratio scales with the local
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Varying Newtonian viscosity (Pa-s). Print speed = 10 mm/s, Newtonian fluid, d; = 0.603 mm, nozzle angle = 0°
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FIG. 9. The effect of Newtonian viscosity on stresses and morphologies, with a nozzle angle of 0°, an inner diameter d; of 0.603 mm at a print speed of 10 mm/s, after 2.5s of
flow. The 1000 Pa s sample is collected at 5. The ink and support viscosities are equal. (a) Average shear stress across the nozzle-cross section as a function of z position
along the length of the nozzle. (b) and (c) Line traces 2d; above the nozzle exit across the diameter of the nozzle. (b) Shear stress as a function of radial position. (c) Velocity
magnitude as a function of radial position. (d)—(f) Fraction of surviving cells as a function of radial position, for varying print speed, given three different models. Inset indicates
survival for all cells in the nozzle, as a function of print speed. (d) Survival depends only on duration of stress. (e) Survival depends equally on magnitude and duration. (f)

Survival only depends on magnitude of stress. (g) Cross-sections of extruded filaments 8d; behind the nozzle. Arrows indicate the displacement between the intended center
and calculated centroid of the cross section.

viscosity ratio, defined where the support shear rate is the support
velocity divided by the nozzle outer diameter, and the ink shear rate is
the ink velocity divided by the nozzle inner diameter.”*

For simplicity, first consider the effect of viscosity in Newtonian
fluids. In agreement with the analytical solution (Fig. S6), increasing
the Newtonian ink viscosity by a factor of 10 increases the shear stress

in the nozzle by a factor of 10 [Figs. 9(a) and 9(b)], but it does not
change the velocity profile within the nozzle in Newtonian fluids
[Fig. 9(c)]. As a result, when cell survival depends only on duration,
the Newtonian ink viscosity does not influence cell survival [Fig. 9(d)].
When cell survival depends on the stress magnitude, increasing the
ink viscosity decreases survival rates, particularly at the nozzle walls
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[Figs. 9(e) and 9(f)]. Even in conical nozzles, for Newtonian fluids,
increasing the viscosity but keeping the viscosity ratio constant does
not change the cross-sectional shape [Figs. 9(g) and S25].

Because there are more parameters involved, Herschel-Bulkley
fluids have more complicated behaviors. For Herschel-Bulkley fluids,
altering the consistency index k can change both the cross-sectional
shape and the shear stresses, even though k is the same for the ink and
support. Increasing k uniformly increases the viscosity of the final
yielded portion of the viscosity-shear rate curve, leading to higher
local viscosities [Fig. S26(i)]. Like in Newtonian fluids, in
Herschel-Bulkley fluids, the stress inside the nozzle increases with
increasing consistency index, both along the length of the nozzle and
across the width of the nozzle [Figs. S26(a) and S26(b)]. With increas-
ing k, the plug flow region in the center of the nozzle narrows and
becomes faster, and the ink near the wall becomes slower [Fig. S26(c)].
In Herschel-Bulkley fluids, regardless of the survival function, increas-
ing k worsens survival. For duration-sensitive cells, increasing k
improves survival at the center of the nozzle but worsens it at the edge
[Fig. $26(d)]. Otherwise, increasing k worsens survival throughout the
nozzle [Figs. S26(e) and S26(f)]. Thus, increasing the local ink viscosity
within the nozzle via the consistency index k will always be harmful to
cells. Increasing k can also alter the filament morphology. Where
Ny = 10* Pa - 5,79 = 10 Pa, and n=0.45, increasing k leads to taller,
sharper filaments.

IV. DISCUSSION
A. Morphology

In previous papers, we established that for a constant nozzle
geometry, the morphology of filaments extruded into a support bath
depends primarily on the viscosity ratio and the capillary number.”"**
Here, we showed that the nozzle geometry can also influence the fila-
ment morphology, beyond its effects on the viscosity ratio. Where the
nozzle geometry is constant, the cross-sectional height/width decreases
with increasing local ink viscosity/support viscosity.””** The increase
in aspect ratio with increasing nozzle angle could be attributed to a
decrease in viscosity ratio, if the local viscosity of the ink is defined
using the inner nozzle diameter at the outlet and the local viscosity of
the support is defined using the outer nozzle diameter above the outlet,
where the local shear rate is defined as the programed speed divided
by the diameter. A larger conical nozzle angle would increase the
diameter, and thus, decrease the shear rate on the support, leading to a
more viscous support [Fig. $29(a)]. However, because the nozzle angle
also changes the aspect ratio of filaments in Newtonian fluids, despite
maintaining a constant viscosity ratio [Fig. S29(d)], these changes in
aspect ratio cannot be simply explained by the change in viscosity
ratio. Moreover, in Herschel-Bulkley fluids the local viscosity of the
support near the filament does not change with nozzle angle, although
the size of the yielded zone increases with nozzle angle (Fig. S11). As
such, the shape of the flow field, as dictated by volume displacement,
is necessary to explain the effect of nozzle angle on the filament mor-
phology. The shape of the flow field may also explain the ridges that
appear on the side of the filament. The convergence of upward-
flowing support and support flowing in plane downstream of the noz-
zle may lead to buckling of the ink-support interface. Alternatively,
stronger converging flows could cause the growth of perturbations at
the ink-support interface, leading to persistent ridges on the filament
surface. While surface roughness on filaments has been documented
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in embedded 3D printing,”* ridges along the length of the filament
have not been documented, so these ridges could be a simulation
artifact.

The aspect ratio slightly increases with nozzle diameter. As one
incorrect explanation, because the wall thickness was set to commer-
cial nozzle sizes rather than remaining constant relative to the inner
nozzle diameter, the change in relative shear rate between the inner
and outer diameter could lead to a change in viscosity ratio, which
would lead to a change in aspect ratio in accordance with previous
findings. However, if we calculate the shear rates using the outlet inner
and outer diameters, we find that the viscosity ratio does not increase
monotonically with nozzle diameter [Fig. S29(b)]. Moreover, for
Herschel-Bulkley fluids, the aspect ratio increases with increasing local
viscosity ratio, which is the opposite direction of the trend determined
for constant nozzle geometry [Fig. S29(b)]. This was also true for the
conical nozzles, but conical nozzles change the shape of the flow field.
Examining the velocity field, the shape of the flow field around the
nozzle is largely unaffected by the nozzle diameter [Fig. S20(a)]. For
diameter sweeps, the small nozzles producing shorter aspect ratios
have a larger yielded zone [Fig. S20(c)]. However, in previous simula-
tions, a larger yielded zone correlated with a sharper top edge,”’ and
for the nozzle angle sweeps, a larger yielded zone correlated with a
taller aspect ratio. Ultimately, transients best explain the trend in
diameter. We scaled the dimensions of the simulated volume by the
inner diameter of the nozzle. The bath is initialized with a starting
velocity of 0 mm/s in the bulk and 10 mm/s on the upstream, bottom,
left, and right faces of the simulated volume. As a result, there are tran-
sients in velocity within the bath, and it takes a finite amount of time
for the bulk of the bath to reach a steady state velocity.”’ In a larger
bath, the transients take longer. As a result, the larger nozzle takes lon-
ger to reach its short, wide steady state cross-sectional shape and is
taller and narrower than the cross sections produced by the smaller
nozzles. However, if the print speed is scaled by the nozzle diameter,
the faster speed at the walls compensates for the larger bath and short-
ens the transients in the larger nozzle, leading to smaller changes in fil-
ament aspect ratio with nozzle diameter. Regardless of the reasons for
the change in a cross-sectional shape with the nozzle diameter, the
aspect ratio increases by 12% with a fourfold increase in inner diame-
ter, while the average stress decreases by 31%. Thus, the improvement
in cell survival may be worth the small increase in shape defects and
loss of resolution.

The increase in aspect ratio with Herschel-Bulkley consistency
index serves more as a thought experiment than a practical course of
action. In real materials, rheology is typically altered via composition
and processing, which alter the behavior of the materials above and
below yield, typically increasing the yield stress and local viscosities
simultaneously. Previous experiments showed that the cross-sectional
shape of the filament can largely be controlled via the local viscosities
of the ink and support, for zero surface tension systems, and for non-
zero surface tension systems, the cross-sectional shape correlates with
the capillary number Ca = ving,p /o, where vy, is the flow speed,
Haup is the local support viscosity, and ¢ is the surface tension.”" In this
work, only a single component of the yielded behavior is controlled,
and the results indicate that neither the local viscosities nor the yield
stresses alone can predict the filament shape in these theoretical mate-
rials. More work is necessary to extricate whether these k effects are
specific to the implementation of the Herschel-Bulkley model in
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TABLE I. Summary of the effects on aspect ratio, stress duration-dependent dam-
age, and stress magnitude-dependent damage. HB: Herschel Bulkley, Newt:
Newtonian, 1: increase, |: decrease, 0: no effect. #: viscosity, and k: consistency
index. “only if the length remains constant.

Damage in Damage in
duration-sensitive magnitude-sensitive

Treatment Aspect ratio cells cells

1 Nozzle angle ) T l

1 Nozzle HB 1, 0* !
diameter Newt 0

| Print speed 0 1 !

J, Newt 11 0if nink/nsup 0 l

is constant
| HB k 1 1 1

OpenFOAM, and how the different components of the model influ-
ence filament morphology. More practically, we know from these
Herschel-Bulkley and Newtonian simulations that decreasing the vis-
cosity of the ink and support can be beneficial for cell survival.

B. Survival

In the bioprinting literature, cell damage has been proposed to
depend on the magnitude of shear stresses imposed on cells inside the
nozzle.”*” Other models have proposed that damage depends on both
the duration and magnitude of stress.”'' This work confirms the stress
magnitude dependencies on nozzle angle, nozzle diameter, print speed,
and viscosity which were discussed in other works analytically and
experimentally.””*”"*"'° However, we find that several of the strate-
gies that decrease shear stresses also increase the duration of time the
cells spend inside the nozzle. As such, in bioprinting applications, the
damage mitigation strategies employed should be tailored to whether
the cell survival depends more on the magnitude or duration of stress.
If the duration matters more, a smaller nozzle angle, shorter nozzle
length, faster extrusion speed, and potentially higher consistency index
k should be used. If the stress magnitude matters more, a larger nozzle
angle, larger nozzle diameter, slower extrusion speed, and lower ink
viscosity should be used. If both matter, a large diameter or lower vis-
cosity may be more beneficial, preventing the duration-dependent
damage from canceling out the magnitude-dependent damage.
Notably, other works have demonstrated improvement in cell viability
with these magnitude-centered strategies,”””'>'*'" suggesting that
many cells are more sensitive to stress magnitude than the stress
duration.

V. CONCLUSIONS

In this work, we examined the effect of four stress mitigation
strategies on cell survival and filament morphology in embedded ink
writing. Increasing the nozzle angle, increasing the nozzle diameter,
decreasing the print speed, and decreasing the ink viscosity decrease
damage in cells that are sensitive to the magnitude of stress.
Decreasing the nozzle angle, decreasing the nozzle length, increasing
the print speed, and decreasing the Herschel-Bulkley consistency
index decrease damage in cells that are sensitive to the duration of
stress. Most cells are sensitive to both the magnitude and duration of
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cell damage. One should first measure how the cell damage scales with
magnitude and duration before choosing a strategy, to improve cell
survival. Because most reports indicate that cell survival improves with
increasing nozzle angle and nozzle diameter and decreasing print
speed, it is likely that most cells are more sensitive to the shear stress
magnitude than the duration. One should also consider the repercus-
sions for the extruded filament morphology. Increasing the nozzle
angle, increasing the nozzle diameter in Herschel-Bulkley fluids, and
increasing the Herschel-Bulkley consistency index can lead to taller,
narrower filaments with a sharp top edge, which could lead to surface
roughness, porosity, poor adhesion between filaments, and anisotropic
functional and mechanical properties in the final part.

Each of the strategies has practical limitations, in addition to the
changes in performance listed in Table I. While we show that conical
nozzles displace fluid vertically, leading to larger filament aspect ratios,
they may also limit toolpaths to in-plane, bottom-up printing, because
the larger displaced volume could disrupt existing structures.
Moreover, there is a practical limit to how large the nozzle angle can
be, depending on how deep the print bath is, and how the nozzle con-
nects to the ink reservoir. There are similar practical limits on the noz-
zle diameter. Additionally, larger transients in large nozzles may harm
print fidelity. While decreasing the print speed improves viability, it
also increases the printing time, leading to low throughput and poten-
tial harm to cells that may settle or be starved for nutrients in the ink
reservoir.

While rheology is a potent tool for improving survival, there are
limitations on its use. First, while a lower-viscosity ink lowers the shear
stress on cells, the viscosity often correlates with the stiffness and yield
strength of the crosslinked material, which provide important
mechanical signals to proliferating and differentiating cells.” Second,
rheological control is not limited to the ink matrix. The rheology of
cell-laden inks is strongly influenced by the cell concentration and cell
viability, but the correlation is non-monotonic.”” A high concentra-
tion of cells is necessary for development of tissues.” As such, the con-
centration of cells limits the range of viscosities allowable for a certain
application. It has been proposed that because non-Newtonian fluids
can achieve plug flow, they can reduce the shear stress on cells com-
pared to Newtonian fluids.”” Additionally, models of inkjet printing
indicated that viscoelastic fluids better protect cells from impact than
Newtonian fluids."” In these simulations, plug flow is only achieved
within the cylindrical nozzle in Herschel-Bulkley fluids. Confirming
the proposal, the plug flow region at the center of the cylindrical nozzle
achieves a lower minimum stress than the conical nozzles, despite the
faster velocity of the plug [Figs. 3(b) and 3(c)]. Widening of the plug
flow region via decreased ink flow rate also correlates with lower shear
stresses, but those lower shear stresses largely have to do with the
lower shear rates at lower print speeds [Figs. 8(b) and 8(c)].

The higher rate of cell damage at the nozzle wall presents both
opportunities and challenges. Additionally, because shear stresses are
higher on the downstream edge of the nozzle outlet than the upstream
edge, more cells will be damaged on the top surface of the filament
than the bottom surface. Active positioning methods such as acousto-
phoresis could improve the survival rate by moving cells to the center
of the nozzle, where shear stresses and durations are lower.***” Shear-
induced migration could induce a more modest improvement in
survival.”’ Alternatively, the flow profile for both Newtonian and non-
Newtonian fluids could be altered by allowing slip at the nozzle wall
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via surface modification. With or without active positioning, extrusion
will result in a lack of viable cells at the filament surface, and thus, the
interfaces between filaments. This could lead to variations in mechani-
cal properties throughout the part due to uneven distribution of
cells.””*° Cell remodeling of the ink matrix and deposition of extracel-
lular matrix also alter the mechanical properties of the construct, so a
lack thereof at the filament surface would lead to variations in
mechanical properties. These variations could be leveraged to mimic
the anisotropy inherent to many living tissues. Alternatively, strategies
for encouraging homogenization and migration of cells throughout
the part post-extrusion could be employed.

Damage can also occur within the bath after the cells have left the
nozzle, due to stresses that the nozzle imposes on the surrounding
fluid during translation. A high-stress peak occurs on the outer
edge of the nozzle outlet, which is not counted in these survival cal-
culations, but would lead to additional cell damage on the top sur-
face of the filament. While the cells experience non-zero stresses
after extrusion, these stresses are much lower than the stresses
inside the nozzle, so the vast majority of damage takes place inside
the nozzle. Additionally, while this work did not examine exten-
sional flows, considerable extension can occur whenever there is a
transition in tubing or a sudden contraction within the nozzle.”*
Of course, one could avoid cell damage within the nozzle by print-
ing a scaffold and seeding cells onto the printed structure.
However, this could lead to lower cell migration into the structure
and poor exchange of metabolites between the cells and the
medium.™ Alternatively, chemical and mechanical precondition-
ing of the ink can help to prepare cells for the high shear stresses
experienced during the printing process.’

SUPPLEMENTARY MATERIAL

See the supplementary material for survival model; analytical sol-
utions; methodological refinement; shear stress and viscosity maps;
stress, survival, and shape metrics for conical nozzles and
Herschel-Bulkley consistency index; flow field shapes; trends with
respect to viscosity ratio.
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