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Newtonian and has a viscosity below 102 Pa s, or the ink is
Herschel�Bulkley.

3.4 Filament stability

Recall that the cross-sections collected in Fig. 4�7 are taken at
an arbitrary position along the filament and time after extrusion.
These cross-sections are not collected at a position or time where
filaments reach steady state because many filaments never reach
a steady state. Consider Fig. 8A and B, which shows cross-
sections of a single filament collected at varying positions and
times. It is apparent that at a given time, the cross-sections are
not consistent across the entire length of the filament, and at a
given position, the cross-sections are not consistent across all
times. Here, we systematically quantify stability by tracking one
variable, the vertical filament position (as plotted in Fig. 7).
Stability is measured here using two qualifiers: ��steady in time��
and ��steady in position.�� At a given position and time, the
filament is steady in time if the range of vertical positions is
less than 1% of the nozzle diameter within a span of 1 s centered
around the given time (blue regions in Fig. 8). The filament is
steady in position if the range of the vertical positions is less
than 1% of the nozzle diameter within a span of 1 mm centered
around the given position (gray regions in Fig. 8). In short,
��steady in time�� means that the filament isn�t changing over

time, and ��steady in distance�� means that the filament is
consistent along its length. Of course, these designations are
arbitrary. It is possible for a region to be labeled steady, even
though the cross-sections change considerably over the entire
region, either because they vary slowly, or because they vary in
some other metric like aspect ratio (e.g., in Fig. 8B). This analysis
is only meant to give some indication of the relative stability of
different filaments.

The main variable that influences stability is whether the
support is Newtonian or a Herschel�Bulkley fluid (Fig. S23�S30,
ESI‡). In Fig. 8A�C, the support is Newtonian. There is a very
narrow region in position�time space where the filament is
steady in position, and the filament does not start to become
steady in time until around 2.5 s. There is a very small region
where the filament is both steady in position and steady in
time. In contrast, in Fig. 8D�F, the Newtonian support is
replaced by a Herschel�Bulkley support. There is a large region
in position�time space where the filament is steady in position,
extending to the end of the filament by 1.5 s. The region where
the filament is steady in time starts earlier, around 2 s, and the
steady-in-time region extends to the end of the filament sooner.
As such, yielding in the sheared support results in a filament
that is more consistent over time and position. Increasing the
surface tension can also slightly expand the steady zone within

Fig. 8 Stability of two example filaments printed at a surface tension of 0 mJ m� 2, a support Newtonian or plateau viscosity of 102 Pa s, and a Newtonian
ink viscosity of 100 Pa s. Stability is defined here using the position of the bottom of the filament. (A–C) Newtonian support (D–F) Herschel–Bulkley
support. (A and D) Filament cross-sections at 2.5 s as a function of position along the length of the filament. Highlighted regions indicate where the
filament is steady in position. (B and E) Filament cross-sections 3 mm behind the nozzle as a function of extrusion time. Highlighted regions indicate
where the filament is steady in time. (C and F) Regions where the filament is steady. Steady in position means that at a given time, the filament cross-
section doesn’t change within the plotted span in position. Steady in time means that at a given position, the filament cross-section doesn’t change over
the plotted span in time.
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the simulated timescale, most clearly visible in Fig. S29 and S30
(ESI‡). This small improvement in reaching an arbitrary steady-
state does not mean that the filament is energetically stable
at non-zero surface tension. At non-zero surface tensions, the
filament can still rupture over long time scales due to Plateau�
Rayleigh instabilities. The greater significance is that the
non-zero surface tension helps the filament to overcome the
difficult barrier of short term consistency over time and
the length of the filament.

3.5 Spatial variations in speed and viscosity

Spatial variations in speed within the print bath can help to
explain variations in x�y positioning accuracy between filaments.
The boundary conditions of these simulations establish that the
bottom of the bath has a fixed speed of 10 mm s� 1, and the top
of the bath can be any speed. Without the nozzle, the velocity of
the bath would decay from the bottom to the top due to
momentum diffusion.52 Simulations without the nozzle show a
decay in speed from the bottom to the top, with the bath
approaching a constant velocity with increasing time (Fig. S47,
ESI‡). However, the speed decay near the nozzle is not solely due
to momentum diffusion in the bath. If we assume that the bath
is an infinite fluid bounded only on its bottom plane by a
moving plate, the velocity of the fluid at a given point in the
bath would depend on the bath viscosity, the distance of the
point from the plate, and the time since the plate began to
move.52 Fig. 9A�C shows the x component of the fluid velocity
collected along line traces from the bottom of the bath to the

top, 1.5 mm behind the nozzle. Even where the bath viscosity is
held constant, the speed profiles vary (Fig. 9). Thus, the nozzle
and filament influence the speed profiles within the bath.

Below the filament, where the support is Newtonian (Fig. 9A
and B), the support slightly accelerates, then decelerates toward
the printed filament. In contrast, in Herschel�Bulkley supports,
the velocity stays constant from the bottom of the bath, then
steeply drops just below the filament (Fig. 9C). Drops in velocity
are the largest at the highest viscosity ratios, i.e. where the ink
is more viscous than the support (Fig. 9A�C). Correspondingly,
the Herschel�Bulkley support viscosity decreases below the
filament (Fig. 9C). At the highest plotted viscosity ratio (10� 1),
the support viscosity drops below the ink viscosity and then
steeply increases toward the ink viscosity just below the
filament.

Within the filament, the speed further decays. Opposite of
the decay below the filament, the decay within the filament
becomes steeper as the viscosity ratio decreases, i.e. the support
is much more viscous than the ink (Fig. 9A�C). At a low viscosity
ratio of 10� 3 where both fluids are Newtonian, the speed
actually peaks at the center of the filament (Fig. 9A).
In contrast, in the Herschel�Bulkley support at the same low
viscosity ratio, the speed reaches a local minimum at the center
of the filament (Fig. 9C). For Herschel�Bulkley inks, the ink
viscosity also varies within the filament (Fig. 9B). In all cases for
these profiles close to the nozzle, the local ink viscosity is lower
than the ink plateau viscosity throughout the filament. If the
ink plateau viscosity is greater than the support viscosity, the

Fig. 9 (A–C) Line profiles of the velocity along the stage translation direction (x) and viscosity, from the bottom to the top of the bath, 1.5 mm behind the
nozzle after 1 s of flow, where the surface tension is 0 mJ m� 2. The plateau viscosity is used for the viscosity ratio in Herschel–Bulkley fluids.
(A) Newtonian ink and support. (B) Herschel–Bulkley ink and Newtonian support. The ink plateau viscosity is 101 Pa s. (C) Newtonian ink and Herschel–
Bulkley support. The support plateau viscosity is 102 Pa s. (D and E) Speed (i) and viscosity (ii, iii) cross-sections in the y–z plane (i, ii) and x–z plane (iii) for a
Newtonian ink and Herschel–Bulkley support with a plateau viscosity of 102 Pa s at an ink viscosity of (D) 101 Pa s and (E) 10� 1 Pa s. Dashed lines indicate
locations of slices and of line profiles. White regions indicate the ink–support interface and nozzle.
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filament remains close to its plateau viscosity (Fig. S37 and S38,
ESI‡). As a result, while region iv is like region iii because it can
be split into iv.HB and iv.N based on the ink rheology,
the behaviors within iv.HB are more complicated than the
behaviors in iii.HB. Unlike the Herschel�Bulkley supports in
region iii.HB, Herschel�Bulkley inks in region iv.HB do not all
behave like Newtonian inks of a certain viscosity. Rather, region
iv.HB could be further split into two sub-regions based on
support viscosity. At a support viscosity of 1 Pa s, most of the
filament yields, so all Herschel�Bulkley inks at this support
viscosity behave similarly (Fig. 2B and 3B). One could view this
row as having inks that all have similar viscosities, and as such,
similar viscosity ratios, where the viscosity ratio is defined as
the yielded ink viscosity divided by the support viscosity. At the
lower support viscosities, the filaments do not fully yield,
so all filaments have different viscosities. One could view
this region as following the viscosity ratio, defined roughly
as the ink plateau viscosity divided by the support viscosity
(Fig. 2B and 3B).

Having examined the yielding in the bath and filament, one
can understand why region i, at high viscosities, is di�erent in
every map (Fig. 4). Where both fluids are Newtonian, the
viscosity ratio behavior established at low viscosities is still
valid. In a Newtonian support, Herschel�Bulkley inks behave
differently from Newtonian inks because the high-viscosity
support yields the ink, such that all inks behave as if their
viscosity ratio is the yielded ink viscosity divided by the support
viscosity, although in some cases, the yielding is minimal.
With a Newtonian ink, Herschel�Bulkley supports behave
differently from Newtonian supports because the nozzle and
filament yield the support, such that all supports trend as if
their viscosity ratio is the ink viscosity divided by the yielded
support viscosity, and the shape of the yield surface influences
the flow field and thus the filament shape. When both ink and
support are Herschel�Bulkley, they behave differently from the
other three cases because the nozzle and filament yield the
support, and the support yields the ink in return, such that
both fluids reach 1 Pa s to 10 Pa s and locally match each
other�s viscosities in region i (Fig. S34 and S38, ESI‡). As such,
throughout region i where both fluids are Herschel�Bulkley, the
local viscosity ratio is 1, and the shape of the yield surface is
consistent, resulting in consistent filament shapes.

The four quadrants of Fig. 2�4 can guide estimation of filament
morphology where the simulation was too computationally
expensive to run (Fig. S49, ESI‡). For example, in region iii.N,
most of the region is too computationally expensive to simulate
when the ink is Herschel�Bulkley, but more filaments are
simulated when the ink is Newtonian. If we assume that the
Herschel�Bulkley ink continues to behave like a Newtonian ink
in this region, we can assume that all of iii.N is the same between
Fig. 4A and B. Further, in a Newtonian support and Herschel�
Bulkley ink, because region i follows the filament morphology in
region iii.N at an ink plateau viscosity of 1 Pa s, one could
assume that the next two rows of region i in Fig. 4B at support
viscosities of 102 and 103 Pa s are also filaments, following the
filament shapes at viscosity ratios of 10� 2 and 10� 3 in Fig. 4A.

Understanding the relationship between yielding and the
viscosity ratio, let�s move on to the influence of viscosity ratio,
support viscosity, ink viscosity, and surface tension. Here,
��viscosity ratio�� always refers to the viscosity of the injected
phase (ink) divided by the viscosity of the encapsulating phase
(support). Previous work on injection of fluids into immiscible,
non-zero surface tension fluids (without the moving bath) has
shown that the viscosity ratio and the Weber number control
the morphology of the injected material.35 At moderate Weber
numbers, high viscosity ratios produce droplets attached to the
nozzle, moderate viscosity ratios produce filaments that break
into droplets, and low viscosity ratios produce continuous
filaments.35 Similarly, numerical analysis of cylindrical filaments
has shown that the filaments retract toward the nozzle with a
speed that scales with the surface tension divided by the support
viscosity, and the filament ruptures sooner as the viscosity ratio
decreases.36 Both of these trends are consistent with the results
in this paper. Consider region ii, where the support is Newtonian
and the surface tension is 40 mJ m� 2 (Fig. 2). Consider the
vertical columns in region ii. At non-zero surface tension, the
filament retracts toward the nozzle, and it retracts faster at lower
support viscosities. Consider the columns or downward sloping
diagonals in region ii. As the viscosity ratio increases, extrudates
transition from continuous filaments, to filaments that rupture,
to droplets that cling to the nozzle. As such, these trends
in rupture and retraction can be explained by previously
established theory,35,36 without considering movement of the
bath. Note that the surface tension divided by the support
viscosity is a component of the capillary number, indicating that
the retraction speed may depend on a balance between viscous
forces and surface tension. However, the capillary number and
viscosity ratio alone cannot explain all of the e�ects in this work,
as is visible in Fig. S50 (ESI‡).

In contrast, some other trends require consideration of the
3D printing geometry. Much of the zero surface tension filament
geometry can be explained intuitively using the viscosity ratio
(Fig. 2). If the support is much more viscous than the ink, the ink
cannot penetrate the bath and is instead scraped along the
underside of the nozzle and forced upwards, leading to
flat filament ends and high vertical displacements at low
viscosity ratios. Similar, large vertical displacements have been
reported in experimental studies conducted at low viscosity
ratios.11,17,23,33 Additionally, scraping under the nozzle is
apparent in experimental studies of filaments23 and droplets.32

As the ink becomes much more viscous than the support, it
drives deeper into the bath, until it hits the bottom of the bath.
This is consistent with previous reports that filaments drag with
the nozzle rather than extruding into the bath at high viscosity
ratios.11,13 However, the filament does not monotonically
displace lower and lower into the bath with increasing viscosity
ratio. At a viscosity ratio of 102, the filament curls over on itself.
Spatial variations in velocity and pressure help to explain this
(Fig. S1 and S43, ESI‡). Below the nozzle, the bath is confined,
which causes the bath to accelerate (Fig. 9A and B). In the
nozzle�s wake, very close to the nozzle and the top of the bath,
the bath velocity decays to zero (Fig. 9A�C). As such, the support

Paper Soft Matter

Pu
bl

is
he

d 
on

 2
2 

Ju
ly

 2
02

1.
 D

ow
nl

oa
de

d 
on

 1
0/

27
/2

02
1 

5:
11

:5
3 

PM
. 

View Article Online

https://doi.org/10.1039/d1sm00731a


This journal is © The Royal Society of Chemistry 2021 Soft Matter, 2021, 17, 8027–8046 |  8043

on top of the filament moves slowly, and the support below
moves quickly, curling the filament. Additionally, there is a
pressure differential across the nozzle, such that the pressure
is lower in the nozzle wake than below and ahead of the nozzle.
The pressure differential would pull fluid toward the back of the
nozzle. This low pressure zone on the back of the nozzle may be
why droplets travel up the back of the nozzle at low support
viscosities. If the filament drives deeply into the bath, it confines
the bath more and causes a greater acceleration and thus larger
speed difference between the support below and above the
nozzle, so the filament curls into the low pressure zone just
behind the nozzle. If the filament does not penetrate as deeply,
the acceleration in the gap under the filament is lower, and the
filament curls less, never entering the low pressure zone just
behind the nozzle, so the support material outside of the low
pressure zone is able to catch the filament and redirect it
downstream.

The fin shape that occurs at low viscosity ratios could come
from the shape of the flow field. As the nozzle travels through
the bath, the support fluid is displaced. In Newtonian supports,
the support flows around the nozzle in the x�y plane and
converges behind the nozzle (Fig. S48, ESI‡).54 If the filament
is in that space, particularly if it is already displaced upward
due to squeezing below the nozzle at low viscosity ratios, the
converging support compresses the filament. If the support is
much more viscous than the ink, the support compresses the
filament more. Because some of the support near the bottom of
the nozzle is able to displace under the nozzle instead of
around the sides, this compression is stronger higher up in
the bath. Thus, filaments at low viscosity ratios are squeezed
into a fin shape. Filaments in Herschel�Bulkley fluids escape
this fate because local yielding changes the shape of the flow
field. Instead of flowing within the x�y plane and converging
behind the nozzle to squeeze the filaments horizontally,
streamlines in Herschel�Bulkley fluids deflect in z, flowing
upward ahead of the nozzle and downward behind the nozzle,
compressing the filaments vertically (Fig. S48, ESI‡). Because
this streamline shape is not described in two-dimensional
simulations,54,55 these three-dimensional simulations are
necessary for understanding 3D printing, particularly in
Herschel�Bulkley fluids. One might also note that because
some of the simulated filaments break symmetry along the
x�z plane (region iv.HB), i.e. they bend left and right, the full
volume must be simulated, and symmetry along the center of
the filament cannot be assumed. Consistent with these findings,
Uchida, et al. demonstrated that the aspect ratio of printed
filaments increases with increasing support viscosity and
decreasing ink viscosity.11 Similarly, in ref. 7, filaments printed
into ��self-healing�� hydrogels are short and wide, like the cross-
sections in Fig. 4C and D. Previous work which reported aspect
ratios greater than one may have been conducted at small local
viscosity ratios, although high extrusion speed to translation
speed ratios could have played larger roles.6,17,30 Notably,
circular filaments are achieved in yield stress fluid supports in
ref. 20 and in ref. 6, where the flow speed is close to the
translation speed.

The shape of the flow field can also help to explain stability,
cross-sectional areas, and x�y positioning. The nozzle wake is smaller
in Herschel�Bulkley supports than Newtonian supports. The full-
speed support fluid above the filament in the Herschel�Bulkley fluid
could help to stabilize the filament by removing the velocity
gradient across the filament. Naturally, fast-moving support
would help to draw the filament at the bath translation speed,
ensuring accurate x�y positioning and cross-sectional areas.
Alternatively, one might note that the cross-sectional area
decreases at low viscosity ratios in Newtonian baths (Fig. 5A
and B). In this case, the interior of the filament travels much
faster than its surface (Fig. 9A and Fig. S43, ESI‡), mirroring the
parabolic flow profile inside of the nozzle. While this flow profile
does not help with stability, it does improve x�y positioning.

Capillarity has a straightforward influence on filament shape,
but its implications for stability place an important caveat on all
of the noted benefits of a non-zero surface tension. Where the
local viscosities of the ink and support at the filament�bath
interface are sufficiently low, capillarity overcomes viscous
dissipation, and the filament cross-section becomes circular,
reducing the filament surface area. Particularly at lower ink
viscosities and support viscosities, the filament starts to break
into droplets (Fig. 3). However, where the critical filament
diameter to overcome capillarity is l = s/ty, all of the simulated
filaments have a diameter smaller than the critical diameter of
4 mm, so after the simulated time scale, all of the simulated
filaments at a surface tension of 40 mJ m� 2 will eventually
rupture. This could be overcome using in situ curing via
ionic cross-linking25 or surface stabilization via jammed
particles.26,51 Although non-zero surface tension filaments
are unstable, this does not mean that zero surface tension
filaments are more stable. Most notably in Newtonian supports,
filaments continue to grow taller over time and over the length
of the filament at zero surface tension due to the shape of
the flow field (Fig. S12, ESI‡), while equivalent filaments at
non-zero surface tension at a moderate support viscosity
remain round due to capillarity. Thus, filaments at zero surface
tension, particularly if they exhibit minimal yielding, may also
benefit from in situ curing.

5 Conclusions
This paper describes a suite of simulations that predict the
shapes of filaments extruded into support baths. We simulated
Newtonian and Herschel�Bulkley inks and supports, across a
wide range of plateau viscosities, at zero surface tension and an
oil�water surface tension. We established quantitative metrics
to define filament position and filament shape, which are key
indicators of print quality. Critically, we make the following
recommendations:

� For cylindrical filaments, use a non-zero surface tension and
a high plateau viscosity Herschel�Bulkley ink and/or support.

� For accurate filament positioning in the horizontal x�y
plane and most consistent shape along the length of the
filament, use a Herschel�Bulkley support.
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� For accurate filament positioning in the vertical z
direction, use a Herschel�Bulkley support and Newtonian ink.

� To write spherical droplets, use a non-zero surface
tension, low-viscosity ink and slightly higher viscosity support.

Alternatively, these results can guide selection of support
materials, given a certain ink. If the ink is hydrophilic and has a
low viscosity, like many bio-inks, then a viscous, Herschel�
Bulkley, hydrophobic support (with an appropriate yield stress)
will produce the most circular, consistent filaments. However,
because the plateau viscosity tends to increase with yield stress,
it may be necessary to instead use a low-viscosity hydrophilic
support. If the ink is viscous and Newtonian, then a Newtonian
support of the same or slightly lower viscosity and any surface
tension will produce the most circular filaments. If the ink is
hydrophilic, Herschel�Bulkley, and has a high plateau viscosity,
a hydrophobic Herschel�Bulkley support with a high plateau
viscosity will produce the most circular filaments.

Of course, there are bounds to the scope of this study.
Buoyancy was suppressed, so the few benefits of low-viscosity
supports may be outweighed by the loss of viscous drag that
would prevent extrudates from sinking or floating. On the other
hand, a dense ink could combat the vertical displacement
caused by the flow field, improving vertical z positioning.
Likewise, these simulations prohibited mixing, but at zero
surface tension, di�usion between the ink and support is
likely.25,29 The dimensions of the simulated bath could also
limit the scope of these results. The two boundaries that are
fixed to the bath flow velocity (the bottom plane and the plane
upstream of the nozzle) are close to the nozzle, compared to the
typical size of a print bath.30 As such, the flow field ahead of
and below the nozzle may vary in larger print baths, resulting in
di�erent filament shapes. Surface functionalization of the
nozzle or alternative nozzle shapes (e.g., conical) could also
alter the flow field. Varying the print speeds could also alter the
flow field. All of these simulations were conducted at a low
Reynolds number (E0.01). Higher Reynolds numbers could
induce vortices which could disturb the deposited filament.9

Furthermore, varying the ratio of the extrusion speed to
translation speed could change the relationship between the
flow field and the filament, altering the filament shape.
Additionally, in this study the post-yielding behavior was held
constant. Future work on Herschel�Bulkley fluids could
investigate the several axes of yielding by changing the yield
stress, power law index, and consistency index, and importantly,
varying them separately for ink and support. Of course, in real life,
it is difficult to only manipulate one of these variables at a time,
but simulations could help to extract key scaling relationships.
Additionally, because OpenFOAM approximates Herschel�Bulkley
fluids through purely viscous behavior, future studies could
incorporate the elastic behavior present in many DIW inks and
supports. Elasticity has been proposed both as a mechanism for
crevice formation and relaxation in the bath,56 as a driver of die
swell,57, and a critical form holding mechanism.58 Work on
models including the Carreau or power law models would further
expand the scope of known scaling behaviors. Finally, this study
only examined single filaments. Studying filament extrusion in

the context of existing filaments, to examine fusion between
neighboring filaments and distortion of existing filaments, will
be critical for guiding material selection, particularly regarding
surface tension. Scaling up to larger structures will be important
for understanding how previously-printed ink can change the
behavior of the bath and lead to residual stresses in the final part.

In conclusion, this study identifies the critical variables that
control extrudate shape. At low ink viscosities and/or support
viscosities, surface tension is the key variable that controls
filament shape or filament breakup. Where the surface tension
is zero, or at high viscosities, the viscosity ratio, or the ink
viscosity divided by the support viscosity, controls the filament
shape and placement. If the ink or support is a Herschel�
Bulkley fluid and yields fully during printing, the yielded
viscosity should be used in the viscosity ratio.
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