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ABSTRACT

The rapid development of additive manufacturing, also known as three-dimensional (3D) printing, is driving innovations in both industry
and academia. Direct ink writing (DIW), an extrusion-based 3D printing technology, can build 3D structures through the deposition of
custom-made inks and produce devices with complex architectures, excellent mechanical properties, and enhanced functionalities. A paste-
like ink is the key to successful printing. However, as new ink compositions have emerged, the rheological requirements of inks have not
been well connected to printability, or the ability of a printed object to maintain its shape and support the weight of subsequent layers. In
this review, we provide an overview of the rheological properties of successful DIW inks and propose a classification system based on ink
composition. Factors influencing the rheology of different types of ink are discussed, and we propose a framework for describing ink print-
ability using measures of rheology and print resolution. Furthermore, evolving techniques, including computational studies, high-through-
put rheological measurements, machine learning, and materiomics, are discussed to illustrate the future directions of feedstock development
for DIW. The goals of this review are to assess our current understanding of the relationship between rheological properties and printability,
to point out specific challenges and opportunities for development, to provide guidelines to those interested in multi-material DIW, and to
pave the way for more efficient, intelligent approaches for DIW ink development.
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I. INTRODUCTION DIW feedstocks, also referred to as “inks,” are a key compo-
nent in DIW as they determine not only the internal structure and
performance of resultant objects but also the success of printing.
Similar to fused deposition modeling (FDM), the rheology of
which was discussed by Mackay,”' DIW is an extrusion-based addi-
tive manufacturing method; however, DIW and FDM use different

Three-dimensional printing (3DP), the largest subset of additive
manufacturing, has gained much attention in the past two decades
as a method for producing complex, customized three-dimensional
structures with excellent mechanical properties and/or functionalities.
Direct ink writing (DIW), also known as robocasting,l'3 is one of

the most commonly used techniques to accomplish this goal due to principles to print, and hence, the rheological requirements for

its low cost, ease of use, and ability to tailor feedstock composition.” their feedstocks differ. An FDM printer heats a thermoplastic

In recent years, substantial advances have been made in DIW, specif- ~ filament to the melt/liquid state, and the extruded filament

ically for bio-related’™"" and conductive'>~'” materials. As shown in cools rapidly after extrusion onto a substrate and solidifies

Fig. 1, the use of DIW to produce functional devices is rapidly  [Fig. 2(a)].”>" The rheology of the melt state is, therefore, impor-

growing, with an increasing annual number of publications on tant, but the thermal properties of the FDM filament, which solidi-
18-21

advanced applications, such as printed structural components, fies as it cools after printing, are what enables FDM to build fully
electronics,'*™' 7 flexible materials,”*»** biomedical materials, 3D objects. In contrast, DIW is most commonly performed at
and catalysis materials,”” >’ among others. room temperature, meaning that the isothermal rheology plays a

5-11
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larger role than in FDM. Since the room temperature process elimi-
nates heat transfer considerations, nozzles for DIW can vary greatly
in size, ranging from as small as 0.1 um in diameter, as used in
microfabrication, to as big as several dm for concrete printing, as in
building applications.”* An ideal DIW feedstock “ink” should be
extrudable at moderate pressures and should maintain its shape
after extrusion. Further, multiple layers must be stackable without
significant structure slumping [Fig. 2(b)].

As illustrated in Fig. 2(c), DIW inks are usually composed of
highly filled polymer solutions,”™*” emulsions,”*** hydrogels,'**~**
or liquid metals."*™ Printable inks are viscous, paste-like materials
which are able to be extruded through a syringe, stackable to form
3D-printed structures, and may be solidified during/after printing by
solvent drying,”*” ultraviolet curing,”*****'~>* chemical curing,”*
or heating/cooling’>”” the printed ink. Since these curing methods
can enable access to inks having a wider scope of rheological behav-
ior (i.e., inks which would typically slump if not post-processed), the
present review focuses on inks which are printable at room tempera-
ture without additional curing during printing and that can form
structures at least 5 mm tall. Real inks almost always deviate in some
meaningful manner from the idealized requirements elucidated
above, leading to compromised prints. Therefore, a detailed under-
standing of ink rheology will allow for ink-specific printing protocols
to be applied to achieve higher quality final objects.

Although a great number of studies have been dedicated to
the investigation of novel functional DIW inks and their applica-
tions, few address the fundamental questions:

How is “printability” defined?

What rheological properties are required for a successful DIW ink?

How does the composition of the DIW ink determine the rheologi-
cal properties that define the printability and fidelity of the final
printed objects?

The successful answers to these questions will (1) lead to a
simple way to predict the printability based on ink rheology and the
constituent components, (2) help researchers better tune printing
parameters and print fidelity, and (3) facilitate the development of
inks that have special rheological requirements, such as bioinks con-
taining live cells™*"** or emulsion inks’*™** composed of thermody-
namically unstable phase separated systems.””®" In this review, we
first describe the rheological requirements of DIW inks (Sec. IT) and
then discuss the quantitative methods to describe ink printability
using rheology and print resolution (Sec. I1I). We follow this by pro-
posing a new classification for ink composition and discuss factors
influencing the rheology of different types of inks (Sec. IV). Finally,
we address the evolving techniques in the study of ink rheology
(Sec. V) and propose immediate areas for focus (Sec. IV). This
description paves the way for more efficient, intelligent approaches
to DIW ink development, including high-throughput rheological
measurements, machine learning, and materiomics.

Il. RHEOLOGICAL REQUIREMENTS FOR DIW INKS

A DIW printer consists of a syringe-based dispensing system
which contains the feedstock ink and which is moved in three
dimensions relative to a build platform such that the ink is dispensed
in a predefined pattern. During printing, the ink is subjected to

REVIEW pubs.aip.org/aip/jap

stress (o) and acquires strain, ¥, at a rate of y as it is pushed through
a nozzle onto the build surface to create the three-dimensional
object. Strictly speaking, the strain, strain rate, and stress are all ten-
sorial quantities, but typically, only one or two components are
investigated at a time. An adequate ink for DIW requires homoge-
neous dispersion of its components and must have appropriate rheo-
logical behavior to be printable. Here, a printable ink is defined as
being capable of being extruded and of supporting some mass indefi-
nitely without continued distortion. The extrusion requirement
relates to viscous or plastic behavior, while the ability to support
mass without continued distortion is a solid-like property.
Specifically, a DIW ink should have a yield stress (o) above which
the ink will flow.” From this, yield stress follows a high viscosity ()
at low rates [usually between 10” and 10° mPa s when measured at a
shear rate () of 0.157'].°"°® The high viscosity enables the ink to
maintain a paste-like consistency.**” Additionally, shear-thinning
behavior permits the ink to be extruded, and thixotropy contributes
to recovery of the high viscosity after extrusion.””*’" As such, the
presence of a yield stress facilitates DIW printing and the ability of
the ink to maintain the shape of a printed object.

To illustrate the connection between shear stress, yield stress,
shear rate, and viscosity, we present the example of the simple
Bingham model for yield stress fluids, which additively combines a
yield stress and a simple (Newtonian) flow rule,

OBingham = Oy + 7737) (1)
where 75 is the Bingham plastic viscosity and all other terms have
their usual meaning.”' Below the yield stress, the model is perfectly
rigid. Other models, such as those of Casson’? or Herschel and
Bulkley” use similar formulations but make different choices for
the flow rule. The Herschel-Bulkley model, for instance, generalizes
the Bingham model by allowing for power-law flow with an expo-
nent n. When n =1 in the Herschel-Bulkley model, the Bingham
model is obtained.

Viscosity describes a fluid’s resistance to flow when a force is
applied and results from internal friction.”***"*”* For different
inks, there are different origins of internal friction, including inter-
actions between particles/particle flocs,**”°*"*7*7® " polymer
entanglement,m’81 non-covalent bonds (e.g., van der Waals interac-
tions),””’® etc. (see Sec. IV). Apparent viscosity is defined as the ratio
of the shear stress to the shear rate, which for the Bingham model is

MBingham = OBingham/Y = 0y/¥ + 1. (2)

A number of simple observations can be drawn from this.
First, the viscosity is dominated at low rates by the o,/y term in
Eq. (2), which makes the viscosity very large. In fact, in the limit of
zero shear rate, the viscosity diverges. Second, the viscosity
decreases with increasing shear rate, showing shear-thinning
because of the presence of the yield stress term. Additionally, if the
viscosity is plotted as a function of the shear rate (both on logarith-
mic scales), it will show a shear-thinning slope of —1 at low rates.
Third, for simple models like the Bingham model, when the stress
drops below the yield stress, all flow ceases, and the material reso-
lidifies. The factors of high viscosity, shear-thinning behavior,
and thixotropy are commonly referred to as the three main
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requirements of a DIW ink; however, as illustrated by Egs. (1)
and (2), these factors are all contained in the statement, “A DIW
ink must have a yield stress.”

Printability of a DIW ink goes beyond the simple presence of
a yield stress because filaments need to be able to support the mass
of the same ink extruded layer-by-layer atop one another. The yield
stress of an ink must, therefore, be larger than the forces due to
gravity, which are dictated by the density of the ink. As a result,
denser inks require larger yield stresses to be printable. If the gravi-
tational force on a printed element exceeds the yield stress, the
lower layer of material will yield and flow until the cross-sectional
area increases enough to reduce the stress to the yield stress.*”
Thus, the ratio of gravitational stress to the yield stress sets the
maximum vertical dimensions of what can be printed before
slumping occurs and additional post-processing is required. This
requirement can be summarized by the dimensionless group that
relates gravitational stresses to the yield stress, which resembles a
plastic Galilei number (typically the ratio of gravitational to viscous
forces) or an inverse gravitational Bingham number (typically the
ratio of yield stress to viscous forces). Printability is obtained when

peh

<1,
2, 3)

where h is the height of the print with a maximum value set by
20,/pg before slumping occurs. The reason for the factor of 2 in
the denominator was noted by Pashias et al., that for an ideal
elastic solid the maximum shear stress that can act on a body when
a pressure is applied to it in a normal direction is equal to half the
pressure.”>*> A simple analysis of how much a cylinder of material
will slump was presented by Pashias et al. in their work introducing
their “50 cent rheometer.”®* The goal of their work was to allow for
field measurements of yield stresses, but their analysis of slump
heights also holds for the modern application of DIW printing.

As with this printability requirement, it is convenient to
compare similar properties across complex fluids using dimension-
less groups that summarize the essential physics. Two dimension-
less groups, known as the Deborah and Weissenberg numbers,**~**
quantify the extent to which a material’s rheological response is
elastic or viscous at a particular observation time, along with the
strength of the flow. The Deborah number is defined as the ratio of
a material timescale, such as a relaxation time, and an experimental
timescale and is large for elastic responses and small for viscous
responses. The Weissenberg number is often defined as the product
of the relaxation time and the characteristic rate of deformation
and describes the degree to which nonlinearity is exhibited.”” For
example, flowing polymer in the melt at high Weissenberg number
disentangles, and polymer chains are aligned along the direction of
applied shear, resulting in a decrease in the apparent viscosity. In
colloidal suspensions, fluid droplets align and deform, solid particle
aggregates break apart, or low-dimensional particles align in the
direction of the applied shear. These are the mechanisms behind
shear-thinning behavior within various DIW inks at high
Weissenberg numbers, which will be further detailed in Sec. ITI.

Applying this framework to the direct ink writing (DIW)
process, we observe the following phenomena: (1) if the ink

REVIEW pubs.aip.org/aip/jap

possesses a yield stress and is sitting in a nozzle, it will exhibit a
high Deborah number and low Weissenberg number, thereby pre-
venting dripping out of the nozzle; (2) during extrusion, flow occurs
once the stress exceeds the yield stress, resulting in a low Deborah
number and a (typically) high Weissenberg number; (3) once the
ink exits the nozzle, it enters a zero-stress condition, allowing for
the elastic strain acquired during the extrusion process to recover;
consequently, the Deborah number transitions back to a high value,
while the Weissenberg number becomes low once again.

For a printing nozzle with diameter of 1 mm, application of a
stress that leads to an extrusion rate of 15~ results in a filament
that grows in length at a rate of 1 mm/s. As such, modulating the
value of the applied stress controls the rate of filament growth;
stresses that are closer to the yield stress will cause the filaments to
grow even slower, in some cases by orders of magnitude. The
applied stress should be tuned to achieve the desired material extru-
sion rate. In the 1 mm nozzle case, extrusion of a filament at a rate
of 1cm/s, therefore, corresponds to a shear rate of 10s™". Printing
with smaller nozzles, therefore, requires pushing the ink rheology
to higher shear rates. The connection between printing and rheol-
ogy is, therefore, intimately related to the timescales over which a
printing result will be allowed to occur, and yield stress fluid rheol-
ogy is key to the printing process.

A. Brief history of yield stress fluid rheology

In the DIW process, inks with yield stresses undergo a transi-
tion from being viscoelastic solids, where deformations are recover-
able, to deforming viscoplastically, where deformation is
unrecoverable, as the applied load exceeds a certain threshold. This
phenomenon is commonly referred to as “yielding.” The existence
of the yield stress has been vigorously debated over the years,”
with some authors pointing out that determination of a yield stress
depends on waiting long enough to determine whether very slow
flows are stable. However, the yield stress has since become
accepted as an engineering reality.

Early attempts to model the rheology of yield stress fluids,
such as those of Bingham, Herschel and Bulkley, and Casson,
focused solely on creating a flow rule for the steady flowing
state.”' 7" These attempts implied an instantaneous yielding
process and infinitely rigid pre-yielding behavior. Oldroyd’s work
expanded on these early attempts by explicitly modeling both the
unyielded and yielded regimes. Oldroyd proposed that yield stress
fluids behave as elastic solids when the applied stress is below the
yield stress and flow plastically above it, following the flow behavior
described by Bingham. This two-regime behavior is now known as
the Oldroyd-Prager formalism.”*~"> Several models utilize this for-
malism and distinguish between unyielded solid and yielded visco-
plastic behaviors using distinct physics, with the most prominent
models proposed by Saramito.”*””

Recently, models have been developed that move beyond the
Oldroyd-Prager formalism. Dimitriou and McKinley constructed a
model based on the idea of kinematic hardening,(’8 which describes
the yielding condition as a function of the intensity of the past
plastic strain.”” Kamani et al. proposed a five-parameter model that
accounts for all the major rheological observations of yield stress
fluids, including the transient nature of the yielding transition.'"’
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Their model incorporates a relaxation time that is dependent on
the rate of deformation and a framework where plastic flow is
enhanced by rapid elastic deformation. In the context of DIW, this
model indicates that plastic flow of an ink can begin at stresses
below the yield stress, but stress should be maintained above the
yield stress for stable flow. The ink composition, nozzle diameter,
and material extrusion rate can be modulated to account for this
phenomenon and achieve stable extrusion throughout the extent of
a print.

I1l. ASSESSING PRINTABILITY FROM RHEOLOGY AND
FIDELITY PERSPECTIVE

Unlike FDM feedstocks which tend to be commercialized and
standardized, new DIW inks are constantly being developed and
are often formulated using a guess-and-check approach. This vari-
ability in ink composition makes it challenging to directly compare
ink performance from study to study. To both expedite DIW ink
development and improve reproducibility, ink properties and, thus,
printability must be quantified. Printability can be described by
two interlinked metrics: rheology of the ink and fidelity of the
printed object. Methods for evaluating these metrics are elaborated
below.

A. Rheological experiments

The commonly employed rheometers to evaluate ink rheology
are torsional and capillary. In a torsional rheometer, a sample is
sheared between two surfaces, one of which rotates about an axis
and the other of which is stationary.”* Based on the nature of this
rotation, various rheological properties can be determined. In con-
trast, capillary rheometers perform measurements while pushing a
sample through a capillary die. As such, capillary rheometry can
achieve higher shear rates (~100-1000 s ™)' which are similar to
those experienced during DIW,'"” and this technique can also be
used at elevated temperatures and pressures compared to torsional
rheometry.'*'>'%* Although capillary rheometers possess these
advantages, they typically only provide access to steady state flow
behavior at zero Deborah number and not the transient rheology
which is important for DIW. Additionally, the influence of the
high pressure used for testing on the sample rheology must be
accounted for, and torsional rheometers are more commonly avail-
able. Therefore, rheological studies of DIW inks are most com-
monly performed using torsional rheometers with either parallel
plate or cone-and-plate geometries.

Based on rheological measurements, fluids can be classified as
either Newtonian or non-Newtonian. Newtonian fluids have a
linear relationship between stress and shear rate, as shown in
Fig. 3(a), whereas non-Newtonian fluids exhibit rate-dependent vis-
cosities.”*>"%'% Shear-thickening materials show an increase in
viscosity with increasing stress due to hydrocluster formation
which leads to continuous shear-thickening or frictional contacts
that cause discontinuous shear-thickening. Shear-thinning materi-
als, in contrast, show decreased viscosity at high Weissenberg
number as the alignment of fluid components (e.g., particles or
polymer chains) dominate the rheological behavior.”*'"

Transient nonlinear rheology is key to DIW processes; there-
fore, when measuring ink rheology, it is best to use geometries that
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accurately measure nonlinear properties without the need for cor-
rections. While parallel plate rheometry is attractive for ease of
loading, measuring nonlinear properties with this geometry requires
well-known corrections to account for the heterogeneous shear rate
across the gap.'’™''? Better geometries include cone-and-plate and
concentric cylinder Couette tools. As such, if a single viscosity value
is reported for a DIW ink, the shear condition, including geometry,
must also be reported. To quantify viscosity over a wide range of
rates, shear rate sweeps are generally performed, where the rate is
increased in a stepwise manner throughout the experiment, and the
viscosity is reported over the course of the measurement in a plot
like that in Fig. 3(b).”*'"” The extent of any shear-thinning behavior
can be described by the slope of this curve or by a shear-thinning
index, where the value of the ratio of the low-rate viscosity to the
high-rate viscosity is reported.'"” Since these are steady state mea-
surements, the Deborah number is zero and one can only interpret
the rheology in terms of the strength of the flow that is described by
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the Weissenberg number. However, the DIW process involves varia-
tion in the Deborah number as well. In other words, shear rate
sweeps only provide information about the flowing state and not
about the transient yielding or unyielding processes crucial to suc-
cessful printing.

To describe how an ink yields and unyields during DIW, it is
important to acknowledge that the shear strain and rate are compos-
ite parameters made of recoverable and unrecoverable components,

y(t) = yrec(t) + yynrec(t)’ (4a)

7O = V1) + Finrec(t)s (4b)
where ¥,,. and 7, are the recoverable and unrecoverable shear
strains and y,,. and ¥,,,.. are their rates. Elastic processes are related
to the recoverable component, whereas the plastic behavior is linked
to the unrecoverable component. To study both the unyielded
elastic and yielded plastic behaviors, oscillatory tests are typically
used. The constant variation of strain and rate provides the ability
to investigate the impact of both the timescale and extent of defor-
mation. The average energy stored is proportional to the storage
modulus, which is usually denoted by G’ and is associated with
recoverable strains only. Acknowledging the composite nature of the
deformation rates, there are two methods of dissipating energy—
one associated with the rate at which recoverable elastic strain is
acquired, G ., and the other with the rate at which unrecoverable
plastic strain is acquired, G'j,;;.'' """ The sum of these dissipation
mechanisms gives the traditional loss modulus, G”, which is defined
as the average energy dissipated normalized by the square of the
total strain rate. Donley et al. used recovery rheology to elucidate
the composite nature of G, comprised of both viscoelastic solid and
fluid energy dissipation pathways, leading to a clearer understanding
of transient yielding.

The dynamic moduli, G and G”, and the components, G .,
and G, represent average measurements over a single period of
oscillation."'*'"> However, to gain a more comprehensive under-
standing of the DIW process, it is crucial to investigate the tran-
sient behavior of inks. Only recently, with the development of
recovery rheology techniques, have methods emerged that allow for
clear interrogation of transient nonlinear rheological behaviors.**

Yield stress fluids behave as viscoelastic solids at stresses below
their yield stresses. The viscoelasticity is typically characterized by
the dynamic moduli that we introduced previously. While the ener-
getic definitions are true in both the linear and nonlinear regimes,
there is also a geometric relation that holds in the linear regime.
The dynamic moduli can be thought of as the real and imaginary
parts of a complex modulus, G,

G =G +iG". 5)

In a similar manner, a complex viscosity, ', can be defined as'®
n=Glw. (6)

A plot of the sinusoidally varying stress and strain during an

oscillatory test of a viscoelastic material is plotted at the top of
Fig. 4(a). From these data, the phase lag § is observed. The
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relationship between G', G”, and G is also plotted at the bottom of
Fig. 4(a). For all viscoelastic materials in the linear regime,
0°< 6 <90° with the lower end corresponding to a purely elastic
response and the upper bound corresponding to a viscous one. For
DIW inks, which are viscoelastic, the strain lag has a strain
amplitude-dependent intermediate value.

In oscillatory tests designed to probe the nonlinear rheology
of inks, the stress response to oscillatory straining is often non-
sinusoidal. It is, therefore, difficult to define a unique phase angle
to retain the geometric interpretation. However, the energetic inter-
pretation of the dynamic moduli holds true at all amplitudes.
When the strain amplitude is small, the viscoelastic solid behavior
of the ink dominates the response and G' > G”. As the amplitude
increases, G” typically increases and then decreases again, and the
moduli cross [Fig. 4(a)]. Many measures of the yield stress have
been inferred from such responses: as the point at which G’ begins
to deviate from linearity (sometimes called the yield point with
stress 0,); the point at which the stress—strain response deviates
from linearity; the point at which G = G” (sometimes called the
flow point with stress oy), or other measures; even so, these
descriptions provide an incomplete understanding of yielding,''®
To illustrate whether the yielding process is more gradual or closer
to instantaneous (i.e., brittle fracture), a flow transition index (FTI)
may be reported, where

of
FTI = —. 7)
Oy

The closer that the FT1 is to 1, the more brittle the material.''”
Although the FTI is a useful shorthand way of describing the frac-
ture behavior of a material, the calculation still depends on the defi-
nition of the yield stress. The previously discussed work by Donley
et al. indicates that while the various measures of the yield stress
each have different interpretations, recovery rheology can unambig-
uously identify yielding and shows that yielding is a gradual
process both in terms of time and deformation.''* Another study
using recovery rheology has shown that all yielding behaviors can
be described using only the yield stress determined from the steady
shearing response.'”” This modern understanding of yielding
should be considered when developing DIW inks which must flow
to be printed and unyield to be built upon.”***

A third method for quantifying how quickly a DIW ink reso-
lidifies is by evaluating the change in viscosity or stress upon a
change in applied shear rate.””''™""” When the syringe plunger is
pressed, the shear rate suddenly increases, and the stress becomes
large. When the ink is extruded, the rate rapidly decreases, and the
stress drops to zero. This scenario is demonstrated experimentally
using the three-interval thixotropy test (3ITT) shown in Fig. 4(c).
Broadly speaking, thixotropy is the name given to time-dependent
rheological behaviors that saturate on timescales different than
those due to viscoelasticity. In a thixotropic material, a rapid
decrease in viscosity occurs when shear is applied, and a time-
dependent recovery in viscosity begins when the shear rate is
reduced.”>*>'"” A simple yield stress fluid that obeys Bingham’s
model [Eq. (1)] will resolidify the instant the stress drops below the
yield stress. The amount of time required to restore the initial value
of viscosity is proportional to the resolidification time.'*’ Results
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from this experiment are generally reported as a percent recovery Another parameter commonly used to describe thixotropy is
of the initial (first interval) viscosity at a specified time in the third the degree of hysteresis in the shear stress during a rate-controlled
interval. During this recovery period, the unrecovered portion of experiment.””%>""*71%% In a hysteresis test, the shear rate is swept
viscosity is termed “work softening.”' "’ from low to high or high to low. To neglect effects of time-
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dependent factors and elasticity, Divoux et al.'*' have shown that it
is better to begin at a high rate and wait for steady state and then
sweep down and up at prescribed rates. In this test, a thixotropic
material will follow different paths downward and upward in shear
rate, with the degree of thixotropy being determined by the area
between the curves (i.e., hysteresis), which is dependent on the rate
at which shear rates are swept [Fig. 4(d)]. A challenge with these
experiments is that two variables—rate and time—are modulated
concurrently. Thixotropy is a function of both of these variables,
and a lag in the material response compared to the applied shear
may occur. Therefore, interpretation of hysteresis loop results can be
challenging, and care must be taken in interpreting their results.””

B. Fidelity tests

Under ideal conditions, each extruded filament of a Bingham
yield stress fluid would demonstrate a well-defined morphology
with a smooth surface and constant cross-sectional dimensions. In
the case of a printed lattice structure, this would result in regular
grids and square voids in the fabricated constructs. However, an
incomplete understanding of the complex rheology of real inks can
result in printed filaments that exhibit distortions in terms of fila-
ment width, pore geometry, layer height, etc. Therefore, fidelity tests
are commonly employed as a complement to rheology tests to quan-
tify the printability of an ink. These fidelity tests can be grouped
into three different categories: (1) single filament evaluation, (2) fila-
ment fusion evaluation, and (3) pore geometry evaluation.

The single filament test evaluates the morphology or smooth-
ness of the extruded ink filament and its sagging behavior under
the action of gravity. As shown in Fig. 5(ai), filament diameters can
be measured on images of the filament at different locations (d;,
d,, and d;), which indicates the homogeneity of the filament.
Another common test on a single extruded filament is called the
filament collapse test, which was developed by Therriault et al.'**
Here, a single filament is extruded over a series of pillars with
increasing spacing between them (in the absence of post-printing
processing). An ink with ideal Bingham rheology would either not
sag at all because of the absence of elasticity or would collapse
completely if the force due to gravity exceeds the yield stress. For
real inks, the filament exerts a force Fy which results in some
sagging as shown in Fig. 5(aii). The collapse of the filament is
quantified by measuring the angle of deflection 6 at the edge of the
suspended filament using optical microscopy, under the assump-
tion that deformation is negligible and forces on the filament have
achieve equilibrium at the time of measurement. The angle of
deflection can then be related to the yield stress of the ink by'*

6 =sin! (piL), (8)

Oy

where p is the density of the material, g is the gravitational accelera-
tion, and L is half the distance between two pillars. In the absence
of further experimentation, the cause of the sagging cannot be
decoupled between recoverable and unrecoverable processes, as
indicated by Eq. (4). If the sagging is recoverable, then it can be
said to be due to elastic effects, as an elastic filament would sag an
amount proportional to its modulus. If the sagging is
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unrecoverable, then some plasticity has occurred, which may be
indicative of partial yielding.

Alternatively, the collapse area factor Cy can be calculate
This calculation requires extruding filament strands across a ridged
scaffold, then measuring the cross-sectional area formed between the
filament and the scaffold walls, as shown in Fig. 5(aii). An ink with
simple Bingham rheology that is perfectly rigid below the yield stress
would have no collapse across the scaffold, and, thus, a rectangle
would form between the filament and the scaffold walls. The area of
this rectangle is the theoretical area A¢, and the actual measured area
is AS. Then, Cy is calculated using the following equation:'**

d 123,124

¢ =42 5 100% 9)
f = AC 0.

t

In the ideal scenario with no filament collapse, A = Af and
Cr = 100%. In reality, however, Cr decreases with increasing fila-
ment collapse. This calculation provides a quantitative measure of
the level of filament sagging that may occur when ink is extruded
and spans a structure.

A common method to quantify the spreading and merging
behavior of the ink is the filament fusion test,'>” as shown in
Fig. 5(b). One version of the test consists of printing a zigzag
pattern composed of parallel strands at decreasing spacing F; and
measuring the length of the portions of adjacent filaments that are
fused together (F;) as shown in Fig. 5(bi). Inks with lower yield
stresses tend to have larger F;, as adjacent filaments spread and merge,
even at higher Fy, causing a loss of resolution in the x—y plane.
Another variant of the test shown in Fig. 5(bii) consists of printing
two layers of the zigzag pattern which are orthogonal to each other.'”*
By measuring the area of the variably sized pores of the fabricated
scaffold, the effect of filament fusion and pore closure can be quantita-
tively assessed for different ink compositions.

Pore geometry is evaluated using semiquantitative assessments
of the pore and lateral pore size, circularity of printed filaments,
and shape fidelity of the pores, which rheologically correspond to
acquisition of recoverable and unrecoverable strains during the
printing process. Using this approach, the perimeter and area of
pores are used to derive a printability index [P,, Fig. 5(c)].>'*” An
ideal axial porosity in a lattice made from orthogonal filaments
should display a squared profile in the x-y plane (or rectangular,
depending on the designed strand-to-strand distances). In this case,
high geometric accuracy would result in a printability index of
P, =1 (square-shaped transversal pore geometry), while P, <1
and P, > 1 correspond to a more round or irregularly shaped
transversal geometry, respectively. Thus, the measurement of pore
circularity and the deviation from an ideal square can provide an
estimation of shape fidelity in the x-y plane. In a similar vein, the
lateral shape fidelity can be described quantitatively in terms of the
lateral porosity, as shown in Fig. 5(cii). The lateral collapse area
factor C}, that is, the percentage of the actual lateral area of each
lateral pore with respect to the theoretical lateral pore area, is deter-
mined using the following equation:'**

Al Al
=Ze—_ e 100%,

Cl
Fy x L, —0257d}

=— (10)
f Ai
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FIG. 5. Quantitative tests to assess the shape fidelity of an ink during printing. (ai) Filament uniformity evaluation. (aii) Filament collapse test to assess sagging of support-
free structures due to gravity.'** (bi) Filament fusion test.'** (bii) A filament fusion test where two layers of filament are deposited orthogonally. (ci) Transversal pore geom-
etry of printed structure having various P, values. Reproduced with permission from Refs. 5 and 125. (cii) Diagram of pore dimensions used to determine C}.m
Reproduced with permission from Habib et al., Materials 11(3), 454 (2018). Copyright 2018 Author(s), licensed under a Creative Commons Attribution (CC BY) license;
Ribeiro et al., Biofabrication 10, 014102 (2018). Copyright 2018 IOP Publishing, Ltd; Ouyang et al., Biofabrication 8(3), 035020 (2016). Copyright 2016 IOP Publishing,
Ltd; Soltan et al., ACS Biomater. Sci. Eng. 5(6), 2976-2987 (2019). Copyright 2019 American Chemical Society.

where Afl is the actual area of the lateral pore, Ai is the theoretical
pore area, F; is the distance between adjacent filaments, L; is the the-
oretical layer thickness, and dy is the theoretical filament radius, as
shown in Fig. 5(cii). If the lateral pore size completely collapses after
fabrication of the scaffold, Afl =0and C. =0. A higher value of C}
reflects better preservation of lateral pore size and, therefore, improved
scaffold shape fidelity, with perfect fidelity achieved at Cf’ = 100%. In

addition to pore shape fidelity, the quality of layer stacking in a multi-
layered setup can be measured by the maximal height reached for
printing a defined geometry, often described as critical height.'*® The
critical height is related to the amount of mass that a single extruded
filament can support. As additional filaments are extruded atop one
another, the mass that each filament is supporting increases. This can
lead to structure slumping and, ultimately, print failure.
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As detailed above, the rheology of DIW inks is necessary to
characterize and understand how composition can be tuned to
enhance the ability to print an object. In complement, print fidelity
can be evaluated by characterizing filament collapse, filament
fusion, and pore collapse, which may be more accurately compared
to measured rheological parameters through recoverable and unre-
coverable parameters. Taken together, these two classes of charac-
terization dictate printability and can provide insight into new
avenues to improve ink development to expedite new ink formula-
tions from diverse feedstocks. However, these fidelity tests do not
always correlate to bulk rheological predictions, and a rigorous
mathematical model has not been established. This indicates that
we do not have a complete understanding of the rheology of DIW
inks.

IV. FACTORS THAT INFLUENCE THE RHEOLOGY OF
DIFFERENT TYPES OF INKS

Since the first ceramic slurry ink,'”’ scientists have expanded
DIW feedstocks to print polymers,” " food'**'*’ and biomass,"*’
phase change materials,”” metals'*"'** and liquid metals,"™" etc.
From a microscopic perspective, DIW inks can be grouped into
five categories based on the origins of the interactions within the
materijals. These include (i) granular (three-dimensional) particles
in a fluid matrix, (ii) low-dimensional particles in a fluid matrix,
(iii) emulsions and foams, (iv) hydrogels, and (v) liquid metals.
Below we provide a detailed review of factors which influence
printability for each system.

A. Granular particles in matrices

Inks composed of highly jammed granular particles in fluid
matrices are one of the most common feedstocks for DIW. An
illustration of the extrusion of this type of ink is provided in Fig. 6,
where the brown granular particles are suspended in a blue fluid
matrix. The particles are shown as size-disperse spheres with some
surface roughness, although the size and size distribution, shape,
surface roughness, and loading level all depend on the particle
identity. To understand the non-Newtonian rheology of colloidal
dispersions, it is useful to consider suspension microstructure. For
suspensions of spherical particles, the microstructure is defined by
the relative positions of the suspended particles. It is now generally
accepted that the non-Newtonian behavior of dense suspensions
results from changes in microstructure under shear. Particles form
“flocs” (they flocculate together) because of steric stabilization,
hydrogen bonding, and/or electrostatic forces.””’>””"*!'? Applied
o overcomes these attractive forces are overcome and lead to flocs
breaking apart. Increasing o breaks flocs down further, which is the
cause of shear-thinning behavior. When stress is removed, particles
re-bond to one another, and a network can be reformed.®”"%>"%777%
Inks comprised of 3D particles in fluid matrices can be classified
into two major categories: (i) geopolymers or ceramics in water and
(ii) filler particles in liquidous polymers.

The basic rheology-determining parameters of a particle-filled
ink are the rheology of the matrix material, loading of the filler par-
ticles, physical properties of the particles such as the surface rough-
ness, which relates to modes of shear-thickening, and the nature of
particle-particle and particle-matrix interactions.'”
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FIG. 6. lllustration of an ink composed of highly jammed granular particles in a
fluid matrix. The factors that may influence the ink rheology are listed at the bottom.

1. Rheology of the matrix

The rheological properties of the viscous matrix material can
greatly influence the consistency of the resulting DIW ink, as indi-
cated by existing rheological models for solid particles suspended
in viscous matrices. In 1906, Einstein'>* described a mathematical
relationship between matrix viscosity and relative viscosity of an
infinitely dilute suspension of solid particles,

n=n(1 + [n]®), (11)

where 7 is the relative viscosity of the suspension, 7, is the matrix
viscosity, [n] is the intrinsic viscosity (2.5 for rigid spherical parti-
cles), and @ is the volume fraction of solid particles. This equation
is only applicable to very dilute suspensions where interparticle
interactions are negligible. To expand the use of this relationship,
Batchelor'* incorporated a third term, including the Huggins coef-
ficient ky (6.2 for repulsive spherical particles), which accounts for
repellant interparticle interactions,

n=ny(1+ [0+ ky®?). (12)

136

Krieger and Dougherty ™ expanded the use of this model to
more concentrated suspensions, as well as a range of shear rates, by
accounting for the maximum solid fraction in the suspension, @4,

B . o — [ @ax
n="n @, :

Based on this relationship, the viscosity of a viscous matrix
material used for DIW inks can be considered a “baseline,” and the

(13)
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ink viscosity increases upon addition of solid particles, in addition
to the potential emergence of a yield stress. Such matrices are gener-
ally Newtonian fluids, with the shear stress being linearly propor-
tional to the shear rate, and the viscosity independent of shear rate.
The viscosity of the matrix can have drastic effects on the rheologi-
cal performance of an ink. As the matrix viscosity changes, the par-
ticle loading level required to make a printable ink also changes: the
more viscous the matrix, the lower the required loading of particle
filler necessary for the emergence of a yield stress, and, thus, a less
viscous matrix can be used to maximize particle concentration.'””
Therefore, there is a balance between matrix viscosity and particle
concentration, and if the matrix viscosity can be tuned, then a
desired amount of particle filler within an ink can be achieved.
With this said, only a range of acceptable ink properties is feasible
for DIW. Specifically, an ink must have a yield stress to hold its
shape after extrusion, but not be so viscous that the printer cannot
exert enough force to extrude it through the desired size nozzle.

2. Particle concentration

A key factor in the printability of polymer composite inks
containing 3D fillers is particle concentration or filler loading level.
As shown in Fig. 7, for spherical particles of monodisperse size, the
theoretical @y, is 74 vol. % with a hexagonal close-packed or face-
centered cubic stacking structure. The maximum particle concen-
tration is even higher for polydisperse particles where smaller parti-
cles can occupy the space between larger particles, and particle
shape and interparticle interactions also influence the value of
D, for a given system.m”)5 137-140 The 3D particle concentrations
of printable inks have been reported across a large range from as
low as 23'*' to as high as 73 vol. %.”’ Generally, the ideal concen-
tration is dependent on the rheological properties of the ink so that
good print fidelity is achieved, as well as the end use of the printed
object. As such, a range of concentrations may be printable.
However, if too low a particle loading is used, the viscosity of the
suspension will increase compared to the neat fluid matrix, but the
degree of interparticle interactions will be too low to produce a
yield stress, so the ink rheology will be dominated by the
Newtonian matrix fluid. As the particle concentration increases, it
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becomes statistically more likely that particles will interact with one
another, thus increasing the interparticle friction and resistance to
an applied stress, and thus viscosity, of the suspension.'”” Another
consideration is the interconnectivity of the matrix; if the particle
concentration is too high, the matrix material will not form an
interconnected network within the ink, and the structure will
crumble under its own weight.”’

Regardless of filler identity, increased volume fraction is
expected to result in an increase in the viscosity, as reflected in the
aforementioned mathematical descriptions of suspension viscosity.
This increase is due to a higher degree of interparticle and particle-
matrix interactions. Furthermore, the emergence of a yield stress
brings with it an enhanced degree of shear-thinning (a slope of —1
in the viscosity vs shear rate curve). This has been illustrated for
many particle-matrix systems. For example, Huang et al."*’ evalu-
ated the influence of particle concentration on the printability of
SiOC ceramic parts. The authors produced inks from solutions of
polymethylsiloxane in isopropanol mixed with spherical poly
(methyl methacrylate) (PMMA) particles and a crosslinker.
Figure 8(a) indicates that increasing the concentration of 25um
diameter PMMA particles from 50 to 80 vol. % caused the viscosity
to increase by over an order of magnitude at low rate, whereas the
extent of shear-thinning (i.e., the magnitude of the slope of the vis-
cosity-shear rate curve) also increased. Furthermore, the high
volume fraction of 80 vol. % enabled a flow point to be observed in
the plot of G' and G” against the strain amplitude [Fig. 8(b)].
Similar phenomena were observed in studies by Cipriani et al.”>'**
on paraffin microbeads (mean diameter =26 um) in photopolymer
resin [Figs. 8(c) and 8(d)]. Here, the authors also demonstrated
that the viscosity recovery of paraffin-photopolymer inks was
dependent upon the particle concentration by shearing at a rate of
505", then rapidly decreasing the shear rate to 0.1 s™'. Higher par-
ticle loading produced inks with shorter recovery times as shown
in Fig. 8(e)."**

3. Particle properties

a. Shape. Thus far, particle fillers within DIW inks have been
considered as perfectly smooth spheres except for the brief

Simple Body Centered Hexagonal Face-Centered
Cubic Cubic Close-Packed Cubic
®=0.52 ® =0.68 ®=0.74 ®=0.74

Side
View

FIG. 7. Sphere stacking schemes with
different maximum occupied volume
solid fractions. Reproduced with per-
mission from Ref. 142.
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FIG. 8. (a) Viscosity as a function of shear rate for suspensions of 25 um PMMA particles in polymethysiloxane solution, at @ from 50 to 80 vol. %.
as a function of strain for suspensions of 25 um PMMA particles in polymethysiloxane solution, at particle concentrations ranging from 50 to 80 vol. %.!

Sb) Dynamic moduli
®(c) Viscosity as a

function of shear rate for suspensions of paraffin microbeads in photopolymer resin at particle concentrations ranging from 0 to 73 vol. %."** (d) Dynamic moduli as a func-

tion of strain for suspensions of paraffin microbeads in photopolymer resin at particle concentrations ranging from 0 to 73 vol. %.%° (e) Viscosity recovery of suspensions of

paraffin microbeads in photopolymer resin at particle concentrations of 0, 33, and

Reproduced with permission from Huang et al., Addit. Manuf. 36, 101549 (2020). Copyright 2020 Elsevier; Cipriani et al., Phys. Fluids 34(9), (2022). Copyright 2022 AIP
Publishing LLC; Cipriani et al., ACS Mater. Au 1(1), 69-80 (2021). Copyright 2021 American Chemical Society.

discussion of shear-thickening. In reality, granular, three-
dimensional particle fillers may be regular or irregular, oblate or
prolate, and faceted or smooth. They may also be spherical, cubic,
oblong, or another geometry. Particle shape is often defined by
aspect ratio (AR), with a perfect sphere having AR =1 (i.e,, height
equal to width) while oblate particles have AR < 1 and prolate par-
ticles have AR > 1. The previously discussed Einstein, Batchelor,
and Krieger-Dougherty models only apply to spherical particles.
For non-spherical particles, the intrinsic viscosity must be modi-
fied. Pabst'** developed the following equation for the lower bound
of the intrinsic viscosity, [7]., of a suspension of particles with
aspect ratios varying from 1 to 50,
Mo = 2.5 + 0.123(AR — 1)*9%. (14)
In general, suspensions of ellipsoidal particles (i.e., round par-
ticles with AR > 1) have higher viscosities at low rates due to a
higher degree of interparticle interactions. As the rate increases,
ellipsoidal particles orient in the direction of shear, producing a
higher maximum particle loading. This results in lower viscosity
values at high rates and more exaggerated shear-thinning effects.'*°
To mathematically describe the effect of non-sphericity, An

147 s . -
et al.”’ measured the apparent viscosity of suspensions containing

63 vol. % after the shear rate was decreased from 50 to 0.1s~' at time=10s.'*
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particles having various degrees of sphericity, calculated from the
particle dimensions, at multiple particle loading levels. The degree
of sphericity (s) and the viscosity were found to be inversely
related, which the authors attributed to changes in the degree of
interparticle interactions. As sphericity increases, interparticle fric-
tion decreases, so the suspension is more amenable to shear defor-
mation, and the viscosity is lowered. The authors incorporated s
into the previously developed Batchelor and Krieger-Dougherty
models relating the apparent viscosity of a suspension 7 to the
solvent viscosity 7, and volume fraction of particles @,

n = n(1 + 2.5@s + 6.250?),

(1 0 ) —2.5@,0x
0 q)max

At particle fractions above 0.18, the modified models more
closely matched experimental data than their counterparts based
on hard spheres, which points to the usefulness of such modifica-
tions for highly filled DIW inks.

(15)

(16)
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b. Size and size distribution. Particle size has a large effect on
ink rheology, and the cases of monodisperse and polydisperse par-
ticle sizes must be considered separately. As shown in Fig. 9, for
noninteracting particles with a monodisperse size distribution, par-
ticle size can be directly related to surface area and, thus, 7. In
theory, if the total volume of particles is held constant, smaller par-
ticles have a higher surface area-to-volume ratio; therefore, the
degree of friction between particles and matrix should increase,
and the viscosity should increase correspondingly,'*” although the
results of some DIW studies conflict with this expected trend.'**'*
At lower rates, this effect is more pronounced, because as the rate
increases, particles rearrange in the direction of the applied shear,
and the difference in viscosity between suspensions of large parti-
cles and small particles decreases. Most suspensions of solid parti-
cles in liquid matrices are not perfectly uniform in particle
diameter, and commonly, filler particles possess a polydisperse size
distribution as shown in the middle of Fig. 9. In this case, the
maximum possible volume fraction of particles can be increased to
above 0.74 since smaller particles can occupy the spaces between
large particles. Therefore, a broader size distribution results in a
higher maximum concentration of particles. Smaller particles can
also behave as lubricants between larger particles,”*” and a polydis-
perse suspension will have a lower viscosity than monodisperse
suspensions with the same particle concentration, regardless of par-
ticle size."”” Although polydispersity reduces the viscosity of a sus-
pension, the yield stress can remain high.'* Therefore, the
viscosity of a DIW ink may be modulated using both particle size
and polydispersity, while having a high enough yield stress to avoid
dripping from the nozzle.

The relationship between particle size and rheological behav-
ior was reported in the work by Huang et al'®’ referenced in
Sec. IV A 2, in which inks were made from solutions of polyme-
thylsiloxane in isopropanol mixed with spherical PMMA particles
(diameters of either 0.46, 5, 10, 25, or 50 um) and crosslinker.

A Constant
shear rate
®=0.63

p ®,,.,=0.744
S Polydisperse
h—
7
[]
Q
.y
>

Monodisperse

REVIEW pubs.aip.org/aip/jap

As displayed in Fig. 10(a), the viscosity of the ink containing
80 vol. % 0.46 um particles was the highest at nearly 10° Pa's at the
start of the shear rate sweep, whereas at higher rates (>50 s_l), the
viscosity values of all the inks approached one another. Notably,
the viscosities of inks containing 80 vol. % of 5, 10, or 50 um parti-
cles did not follow the expected size-based trend, nor did the
dynamic moduli of the inks. Although the smallest particles
resulted in the highest dynamic moduli [Fig. 10(b)], as expected,
for larger particles, no clear trend between particle size and
dynamic moduli was observed. Clearly, additional factors must be
considered to explain these deviations from the predicted behavior
of the inks. For example, the samples of particles may also have dif-
ferent size distributions, the particles may be deformable, or parti-
cle-matrix interactions may complicate the rheological behavior, as
discussed below.

c. Hardness and particle-particle interactions. So far, the parti-
cles within DIW inks have been assumed to be non-deformable
hard spheres, i.e., that they have no overlap in space. In the hard-
sphere model, repulsive and attractive forces are not considered,
and the rheology of a suspension is described by Brownian diffu-
sion and hydrodynamic forces. Particles are treated as hard spheres
with some hard-sphere particle radius Rpys, and at distances
D > Rys, no interaction occurs; once D between two particles
reaches 2Ry, interactions significantly increase and approach infin-
ity, as shown in Fig. 11(a). The aforementioned rheological models
assume hard-sphere behavior to relate particle concentration to the
viscosity of a suspension. In reality, nearly all particles affect one
another; in fact, interparticle interactions are a key component of
ink rheology. Tadros”"”’" classified the contributing factors to inter-
particle friction into four types: (i) hard-sphere interactions (previ-
ously discussed), (ii) electrostatic interactions arising from double
layer repulsion, (iii) steric repulsion based on adsorbed or grafted
species, and (iv) van der Waals attraction.
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FIG. 9. Relationship between viscosity,
particle size, and size dispersity with
constant particle concentration and
constant shear rate. Reproduced with

®=0.63 permission from Ref. 142.
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FIG. 10. (a) Viscosity as a function of shear rate for 80 vol. % suspensions of
PMMA particles of varying sizes. (b) Dynamic moduli as a function of shear
strain for 80vol.% suspensions of PMMA particles of varying sizes.'*
Reproduced with permission from Huang et al, Addit. Manuf. 36, 101549
(2020). Copyright 2020 Elsevier.

Factors accounting for the chemical functionality of particles
can be considered “soft” interactions since these factors result in
deviations from hard-sphere behavior. For example, electrostatic
forces are present for particles with surface charges, including
ionized surface groups or adsorbed ionic surfactants. In these cases,
counterions aggregate on the particle surface, and co-ions aggregate
onto the counterion layer to form a double layer. As displayed in
Fig. 11(b), this increases the effective radius of the particles (Rep),
and as particles of the same charge approach one another, their
double layers overlap, leading to increasing repulsion.”””*">"
Similarly, steric effects increase the effective radius [Fig. 11(c)].
Steric effects apply to particles with strongly adsorbed (or cova-
lently attached) nonionic species, such as nonionic surfactants or
polymer chains, forming a layer with thickness r. If the matrix is a
good solvent for the adsorbed species, interactions between these
surface species are unfavorable; therefore, at interparticle distances
D < (R + r), particles repel one another and steric repulsion
increases. Once D = R, the interaction energy goes to infinity as in
the hard-sphere model. For adsorbed species that can interact with
one another via intermolecular interactions or simply due to high

REVIEW pubs.aip.org/aip/jap

particle concentrations, these interactions must be overcome by suf-
ficient shear to induce flow.'”""'** Finally, van der Waals attraction
is considered when determining the degree of interparticle interac-
tions within a solid-liquid suspension. van der Waals forces can be
separated into dipole-dipole interactions, dipole-induced dipole
interactions, and London dispersion forces (i.e, induced
dipole-induced dipole). For polar compounds, dipole-related inter-
actions must be considered, whereas London dispersion forces arise
from changes in electron density dispersion and apply to both
polar and nonpolar compounds. As shown in Fig. 11(d), the van
der Waals attractive forces increase sharply below some critical dis-
tance, termed the “capture distance,” at which all particles are
strongly attracted to one another and flocculate.”””®

Particle characteristics, which dictate these four categories of
interparticle interactions, can greatly influence suspension rheology.
Hard-sphere suspensions are dominated by Brownian diffusion at
low shear rates and exhibit solid-like behavior. As the shear rate
increases, layers form within the flowing suspension, and at high
rates, these layers move freely, resulting in viscous fluid-like behav-
ior.”’®'% Similarly, suspensions of particles with electrostatic
interaction are dominated by Brownian diffusion at low rates; as
the rate increases, hydrodynamic interactions between the double-
layered particles dominate, and the viscosity decreases. However,
with sufficiently high particle loading, a critical value is reached,
and pseudoplastic flow is observed.”””® Alternatively, particles of
sterically influenced suspensions are affected by both viscous and
steric forces. Particle suspensions with nonpolar species adsorbed
onto particles achieve high 7 at lower ® as compared to hard
spheres. Increased steric interactions also tend to increase the value
of the storage modulus, producing more elastic behavior within the
suspension.””””® Finally, flocculation arising from van der Waals
attraction between particles can result in thixotropy.””””*'*> As floc-
culated aggregates are sheared, attractive forces are overcome after a
certain amount of time, and as the aggregates break apart,
entrapped liquidous matrix is freed. This reduces the effective
volume of particles within the suspension, corresponding to a time-
dependent decrease in effective viscosity and resulting in thixotro-
pic behavior.”””®

4. Particle-matrix interactions

a. Surface roughness of particles. Although particle fillers are
typically modeled as smooth spheres, in practice, surface roughness
can drastically influence ink rheology. For instance, the surface
roughness leads to increased geometric friction, and, therefore,
requires smaller number of particles to achieve the same shear-
thickening strength as compared to smooth particles.”
Concentrated suspensions exhibit strong continuous shear-
thickening, where the viscosity increases continuously with increas-
ing shear rate. However, at volume fractions above a critical value,
an abrupt increase in viscosity may occur, which leads to discontin-
uous shear-thickening.'”*”'*° The design of shear-thickening
strength for a wide range of colloidal suspensions was recently
demonstrated using a single parameter: the distance to jamming."”’

Rough particles have higher surface area-to-volume ratios than
smooth particles, which is expected to lead to a higher degree of
interparticle interactions. Additionally, rough particles physically
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FIG. 11. Types of interparticle interactions in suspensions: (a) “hard-sphere”; (b) “soft’ (electrostatic); (c) steric; (d) van der Waals. ’" Reproduced with permission from

Tadros et al., Adv. Colloid Interface Sci. 68, 97-200 (1996). Copyright 1996 Elsevier.

disrupt the flow path of the liquid matrix compared to smooth par-
ticles which facilitate the flow of the matrix around them. Thus,
suspensions of rough particles are generally accepted to be more
viscous than suspensions of smooth particles.””'**'*”  For
example, Moon and co-workers'*’ prepared silicone oil suspen-
sions of 80um spherical particles of polystyrene with roughness
ratios of either 5.1% (resulting from a grinding process) or 0.13%
(unground) and particle concentrations of 30, 40, or 50 vol. %.
Regardless of particle concentration, the viscosity increased with
increased roughness, as shown in Fig. 12(a), which is attributed to
increased interparticle friction.

Recent studies have elucidated some effects of particle rough-
ness in non-colloidal suspensions (that is, suspensions containing
particles > 1 um in diameter) which give an alternate perspective to
friction effects. These studies have placed greater emphasis on the
clustering, or flocculation, of solid particles in suspensions. For
example, Lin and co-workers'®’ prepared suspensions of PMMA
particles of different roughnesses or smooth hollow glass spheres in
silicone oil [SEM images shown in Fig. 12(b)]. Rougher particles
were found to decrease the viscosities of these shear-thinning sus-
pensions across the range of shear rates, as shown in Fig. 12(c).
The authors attribute this behavior to decreased flocculation of
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rougher particles. In suspensions of granular particles, shear-
thinning behavior is thought to arise from the breakdown of flocs
as the shear rate increases; as such, less flocculation would result in
a lower degree of shear-thinning. Further work is required to accu-
rately model the effects of particle roughness and account for
potentially contradictory factors.

b. Particle-matrix chemical compatibility. Alongside physical
interactions between particles and liquid matrices, non-covalent
forces such as polar interactions, hydrogen bonding, and van der
Waals interactions also influence ink rheology. In a useful compari-
son, Cai and Salovey'®' performed a rheological study on suspen-
sions made from liquid polysulfide polymer as the matrix
combined with monodisperse spherical particles of either PS, cross-
linked vinylphenol modified polystyrene (PSVP), all monodisperse
with diameters of 0.315um, or crosslinked PMMA 0.344 um in
diameter. The degree of particle-matrix interactions was expected
to increase from PS to PMMA to PSVP: PS should have only non-
polar, dispersive intermolecular interactions with the matrix,
PMMA should exhibit dipole-dipole interactions and weak hydro-
gen bonding, and PSVP should have the strongest intermolecular
hydrogen bonding due to the hydroxyl groups. The authors
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FIG. 12. (a) Viscosities of suspensions of ground and unground PS spheres in silicone oil at particle concentrations of 30, 40, and 50 vol. %."*° (b) Viscosities of suspen-
sions containing 40 vol. % rough PMMA particles, smooth PMMA particles, or hollow glass particles in silicone oil. The traces are curves fit to the experimental results. ST
indicates shear-thinning. (c) SEM images of rough PMMA particles (i), smooth PMMA particles (i), and hollow glass particles (iii).'®" Reproduced with permission from
Moon et al., J. Non-Newton. Fluid Mech. 223, 233-239 (2015). Copyright 2015 Elsevier; Lin et al., Phys. Fluids 33(4), 043104 (2021). Copyright 2021 AIP Publishing LLC.

explained that, for a suspension with a polymer melt as the matrix,
polarity and hydrogen bonding cause polymer chains to adsorb or
entangle and form a layer on the particle surface. With increased
interfacial interactions, the thickness of this layer grows, and the
effective concentration of particles increases, raising the viscosity,
both dynamic moduli, and yield stress of the suspension.

c. Density difference between ink components. A final, and crit-
ical, consideration in DIW inks is the difference in density between
particles and the suspending matrix. A general understanding of
this factor leads to the conclusion that granular particles denser
than the liquid matrix will sink due to gravitational force, g, and
particles which are less dense than the matrix will float. However,
the size of the particles and viscosity of the matrix (1,) must also
be considered, since in the colloidal range (diameters < 1um), the
effects of diffusion (osmotic pressure, Brownian motion, electro-
static repulsion or attraction, and convection)'®> have non-
negligible impacts in resisting g. Above the colloid size range, these
effects are lessened in comparison to the magnitude of g.”* Over

the timescale of ink formulation and printing, which may take
hours, this can result in noticeable phase separation within an ink
such that the particle concentration gradates throughout the
process (and thus the printed object). Phase separation is com-
monly mentioned in studies on DIW inks, and many reports lever-
age additional ink components to mitigate phase separation. For
example, Cai et al."®’ produced suspensions of ceramic powders in
an aqueous solutions of high- and low-molecular weight polyethy-
lenimine, and methylcellulose was added to increase the matrix vis-
cosity, thus counteracting the gravitational pull which contributes
to phase separation. Yang et al.'®* used triethanolamine to increase
surface interactions between a variety of suspended particles and an
aqueous rubber latex matrix, primarily via hydrogen bonding.
Polymer additives can also be used to entrap particles and inhibit
phase separation.'®® Notably, phase separation may also impact the
scale of ink preparation such that small batches of ink can be
printed, but attempts to scale ink preparation and use are met with
limited success. Whereas priority has been placed on avoiding
phase separation, the impact of density mismatch has not been
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thoroughly studied in the context of DIW either during ink formu-
lation and storage or the printing process itself.

B. Low-dimensional particles in matrix

Low-dimensional (1D or 2D) materials are those that have at
least one dimension at the nanoscale (e.g., nanorods or nanosheets). In
the past few decades, low-dimensional particles (LDPs) have garnered
interest for a variety of applications due to their distinct and comple-
mentary properties resulting from their high AR values compared to
those of more common granular particles (e.g, 3D). Among many
applications of LDPs, printable electronics and wearable devices are of
considerable interest and have undergone explosive growth in recent
years. > >'° Typical LDPs include 1D carbon nanotubes, ® self-
assembled nanowires of poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS),"” and 2D LDPs include graphene (as well as
graphene oxide and reduced graphene oxide),”™'***'% cobalt
107168 hexagonal ~boron  nitride,'””  clays, boron
X MXenes (i.e, transition metal carbides or
nitrides), and transition metal dichalcogenides.”3 The low
dimensionality of these particles (ie., one dimension shorter than
100 nm) causes distinct behavior when incorporated into DIW inks as
compared to inks with 3D particles. Unlike granular particles which
interact by “pushing” each other in the matrix, LDPs commonly
entangle or buckle when interacting with other particles due to softness
(e.g. flexibility) in their longest dimension.””*"”” The high AR also
endows a high surface area-to-volume ratio to the particle, so the parti-
cles are more sensitive to changes in pH or ionic strength. The chemi-
cal composition of these particles is also a necessary consideration,

169,170
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Extruded Ink

Factors That Influence Rheology of
Low Dimensional Particles in Matrix

* Particle concentration

» Matrix viscosity and matrix-particle
interaction

* Aspect ratio

FIG. 13. lllustration of an ink composed of low-dimensional (1D and 2D) parti-
cles in a fluid matrix. The factors that may influence the ink rheology are listed
at the bottom.
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particularly for oxygen-containing particles which can exhibit strong
hydrogen bonding between particles or between particles and a matrix.

A visualization of LDPs suspended in a fluid matrix is shown in
Fig. 13. Some empirical formulas have been proposed to assess the rhe-
ological properties of fluids containing LDPs. For example, in 1999,
Jogun and Zukoski'”® studied the flow properties and microstructure
of dense kaolin clay suspensions in water. The authors revealed a rela-
tionship between the critical volume fraction ®" at which a transient
network forms and various properties of charged disk-shaped particles,

. h 2\ !
oot (142) .
Ocd<+dx>

Here, h/d is the flake aspect ratio (thickness/diameter) and x~! is the
Debye screening length (cf. DLVO theory). Thus, the critical volume
fraction, and by extension, the rheology of a dispersion, is strongly
dependent on both the surface charge of the particles and the electro-
magnetic permittivity of the matrix. Experimentally, this dependence
can be accounted for by measuring the {-potential of the particles.
Although this empirical formula is based on relatively rigid, disk-like
particles with aspect ratios of only 10-12, it is apparent that the rheol-
ogy of LDP-containing inks is highly dependent on both the particle
aspect ratio and the particle-matrix interactions. Furthermore, factors
such as particle concentration and matrix viscosity play a role, as dis-
cussed above for granular particle-based inks. Below we further
describe the major factors influencing LDP ink rheology.

(17)

1. Particle concentration

In DIW inks, LDPs must form a transient network within the
matrix to create a yield stress that imparts printability, consistent
with inks containing granular particles. Therefore, the concentra-
tion of the LDPs (®), which determines the number of interparticle
junctions, is one of the most important factors to the rheological
properties of the inks. Unlike granular particles, most LDPs achieve
percolation (ie., the formation of a continuous 3D network
throughout the entire sample) at a relatively low concentrations
(i.e., <10vol.%)."”” For example, Corker et al.''” found that gra-
phene oxide (GO) suspensions in water show yield stresses at con-
centrations as low as 0.3 vol. %, as determined by amplitude sweeps
[Figs. 14(a) and 14(b)]. It is in this work that the authors linked
the previously discussed flow transition index (FTT) [Eq. (7)] to the
printability of DIW inks. More recent studies have shown that
these yield and flow parameters conflate recoverable and unrecover-
able processes, but the connection remains an interesting one. In a
similar vein, for inks containing PEDOT:PSS nanofibers, a yield
stress appeared at 1wt. % fiber loading [Figs. 14(c)-14(e)]."* In
these cases, the LDPs may interact at very long distances via elec-
trostatic forces, likely due to the high density of hydrophilic func-
tional groups on the flake or fiber surface. On the contrary, if the
LDPs possess a low density of polar functional groups (e.g., carbon
nanotubes, graphene, graphite), then they cannot form hydrogen
bonds or electrostatic attractions with the matrix. Further, if hydro-
phobic solvents are used in the matrix, then a higher particle con-
centration would be needed to produce the desired rheological
response for DIW inks. This can be found in the recent work on
3D printing of carbon nanotubes'®’ and graphite flakes.'”'*'"'
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FIG. 14. (a) Schematic of the aggregation state of GO particles at different particle concentrations. (b) Amplitude sweeps showing the LVER and yielding region for GO
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stresses as concentration increases.''” (c) Transmission electron cryomicroscopy image of a 3D printable conducting polymer ink. (d) Apparent viscosity of conducting
polymer inks as a function of PEDOT:PSS nanofibril concentration. (e) Yield stress of conducting polymer inks as a function of PEDOT:PSS nanofibril concentration.’
Reproduced with permission from Corker et al., Soft Matter 15(6), 1444—1456 (2019). Copyright 2019 The Royal Society of Chemistry; Yuk et al., Nat. Commun. 11, 1604

(2020). Copyright 2020 Springer Nature.

Though LDP suspension inks may exhibit solid-like behavior
at low particle concentrations, the yield stress of the ink is usually
not sufficient to meet the requirements of DIW printing because
the solid-like behavior results mainly from long-range electrostatic
interactions or hydrogen bonding which results in forces due to
gravity that are larger than the yield stress. Generally, the particle
concentration must be increased far above the critical concentration
such that the particles form a highly jammed structure due to an
increased number of interactions per particle. Various groups
report the rheological behavior of inks composed of polymer matri-
ces with 1D or 2D particles, including graphite nanoparti-
cles,'>'*'®! GO,'™'*° and MXenes.”” Taken together, these results
reveal that an increase in LDP concentration leads to an emergence
of a yield stress that also brings with it more pronounced shear-
thinning behavior and increased dynamic moduli, in line with
granular particles, although the high aspect ratios of LDPs contrib-
ute to long-range interactions dominating the particle behavior and
printability at lower concentrations than in granular particle inks.

2. Matrix viscosity and matrix-particle interaction

Like inks with granular particles, the properties of the fluid
matrix also have a great influence on LDP composite inks. In 2019,
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Mirkhani et al.'’* studied the dynamic moduli of a suspension of
MZXene nanosheets in an aqueous solution of polyvinyl alcohol
(PVA). As shown in Fig. 15(a), a 5wt. % MXene dispersion in
water showed no yield stress, indicating fluid-like behavior (unlike
the GO suspension discussed above). Adding the water-soluble
polymer PVA (20 mg/ml) into the MXene suspension increased
both G’ and G” by two orders of magnitude and led to a crossover
point at strain amplitudes of approximately 30% [Fig. 15(b)]. Since
PVA is a charge-neutral polymer, the change in the rheology of
this ink is likely due to the increase in the matrix viscosity, though
the influence of LDP-polymer interactions cannot be ruled out.
The high surface area-to-volume ratios of LDPs can increase
particle-matrix interactions, such as electrostatic interactions and
hydrogen bonding, particularly in oxygen-containing LDPs, and,
thus, provide additional control compared to the matrix rheology
alone. In recent work by Jiang et al.,'*® aqueous GO inks were used
to produce ultralight aerogels; the oxygen-containing functional
groups of GO, such as —COOH and —OH, enable Ca®" ions to
effectively crosslink the nanosheets via coordination interactions
and form a hydrogel, as shown in Fig. 15(c). Thus, the rheological
behaviors of the inks can be controlled by adjusting the concentra-
tion of Ca®" ion. As shown in Figs. 15(d) and 15(e), both the GO
dispersion and GO hydrogel ink exhibited the same shear-thinning,
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FIG. 15. Oscillatory strain amplitude sweep response of a 5wt. % MXene aqueous solutions (a) without and (b) with 20 mg/ml PVA.'™ (c) Schematic illustration of the

gelation and printing of aqueous GO suspensions with CaCl, added. (dg Viscosity response with increasing shear rate. (¢) Dynamic moduli vs shear stress during oscilla-

tory testing of the pure GO solution and Ca?'-containing GO gel ink.’

® Reproduced with permission from Mirkhani et al., ACS Appl. Mater. Interfaces 11(20), 18599-

18608 (2019). Copyright 2019 American Chemical Society; Jiang et al., Adv. Funct. Mater. 28(16), 1707024 (2018). Copyright 2018 John Wiley and Sons.

non-Newtonian fluid behavior, but the GO ink with Ca>* ions
showed one order of magnitude higher apparent viscosity than the
pure GO dispersion and, correspondingly, brought a remarkable
increase of the dynamic moduli and, thus, the yield stress.

3. Aspect ratio

Aspect ratio also plays an important role in the rheological
properties of LDP inks. In 2020, Zhang et al.'® reported the self-
assembly of Ti;C,Tx MXenes of different aspect ratios into nematic
liquid crystals suitable for wet spinning; notably, the authors did
not evaluate the material as an ink for DIW printing, but the study
nonetheless sheds light on the relationship between LDP aspect
ratio and rheological properties of dispersions. The study reported
that the nematic phase formed above a critical transition concentra-
tion, C;, and that this critical concentration was related to the
MXene aspect ratio. Aqueous dispersions comprising large MXene
flakes with a high aspect ratio of approximately 3.1 um were com-
pared to those containing MXene flakes with a lower aspect ratio of
approximately 0.31 um; as displayed in Fig. 16(a), although both
dispersions exhibited nematic phases with similar rheological
behavior, Ct was approximately one order of magnitude larger for
the smaller nanosheets. Therefore, the use of smaller MXenes
should require a much higher concentration to reach the same vis-
cosity and G'/G" ratio compared to the use of larger nanosheets,
which is verified by Yang et al®’ As shown in Figs. 16(b)-16(e),

the authors developed two MXene inks with different lateral flake
sizes (8 and 3.7 um) for DIW printing. To achieve similar viscosity
and G'/G" values, the concentration of smaller aspect ratio MXene
flakes must be two to three times higher than the concentration of
their large aspect ratio counterpart.

C. DIW of emulsions and foams

Hierarchical cellular structures are ubiquitous in nature and
have low densities, high active surface areas, and multifunctional-
ity.'"™ In the past decade, porous materials have gained increased
attention due to their promising applications in energy storage,
wearable sensors, heat insulation, bone regeneration, etc. Emulsion
and foam templating has emerged as a popular technique for creat-
ing porous polymers because such approaches offer excellent
control over pore size and interconnectivity. In 2016, the
Cosgriff-Hernandez *” and Studart*’™** groups pioneered the use
of emulsions and foams as inks in DIW printing as a route to
produce lightweight porous structures without the need for compli-
cated porogen removal.

Emulsions range from low-viscosity, milk-like Newtonian
liquids, to thicker shear-thinning liquids, to thick and cream-like
fluids, the latter of which have ratios of gravitational forces to their
yield stress suitable for DIW. Most of the printable emulsion inks
are highly concentrated emulsions, or so called high internal phase
emulsions (HIPEs), defined by having an internal phase fraction ®
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greater than 74% (®,,,,).”* The emulsion composition is of great the droplets including size distribution, deformability, internal vis-
importance for both the rheological properties for printing and cosity, and concentration; and (iii) nature of droplet-droplet
emulsion stability under the shear of extrusion. However, due to interactions.
the lack of suitable model systems that account for droplet deform-
ability and changing droplet size, a quantitative description of the .
rheology of the jammed emulsions with yield stress values is still 1. Rheology of the continuous phase
missing.'**'* The basic rheology-determining parameters of an In terms of microstructure, emulsions are composed of two
emulsion are (i) continuous phase rheology; (ii) characteristics of immiscible liquids, in which a continuous phase of one contains
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dispersed domains of the other (i.e., droplets). A visualization of an
emulsion ink is shown in Fig. 17. Emulsions are thermodynami-
cally unstable, but the interface between the two liquids can be tai-
lored to endow kinetic stability,186 and the interface can also shield
the internal liquid from velocity gradients in the continuous phase
liquid. If the interface stiffness and/or viscosity of the dispersed
phase are high enough, the droplets can behave as a dispersion of
solid particles within a liquid matrix. Under these conditions, the
Krieger-Dougherty equation [Eq. (10)] can be applied to get
insight into the viscosity of the emulsion system. In this case, the
viscosity of the emulsion is related to that of the continuous phase
so that changes in the environment which influence the continuous
phase viscosity change the emulsion viscosity proportionally.
Furthermore, the emulsion viscosity is related to the particle con-
centration @ so that for ® > 0.3, the emulsion viscosity becomes
highly sensitive to phase volume. Due to the exponential relation-
ship described in Eq. (10), as particle loading increases, the viscos-
ity becomes increasingly sensitive to the value of ®,,,,."”” This is
supported by the work of Cosgriff-Hernandez and co-workers.”
This team reported a series of HIPEs (75 vol. % water as the dis-
persed phase, 25 vol. % oil as the continuous phase) with the con-
tinuous phase containing a low-viscosity component, poly
(propylene glycol) dimethacrylate (PPGDMA), and 0, 20, or
40 mol. % of a high-viscosity component, diurethane dimethacry-
late (DUDMA). As shown in Fig. 18(a), for inks with the same
volume ratio of dispersed to continuous phase, the ink with higher
continuous phase viscosity exhibited a higher overall viscosity, even
at continuous phase proportion as low as 25 vol. %. Additionally, as
the continuous phase viscosity increased, both G’ and G” increased,
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ence the ink rheology are listed at the bottom.
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and, thus, of the ink increased [Fig. 18(b)]. The increase in the
yield stress indicates the destruction of a temporary 3D network of
jammed droplets upon shear, with the strength of the network pro-
portional to the yield stress.

2. Droplet size and droplet-droplet interactions

The droplet size in emulsion-based inks is also an important
variable in emulsion rheology. As proposed by Prince'*® increasing
the droplet size decreases viscosity and the dynamic moduli, in line
with particle size in granular particle-based inks. In research
focused on colloidal particle-stabilized emulsion paste inks
[Figs. 18(c) and 18(d)], Franks and co-workers'®” developed a 3D
printable oil-in-water emulsion ink consisting of sunflower oil,
PVA aqueous solution, co-surfactant sodium 1-heptane sulfonate
(C7), and alumina particles and evaluated the effects of mixing
speed on rheological properties of the emulsions produced. The
authors found that increasing mixing speed during emulsification
led to emulsions with higher storage modulus and yield stress
[Fig. 18(d)]. This is because higher mixing speeds produce smaller-
sized droplets with higher surface area-to-volume ratios, and, thus,
increase colloidal interactions between droplets, as well as interac-
tions of a droplet with the continuous phase (i.e., higher overall
interfacial area). Another factor that may contribute to differences
in rheological performance is that droplet deformability decreases
with decreased droplet size. Notably, the impact of mixing speed
also depends on the surfactant concentration. As shown in
Fig. 18(d), inks with a low loading of co-surfactant (large initial
droplet size) exhibited a larger increase in the storage modulus after
high power emulsification, whereas the ink with a high loading of
co-surfactant (small initial droplet size) was hardly changed.

3. Volume ratio between two phases

The formulation of an emulsion ink determines both its
rheological properties and its emulsion properties (e.g., stability,
internal phase volume fraction, droplet shape, etc.). As such, the
relationship between formulation and rheology of an ink is not
straightforward. A good rule of thumb is that with a similar formu-
lation, emulsions with harder droplets (e.g., smaller radius, higher
viscosity of the dispersed phase, etc.) and a greater extent of droplet
interaction (e.g., higher number of droplets, etc.) will have higher
viscosity, storage modulus, and yield stress. For example, Franks
and co-workers'®” evaluated the effects of formulation on rheology
of particle-stabilized emulsion inks and found that an increase in
the volume percent of the oil led to an increase in the dynamic
moduli and yield stress for the oil-in-water emulsion [Figs. 18(e)
and 18(f)]. This is an outcome of two opposite effects: (1) increas-
ing the proportion of the dispersed oil phase increases the size of
droplets, as indicated by the larger voids observed in the SEM
images of the printed and sintered inks in Fig. 18(e), which results
in lower values for the dynamic moduli; and (2) increasing the oil
fraction increases the number of droplets and, thus, increases
jamming between droplets, which increases the dynamic moduli.
According to the authors, the latter likely has a larger influence,
resulting in higher values of the dynamic moduli as seen in
Fig. 18(f). Therefore, when interpreting effects from variations in
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formulation, care should be taken to consider both competing and
synergistic effects from multiple variables.

4. 3D printing of air-liquid foams

Recently, researchers have pushed the limits of fluid-fluid
emulsion inks for 3D printing by developing air-liquid foams as
feedstocks to produce porous structures. In 2019, Lewis and
co-workers'® reported a new 3D printing technique using polymer
foams with locally programmed bubble size, volume fraction of
voids, and connectivity. As shown in Fig. 20(a), a core-shell nozzle
was used for the rapid generation and patterning of droplets con-
taining a gas core and liquid shell [Fig. 19(b)]. This foam ink was
composed of polyethylene glycol-diacrylate, a photoinitiator, sur-
factant, and deionized water; whereas the ink did not possess suit-
able rheology for self-supported stacking since the outer shell was
composed of a low-n monomer, rapid UV-initiated polymerization
upon deposition enabled the printed shape to be retained
[Fig. 19(c)]. Alternatively, Costantini et al.’’ employed a valve-
based flow-focusing (VFF) junction in which the size of the orifice
can be adjusted in real time to generate foams with online con-
trolled bubble size. The vFF chip was mounted on a robotic XYZ
platform [Figs. 19(d) and 19(e)] and used to fabricate tailored

(A) (D)

big bubbles
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macroporous structures with pore size varying from 80 to 800 um.
As shown in Figs. 19(f) and 19(g), this foam ink can hold its shape
against gravity without instant curing, which indicates suitable rhe-
ological properties common to many DIW inks.

As described above, the development of foam inks for DIW
brought new challenges to the rheology of foams. However, charac-
terization of the rheological properties of foams is complicated;
numerous parameters, such as foam quality, the size of the mea-
surement apparatus compared to bubble size, and the influence of
foam production methods, have to be considered and controlled.'”’
Although many experimental studies and theoretical models of
foams have been reported, the bridge that connects the rheological
behaviors and DIW technique is still required. With a better under-
standing of the factors that dictate printability of foams, both the
composition and the resolution of printed objects can be tailored
for desired applications.

D. Hydrogel inks

Hydrogels are an appealing class of polymeric 3D networks
that are typically formed by crosslinked hydrophilic chains swollen
in water or, in the case of organogel, another organic solvent.
Within the context of additive manufacturing, non-covalently

Gelatin
+
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small bubbles
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FIG. 19. (a) Schematic illustration of bubbles composed of a fluid shell-gas core which are ejected from the core-shell nozzle onto the substrate and rapidly photopoly-
merized. (b) Monodisperse bubbles are ejected at intermediate %as pressures. (c) Optical image of a polymer foam (70 x 70 x 35 mm®) fabricated by direct bubble writing.
(Inset) Optical microscopy image of voids at the top surface.” (d) vFF-based 3D printing setup: VFF chip is mounted on the x axis and used as the extruder. ()
Contrasted image of gelatin/nHAp solution during foaming within vFF chip. (f) The vFF chip during the production of bi-disperse layered foams. Bubbles with different
sizes do not mix but form separated layers which can be attributed to the solid-like behavior of concentrated foams. (g) A 3D-printed dog-bone of graded foam. Inset: 3D
reconstruction obtained from microcomputed tomography scan of the boxed region.® Reproduced with permission from Visser et al., Adv. Mater. 31(46), 1904668 (2019).
Copyright 2019 John Wiley and Sons; Costantini et al., Angew. Chem. Int. Ed. 131, 7702-7707 (2019). Copyright 2019 John Wiley and Sons.
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crosslinked hydrogels are perhaps the most well studied polymeric
system. These possess a wide range of material properties and func-
tionalities including high water content, shape changing, multiple
stimuli response, self-healing, and, commonly, biocompatibility.
These materials are particularly attractive for use in
biological“**>'*'~'”> 'and energy applications'*>'”> from soft
actuators™**>'”'™'"* to sensors.””*'”” Given that hydrogel-based
inks are widely used for bioprinting, in which inks contain live
cells, the rheological properties of the ink are of critical importance
to minimize the stress experienced by the cells.”

In hydrogel/organogel inks, no particles or flocs are present,
as with the aforementioned ink families, yet the same rapid disso-
ciative/associative network is required for printability. As shown in
Fig. 20, such a network is formed on a molecular scale by multi-
valent interactions between polymer chains. In general, hydrogels
only form if the number of junction zones is sufficient to hold the
entrained liquid. The non-covalent network which features rapid
responsive association/dissociation'”" is a balance between compet-
ing forces that favor assembly (e.g., hydrophobic interactions,
hydrogen bonding, electrostatic attraction, and/or guest-host inter-
action)'”>'?” and forces that act against assembly (e.g., electrostatic
repulsion, Brownian motion, and solvation).'” Figure 20 summa-
rizes the four major types of interactions that form the network for
DIW.'”° These interactions are generally weak individually, but col-
lectively can lead to stable network formation. Due to the dynamic
and transient nature of these weak physical associations, the
formed networks can quickly dissociate under applied shear and
then rapidly recover to the original state once the shear force is
removed. This leads to desired rheology of inks for 3D printing.
For hydrogels, factors, such as temperature, pH, ion strength, etc.,
can dramatically influence interchain physical interaction density
or strength and will, thus, affect the rheological properties of the
ink, so long as the polymer concentration and molar mass are kept
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constant. Below we list the three factors that are most impactful to
ink rheology.

1. Concentration of the gelation reagent

Hydrogels only form in the presence of enough gelling agents
(i.e., network-forming molecules). For all four gelation mecha-
nisms, the increase in the number of junction zones leads to
increased viscosity and vyield stress, alongside improved shape
retention and print fidelity.'”® In 2019, Cheng et al."”" developed
an ink for 3D-printed soft robotics by introducing an ionic cross-
linked network (alginate polymer/Ca®") into the functional hydro-
gel precursors to enable the rheological tuning of inks. In a model
ink composed of acrylamide and alginate, the desired shear-
thinning behavior resulted from the mechanically reversible ionic
cross-links between Ca®* and alginate. Increasing the amount of
alginate led to inks with higher viscosities and yield stresses, as well
as better shape retention of extruded filaments, as shown in
Figs. 21(a)-21(c). The same trend was observed in a dynamic
network based on hydrogen bonding: in 2020, Jiang et al.'’ devel-
oped a hydrogel ink using PVA and x-carrageenan (x — CA)
[Fig. 21(d)]. The plentiful ~-OH and -SO3 functionalities meant
that hydrogen bonding and van der Waals forces were the predom-
inant interactions between PVA and x — CA, resulting in hydrogel
inks with shear-thinning behavior. With an increased amount of
ik — CA, the viscosity increased [Fig. 21(e)], and shear-thinning
behavior and a yield stress were realized [Fig. 21(f)]. Recently,
Emiroglu et al. studied the effect of altering the stiffness of the
microgel building blocks on printing of granular hydrogels. The
study revealed that printing of softer microgel packings required
increased pressures, offering a means to customize the flow proper-
ties and printability.'”® Furthermore, the study highlighted the
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FIG. 21. Rheological tuning of DIW inks and mechanical enhancement characterization. (a) Viscosity as a function of shear rate for the hydrogel precursor (1) and inks
containing 1.7, 3.3, or 6.5wt. % alginate (2, 3, and 4, resgeectively). (b) Dynamic moduli as a function of shear stress for inks 2—4. (c) Top and side views of manually
(d

printed lines from inks 1—4 (nozzle diameter of 1.8 mm).'

) Printed structures from hydrogel inks of PVA/k-CA. (e) Viscosity as a function of shear rate for PVA/kx-CA

inks having different concentrations of x-CA. (f) Dynamic moduli as a function of shear stress for PVA/k-CA inks having different concentrations of x-CA.'® Reproduced
with permission from Cheng et al., ACS Nano 13(11), 13176-13184 (2019). Copyright 2019 American Chemical Society; Jiang et al., Biomater. Sci. 7, 1805-1814 (2019).

Copyright 2019 The Royal Society of Chemistry.

. . 199-203
usefulness of micromechanical models'*?~*°

outcomes.

in enhancing printing

2. Temperature

Hydrogels which are formed based on physical associations are
often temperature dependent (e.g., they dissociate at elevated tem-
peratures); therefore, change in temperature significantly affects the
rheological behavior of these inks. Polymers which form hydrogels
mainly through hydrogen bonding tend to possess a gel transition
temperature below which the solution gels; common examples
include agarose, methylcellulose, gelatin, and collagen.””* This is
because increased temperature weakens the bonding between chains.
Therefore, solutions of these polymers can be printed at slightly ele-
vated temperatures onto a cooled stage such that the sample tra-
verses its gel transition temperature upon deposition and solidifies.
Two examples are provided by Ouyang et al.” and Sarker and Chen®
where inks were formed from aqueous gelatin and alginate solu-
tions, respectively. In Ouyang’s work, a hydrogel ink for the printing
of embryonic stem cells was developed. Gelatin was chosen as the
major gelation reagent and had the largest contribution to the
change in temperature-dependent complex modulus and, thus,
complex viscosity of the ink. As shown in Fig. 22(a), aqueous algi-
nate (1% w/v) did not experience gelation, whereas 7.5% w/v

aqueous gelatin did, as indicated by the increase in complex viscos-
ity with decreasing temperature. A similar gelation transition was
observed in a mixture containing 1% w/v alginate and 7.5% w/v
gelatin in water. In Sarker’s work, the flow behavior of an aqueous
alginate ink was evaluated under different conditions. As shown in
Fig. 22(b), an increase in the yield stress was noted as the alginate
concentration increased from 1% to 4% w/v, and for a given alginate
concentration, the yield stress decreased with increasing tempera-
ture, which indicates elevated temperature reduces the initial flow
resistance. However, such temperature-dependent behavior can be
inversed when different polymer systems are used. In work by
Miiller et al,*' Pluronic, a thermo-sensitive polymer which gels
below an upper critical solution temperature, was introduced to a
biocompatible ink and the temperature-driven dehydration of the
hydrophobic blocks transformed the Newtonian ink precursor to a
material with shear-thinning behavior at elevated temperatures, suit-
able for 3D printing [Fig. 22(c)].

3. pH

The pH response of hydrogels is typically due to the presence
of pH-dependent ionizable groups on the polymer backbone or
side chains. In 2019, Yang and co-workers* studied carbomer 940
as a rheology modifier for 3D printing; this is a high molecular
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FIG. 22. (a) The magnitude of complex viscosity (|77*|) with increasing temperature sweep tests for aqueous gelatin, aqueous alginate, and an aqueous gelatin-alginate
mixture.5 (b) Yield stress of aqueous alginate inks (1—4 wiv%) at various temperatures (25-55 °C). Photographs show a printed alginate scaffold.® (c) Flow curves for
Pluronic ink at 4 and at 37 °C. Photograph shows side view of the printed 3D text with single layers visible.®" Reproduced with permission from Ouyang et al.,
Biofabrication 8(3), 035020 (2016). Copyright 2016 IOP Publishing, Ltd.; Sarker ef al., J. Manuf. Sci. Eng. 139, 081002 (2017). Copyright 2017 The American Society of

Mechanical Engineers; Miiller et al., Biofabrication 7(3), 035006 (2015). Copyright 2015 IOP Publishing, Ltd.

weight polymer of acrylic acid which possesses pH dependence. As
shown in Figs. 23(a) and 23(b), varying the pH from 5 to 8 had no
impact on the yield stress of a 0.5% w/v carbomer dispersion in
water, but the yield stress decreased at pH below 5 or above 8. In
neutral environments, the polymer chains of carbomer aggregate
into clusters, and the carboxyl groups partially ionize. Upon the
addition of NaOH, more carboxyl groups are ionized, leading to
electrostatic repulsion between negatively charged groups and
stretching of the chains. As the carbomer chains unfold, microgels
form, then stack, and swell. This phenomenon imparted these inks
with the ability to resist shear stress. In another study, Lim et al.”*’
evaluated the impact of pH on the rheological properties of com-
posite hydrogel inks composed of hyaluronic acid (HA) and
0.02 wt. % surface-modified nanodiamond (ND). The carboxylation
and hydroxylation of NDs (ND-COOH and ND-OH, respectively)
alter the surface functional groups and, thus, surface charge (ie.,
{-potentials). When added into the HA hydrogel ink (HA/ND),
the NDs act as junctions to interact with HA [Fig. 23(c)]. As
shown in Fig. 23(d), upon changing the pH from 7 to 8, both the
dynamic moduli of the ink increased, thus improving printability.
Of note, the pH change had a larger impact on in the ink with
ND-COOH than the other inks tested which indicates that the
deprotonated ND-COOH surface became hydrophilic (-COO™)
and, thus, had increased electrostatic interactions with the carboxyl
and hydroxyl functionalities of the HA chains.

E. Liquid metal

Liquid metals (LMs) are useful for stretchable, self-healable
circuits,****?%%*"7 strain sensors,”**’ and soft materials like wear-
able electronics***>*"” and soft robotics.** Unlike regular metal
powders or particles, DIW of LMs does not require sintering, so it
offers a facile and scalable procedure for making complicated

structures without using specialized accessories like stencils, micro-
channels, or stamps.”® The term “liquid metals” refers generically
to alloys of gallium, which are used because of their low toxic-
ity’””*"" and low melting points (mercury is excluded due to its
toxicity). Gallium has a melting point of ~30 °C, and its alloys with
indium and other metals can reduce the melting point to 15.5 °C or
lower,”%° which facilitates use in DIW printing at ambient tempera-
tures. The ability to print LMs at room temperature, alongside their
low vapor pressure and toxicity, improve the safety and compatibil-
ity of liquid metal parts with soft and bio-based materials.”* DIW
of liquid metals differs from ceramic and polymer-based materials
because liquid metals have very low viscosities (near that of
water),209 and their high densities and low affinities to non-metal
materials make it difficult to use common particle rheology modifi-
ers such as clay, fumed silica, lignin, etc.

Two major techniques have been developed to DIW liquid
metals. Eutectic gallium indium (EGaln) can form a thin layer of
metal oxide (0.5-5 nm) on the surface upon exposure to oxygen (as
low as 1 ppm), as illustrated in Fig. 24. This layer endows the liquid
metals with shear-thinning properties.”***'%*'* Specifically, the
low-viscosity metal can flow when the thin oxide shell ruptures
under shear or tension beyond a critical surface stress [~0.3-
0.5Nm™', Fig. 25(a)]."® After the liquid is extruded, the oxide
forms rapidly, which maintains the printed shape and prevents the
metal from flowing or slumping. A common challenge with print-
ing liquid metals is the formation of droplets at the tip of the print
nozzle resulting from the high surface tension of liquid metals.
This causes expansion in all directions and may even interrupt
extrusion.”” Thus, the nozzle head should be suitably close to the
substrate so that the LM can flow when the nozzle moves parallel
to the substrate (shear) or away from the surface (tension) to break
the oxide.*® Figures 25(b)-25(d) show various free-standing struc-
tures printed by DIW of LMs without support material.**’
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FIG. 23. (a) Schematic of the fluid-to-gel transition of carbomer ink by changing the pH from slightly acidic due to the dissociation of carbomer chains (left) to neutral via

the addition of NaOH (center), resulting in microgel formation (right). (b) Storage modulus as a function of shear stress for an aqueous carbomer colloid (0.5 wiv%) at =
various pH values.* (c) Schematic of the interaction of HA with ND-COOH and ND-OH. (d) Dynamic moduli of HA hydrogel precursor, HAND-COOH, and HAVND-OH 5
(0.02wt. % ND) as function of shear stress at pH 7 and pH 8.°° Reproduced with permission from Chen et al., Adv. Funct. Mater. 29(20), 1900971 (2019). Copyright E
2019 John Wiley and Sons; Lim et al., J. Nanobiotechnology 18, 88 (2020). Copyright 2020 Springer Nature. N
o
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&
Recently, a handful of reports address using carbon nanotubes*® or difficult to predict the rheological behavior of LM inks. Currently,
metal/metal oxide particles*”*"” as rheology modifiers for LMs to these works focus on the viscosity and shear-thinning properties of
improve printability. The synergy of particle-LM interactions and the inks,”’~***°° and only a few reports cover thixotropy and yield-
the metal oxide shell for enhanced performance in DIW makes it ing.*****°° The unique and exciting capabilities of LMs inspire a
broader discussion of the printability and rheological properties of
these materials.
Print Nozzle —» .
F. Other types of ink
1. Capillary suspensions
While the rheology of particle-filled suspensions is controlled
primarily through the rheology of the matrix and the volume frac-
tion of solids, researchers reported in 2011 that the addition of a
small amount of a secondary fluid which is immiscible with the
continuous phase (i.e., matrix) can cause particle agglomeration
and dramatically alter the bulk rheology.”'* As shown in Fig. 26(a),
capillary suspensions have been divided into two distinct states: the
pendular state where the minority liquid preferentially wets the par-
Extruded Ink ticles, and the capillary state where the secondary fluid wets the
particles less well than the primary fluid. In both states, the capil-
FIG. 24. Schematic of the formation of metal oxide shell that helps the extruded Er)(’l f.orces Zf the twlci fﬂ uids o g}fffif)(}ld}f’ artlllcles leads to. particle
T e s e ridging and network formation. The p enomenon increases
the yield stress and viscosity by several orders of magnitude as the
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FIG. 25. (a) Rupturing the oxide layer
of an LM through shear or tension

volume fraction of the second fluid increases and, therefore,
has been successfully used to develop DIW inks. For example,
Fig. 26(b) shows the transition from weakly elastic, fluid-like behav-
ior to highly elastic, gel-like behavior for a capillary state suspen-
sion with the addition of a small amount of water to
hydrophobically modified calcium carbonate/diisononyl phthalate
suspension (®goiq = 0.11).2'%%1° Similarly, Ding et al. reported a
capillary suspension ink composed of carboxymethyl cellulose and

arising from the combined effects of
oxide adhesion to the substrate and
motion of the nozzle.*® (b) Vertical
Z-printing by extrusion of EGaln onto
an oxide surface (Si0,).° (c)
Photograph of a free-standing tower
structure  printed from  LM. (d;
Free-standing arch printed from LM.*
Reproduced with from  permission
Neumann et al., Adv. Mater. Technol. 5
(9), 2000070 (2020). Copyright 2020
John Wiley and Sons; Watson et al.,
Adv. Eng. Mater. 21, 1900397 (2019).
Copyright 2019 John Wiley and Sons;
Ladd et al., Adv. Mater. 25(36), 5081-
5085 (2013). Copyright 2013 John
Wiley and Sons.

graphene nanoflakes. By adding 2 vol. % octanol, a wetting fluid of
graphene, the viscosity and yield stress increased by more than one
order of magnitude, as shown in Fig. 26(c). Other capillary ink
compositions have included polydimethylsiloxane (PDMS)
microbeads with uncured PDMS precursor with water as a continu-
ous phase,”'”*'® graphite in glycerol with epoxy resin as a second-
ary fluid,>"” and aluminum oxide suspended in a blend of waxes
with aqueous sucrose as a secondary fluid."*" Capillary suspensions
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the storage and loss modulus.>'® (d) DIW of hybrid particle-hydroge! ink, crosslinking, and resulting printed aerogel.?*° () Printed porous bone scaffold made from hybrid
particle-hydrogel ink."*’ Reproduced with permission from Koos et al., Curr. Opin. Colloid Interface Sci. 19(6), 575-584 (2014). Copyright 2014 Elsevier; Koos et al.,
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submerged in an aqueous solution of CaCl, to crosslink the
sodium alginate, then supercritically dried to yield a hybrid
aerogel.””’ In a similar vein, Aguilar and co-workers developed an
ink of biphasic calcium phosphate particles in a hydrogel matrix
which showed promise for highly porous, custom-fit bone replace-
ments, with an example print shown in Fig. 26(e)."*" In general,

offer the unique opportunity to tune ink rheology with only slight
modifications to ink composition.
2. Hybrid inks

With the demand for new functional inks, inks composed of
different types of the aforementioned fluids have also been

reported. For example, He et al. reported an ink composed of
carbon nitride nanosheets and sodium alginate hydrogel, with both
components contributing to the rheological properties of the ink as
displayed in Fig. 26(d). After printing, the obtained object was

the factors that influence the rheology of hybrid inks are combina-
tions of the factors we mentioned in each category. This area
requires more research to account for competing effects and truly
quantify the printability of complex compositions.
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V. EVOLVING TECHNIQUES ON LINKING RHEOLOGICAL
BEHAVIORS TO PRINTABILITY

As discussed above, the composition of DIW inks varies
widely  from  fluid  matrices  filled  with  granular
particlesz3,29,34737,(78,1267128,[3[,141,143,163,221,222 or
LDPS13,1/1,1(),18,19,60,117,166,1697175,18()7132 to emulsions,387/12,70,l17,187
foams, 1519 hydrogels, 31 15:434555,61,62,123-125.140,191,196,204,205,223

and liquid metals.”’~>**°**"* Different factors influence the rheology

of each class of ink, so establishing the link between rheological
behaviors and DIW printability can be challenging. Fortunately,
opportunities to probe fundamental relationships arise as new com-
putational techniques emerge. In the past few decades, computa-
tional simulations and machine learning have significantly advanced
to the point where they can facilitate research in many fields, includ-
ing the 3D printing realm. This section will briefly discuss how
these evolving techniques accelerate the development of DIW inks.

A. Recovery rheology

Rheological studies typically describe the mechanical deforma-
tions of materials using the stress, o, and the total strain and its
rate of change, y and ¥, respectively. However, a more comprehen-
sive understanding can be achieved by acknowledging the compos-
ite nature of strain. As first proposed by Weissenberg™** and
Reiner’”” and illustrated in Eq. (4), strain can be experimentally
decomposed into a recoverable or elastic strain, y,,., and an unre-
coverable or plastic strain, y,,,... The two components are deter-
mined by measurement of the strain response to a zero-stress step,
known as the “recovery step.” The recoverable strain refers to the
amount of strain recovered by the material, while the unrecoverable
strain is the remaining portion of the total strain.

In recent years, several studies have used an iterative method,
known as “recovery rheology,” to decompose a range of rheological
responses  into  recoverable and  unrecoverable  behav-
iors %100 114115226 This method is unique because it does not rely
on any mathematical formulation but rather on the separability of
the strain components. As we have discussed before, most studies
on DIW rheology focus on large-amplitude oscillatory shear tests
and plots of the dynamic moduli as a function of strain amplitude.

A common observation among all the categories of DIW inks
discussed in this review is that they exhibit an overshoot in the loss
modulus. Recently, a study utilizing oscillatory shear recovery tests
showed that this behavior was the result of a gradual change in the
strain acquisition behavior, from predominantly recoverable at small
amplitudes to predominantly unrecoverable at larger amplitudes.'"”
Dinkgreve et al. showed that no fewer than five distinct metrics have
been proposed to determine the yield point. However, the work of
Donley et al. showed that there is no single identifiable yield point
from an amplitude and that yielding is a gradual transition.

The findings of Donley et al. led to the development of a
model for yield stress fluids that unify their rheological behavior
above and below the yield stress.'” This model employs a single
differential equation to account for both the linear and nonlinear
rheology without incorporating the sudden yielding threshold of
the Oldroyd-Prager formalism. This accurately predicts the steady
shear behavior as well as the transient rheology that is responsible
for successful printing. As shown in Fig. 27, this includes a gradual
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FIG. 27. Oscillatory shear and recovery tests on Carbopol 980 gel. (a) Dynamic
moduli as a function of strain amplitude. Symbols are experiments and lines are
model predictions. (b) Components of the loss modulus as a function of strain
amplitude.’™ Reproduced with permission from Kamani et al., Phys. Rev. Lett.
126(21), 218002 (2021). Copyright 2021 American Physical Society.

overshoot in the loss modulus observed for DIW inks, as shown in
Sec. IV, and the transient large-amplitude oscillatory shear
responses. This model indicates that rapid elastic deformation aids
plastic deformation. In terms of DIW printing, this means that the
rate at which a filament is laid on another will affect the shape of
the lower layer. The recovery rheology framework was also recently
used to identify the sequence of processes that a simple yield stress
fluid goes through during transient large-amplitude oscillatory
shear behavior.”® While this model has yet to be directly applied to
DIW situations, its ability to accurately describe the transient non-
linear rheology of a wide array of yield stress fluids leads us to
propose it as an excellent candidate for DIW studies.

B. Computational modeling

Computational modeling is a powerful tool for understanding
the printing process, with two major directions being the most
prominent for DIW. The first is to simulate particle movement and
interaction under shearing to help understand the behavior of the
inks under shear deformation. Most of the reported simulation
approaches focus solely on particle/matrix composites; with the
advent of new categories of inks, rapid advances in this area are
expected in the near future. The second direction is the simulation
of the microscopic behavior of ink in the nozzle, which is of tre-
mendous benefit for identifying printable inks and optimizing ink
composition. Finite element models and computational fluid
dynamics are extensively used to simulate fluid flow behavior and
properties of molten polymer in the nozzle in FDM.”*” Moreover,
the combination of microfluidic devices and flow simulation tech-
niques can offer crucial insights into the transient nonlinear rheol-
ogy that occurs during DIW.”*” These models give insight into the
influence of the printing parameters, such as pressure drop, shear
rate profiles, and the shape of the extrudate during the process, and
offer a handle for further improvement.””***’

Unlike FDM, studies modeling the rheology of DIW inks
remain scarce. In 2017, Liu et al.” developed a cell-laden bioink for
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DIW and investigated the effect of the extrusion process on cell via-
bility. They used computational fluid dynamics to simulate the
stress distributions of inks within straight and cone-shaped nozzles.
As shown in Figs. 28(ai) and 28(aii), the use of a straight nozzle
would generate high stress along the entire nozzle length. In com-
parison, when a cone-shaped nozzle was employed, the high ¢ only
existed at the tip [Figs. 28(aiv) and 28(av)]. The live/dead staining
of the cell-laden bioinks extruded from two different nozzles is
shown in Figs. 28(aiii) and 28(avi). Clearly, the cells printed with a
cone-shaped nozzle have a higher viability than those printed with
a straight nozzle, which is in good agreement with the computa-
tional study of the shear stress distribution during printing.

Simulations are also very useful in facilitating the development
of novel printing techniques. For example, Cipollone et al.”*" used
COMSOL to simulate co-flow behavior during coaxial printing of
indium tin oxide (ITO)-alumina particle core-shell ink and ana-
lyzed the core deformations and eccentricity of the printed fila-
ment. As shown in Fig. 28(b), the simulations indicate that the core
diameter increases logarithmically with a decreasing ratio of the
volumetric flow rates between the outer and inner phases. This
finding guided the later experimental control of the printing of
core-shell architectures. Apart from obtaining the shear stress dis-
tribution, researchers have also studied the mechanism of conges-
tion during extrusion, which can help solve the issue of nozzle
clogging, a leading cause of inefficient and unsuccessful DIW print-
ing. A few studies employ mathematical models to predict the
printability of inks.'™''”*" Factors including nozzle diameters,
filler sizes and contents, ink viscosity, and extrusion pressure are
considered to result in the bridging and aggregation of particles at
the nozzle inlet. The Bao group'® simulated particle transport and
liquid motion in the ink flow field with COMSOL-coupled compu-
tational fluid dynamics to support the fact that smaller particles are
less likely to clog the nozzle inlet. As shown in Fig. 28(c), when the
particle/nozzle diameter ratio decreased, the ratio between the
maximum horizontal length of accumulated particles and the
nozzle diameter (i.e., the relative clog size) also decreased.

C. Machine learning and materiomics

Recently, machine learning (ML) techniques have gained sig-
nificant interest in the DIW process. For example, Nadernezhad
and Groll’s recent study’”” employed machine learning principles
to relate the printability of hydrogels induced by addition of rheol-
ogy modifiers, as shown in Fig. 28(d). They established the print-
ability of formulations containing various rheology modifiers so
that the model’s decision-making process is understandable and
interpretable by a user familiar with rheology and 3D printing.
First, inks were prepared from aqueous hyaluronic acid and differ-
ent particles additives. Rheological characterization and printability
studies were quantified to develop datasets. A random forest ML
algorithm was trained from these data sets to produce a model to
predict printability. The model was then analyzed to elucidate the
influence of particular variables on the decision-making process of
the model. This generic map makes possible the design of new for-
mulations based on data-driven correlations from inherently differ-
ent systems and provides a guideline for multiple systems.

REVIEW pubs.aip.org/aip/jap

Currently, most machine learning algorithms are purely statis-
tical in their foundation and, therefore, rely heavily on an abun-
dance of data to reach accuracy in their predictions. More often,
studies that use such an approach concentrate on optimizing a spe-
cific aspect of the printing process, including line morphology opti-
mization, printed line width control, ink printability, and process
drift calibration.””>*** Alternatively, physics-based ML frameworks
require fewer data inputs by directly integrating physical governing
laws. Recent studies have used this approach to successfully predict
velocity fields and fully resolved flow fields for complex fluids
under different flow conditions.””**® However, physics-based
machine learning methods have not yet been used to study the
process of DIW 3D printing.

Building a materiomics platform and leveraging the ML tech-
nique to establish quantitative relationships have become hot topics
across the field of materials science. Materiomics is defined as the
holistic study of material systems, which examines links between
physicochemical material properties and material characteristics
and function. The focus of materiomics is system functionality and
behavior rather than a piecewise collection of properties. In the
case of DIW printing, the same research pattern can be used to
link rheological behaviors to printability. Although no model has
yet been established to correlate the ink rheology and printability
with the above formulation parameters, it is a promising direction
in this field.

VI. SUMMARY AND OUTLOOKS

Direct ink writing could be considered a mature technique
from the standpoint of ink development but also young technique
from the standpoint of understanding fundamental structure-func-
tion relationships. Although DIW was established and full-fledged
in the late 1990s,>'***" it is still the most popular 3DP platform
for developing novel materials (e.g., composition). With the rapid
technological and material advances being made in this field,
standardization of materials formulation, printing, and characteri-
zation is increasingly important,’>*** yet getting more challenging.
For example, although there is consensus on the importance of
accurately controlling high-resolution features in DIW printing, to
date, “printability” remains a widely used yet poorly defined term.
Most researchers, including our own research group, still assess
printability qualitatively by an ink’s ability to hold its shape upon a
spatula or by describing the fidelity with macroscopic imaging.
Quantitatively, this corresponds to the criterion laid out in Eq. (3),
pgh/20, <1, indicating that the yield stress is large enough to
withstand forces due to gravity for a substantial amount of
material.

As mentioned above, the stress is tensorial and contains both
shear and extensional components. Most of the work on the rheol-
ogy of DIW inks has focused on shear rheology. Comparatively
little has been done to investigate the extensional effects. We think
that there remains work to be done to determine the full effects of
extensional fields on the physical properties of printed objects, and
a deeper understanding of the rheology of DIW inks should lead to
better printing outcomes. As long as an ink has a sufficiently large
yield stress to withstand the force due to gravity [Eq. (3)], such as
is observed when an ink holds its shape on a spatula, it should be
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printable, although the quality of the print will depend on the
details of how the ink yields and unyields. The transient rheology
of yield stress fluids is, therefore, a central problem to further devel-
opment of DIW outcomes. A deeper understanding of yield stress
fluid rheology should allow for new processes to be designed that
take advantage of the complexities observed. That this is not yet
possible comes down to our incomplete understanding of what
factors determine how and when an ink yields and unyields. Rapid
progress is being made, however, in determining this complex rhe-
ology, and the future should see new models being used to great
effect to both predict outcomes and design new processes.

In this review, we provide an overview of the rheological
requirements of DIW inks and discuss quantitative assessments of
the ink printability using rheology and print resolution. We also
propose a classification for ink composition based on the origin of
their complex rheological behaviors, and the factors influencing the
rheology of different types of inks are discussed respective to each
class of inks. Techniques that could have a significant impact on
the field in the near future include computational studies, high-
throughput rheological measurements, machine learning, and
materiomics, are also discussed to illustrate the future directions of
materials development for DIW.

Although considerable achievements related to DIW have
been made in the past decade, there is still a knowledge gap to
predict printability based on the physical and chemical properties
of each component. In view of this fact, we further propose some
perspectives based on our experience, summarized in Fig. 29.
We hope that these viewpoints may help this field develop.

1. The rheology and DIW communities should work together to
provide universal models for ink formulation and development,

FIG. 29. Proposed perspectives to promote DIW toward ideal printing.

REVIEW pubs.aip.org/aip/jap

such as the model proposed by Kamani et al.'”’ DIW researchers
tend to formulate inks by a guess-and-check approach and use
simple characterization methods to examine flow effects corre-
sponding to Weissenberg number rheology but neglect the tran-
sience described by Deborah number variations. Supplementing
this knowledge of printability with more thorough and robust
transient nonlinear rheological characterization would promote
more informed and more rapid ink development.

2. The community should standardize how printability is deter-
mined and assess the printability quantitatively (from both the
rheology perspective and fidelity perspective) to enable mean-
ingful comparisons between different studies. We propose that
the dimensionless group formed by the ratio of gravitational
forces to the yield stress be used as a measure of printability,
and that a simple criterion of this number being less than unity
could be used to define “printable” [see Eq. (3)]. Different
researchers currently adopt distinct methods to measure the
workability and buildability of feedstocks for extrusion-based
3D printing. These various standards result in non-connected
and piecemeal recommended values within the literature,
making it challenging to define optimum ranges for rheological
properties.

3. Physics-based automated analysis systems, such as artificial
intelligence and machine learning algorithms, should be applied
to assist in the development of DIW. The rapid development in
this field will bring about many new ink compositions and to
consummate the application of materiomics to the rheology of
DIW inks, high-throughput rheological measurements that can
automatically and standardly measure many ink samples with
different compositions are critical. Therefore, it is also critical
that a standard set of experiments be determined for such
studies. Given the way in which both the Weissenberg and
Deborah numbers change during large-amplitude oscillatory
shear experiments, we suggest that these may form an excellent
starting point. Physics-guided machine learning could then be
used to analyze the data and better predict and optimize inks
suitable for printing.

Opverall, significant steps have been taken in the evaluation of
extrudability, printability, and shape fidelity in DIW printing,
which is also driven by understanding the correlation between the
shape fidelity, rheological, and physicochemical properties of inks.
Combining theoretical models and straightforward quantitative
tests will be an important and powerful step toward further
improving shape fidelity of DIW-printed constructs, which will
help to drive the field into the next stage to fully predictable print-
ability and optimized print processes.
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NOMENCLATURE

3D Three-dimensional

DIW Direct ink writing

3DP 3D printing

FDM Fused deposition modeling
c Shear stress

n Viscosity

¥ Shear rate

oy Yield stress

G Complex modulus

G Storage modulus

G’ Loss modulus

o Stress amplitude

Yo Strain amplitude

) Phase lag

n Complex viscosity

® Angular frequency

3ITT Three-interval thixotropy test

d,, dy, ds, Filament diameter

F; Force of filament opposing gravity

0 Angle of deflection

L Half the distance between pillars in filament col-
lapse test

Cr Collapse area factor

p Material density

g Gravitational acceleration

Cjir Lateral area collapse factor

Al Theoretical area of pore formed from printing

Al Actual area of pore formed from printing

Fy, Distance between printed filaments

L Theoretical printed layer thickness

F; Length of fused portion of adjacent filaments

P, Printability index

dy Theoretical filament radius

Mo Matrix viscosity

[n] Intrinsic viscosity

(o)) Volume fraction of solid particles

ky Huggins coefficient

D, 0x Maximum solid fraction

AR Aspect ratio

Mo Lower bound of intrinsic viscosity
s Degree of sphericity

Rys Hard-sphere particle radius

D Interparticle surface-to-surface distance
R Effective particle radius

r Thickness of layer on particle surface
ST Shear-thinning

1D One-dimensional

2D Two-dimensional

LDP Low-dimensional particle

PEDOT Poly(3,4-ethylenedioxythiophene)
PSS Polystyrene sulfonate

o} Critical volume fraction

h LDP thickness

d LDP diameter

k! Debye screening length

GO Graphene oxide

PVA Polyvinyl alcohol

Ct Critical transition concentration
HIPE High internal phase emulsion
PPGDMA Poly(propylene glycol) dimethacrylate
DUDMA Diurethane dimethacrylate

Cc7 Sodium 1-heptane sulfonate
k-CA K-carrageenan

HA Hyaluronic acid

ND Nanodiamond

ND-COOH  Carboxylated nanodiamond
ND-OH Hydroxylated nanodiamond

LM Liquid metal

EGaln Eutectic gallium indium

ITO Indium tin oxide

¥ rec Recoverable or elastic strain

Y unrec Unrecoverable or plastic strain

d, Particle diameter

d, Nozzle diameter

ML Machine learning
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