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Abstract: During the past 30 years, more and more 3D-printing techniques based on suspensions
with specific rheological properties have been innovated and improved. In this review, principles
of dispersing and controlling powders for suspension-based 3D printing are summarized. The
suspensions for direct ink writing (DIW) are taken as an example for 3D printing. According
to the rheological property requirement of suspensions for direct ink writing, the routes on how
its rheological properties can be manipulated are summarized and classified into two categories:
I. self-solidification route; II. assistant-solidification route. The perspective on the future of 3D-
printing techniques based on suspensions is also discussed.

Keywords: suspensions; dispersing; powder; particles; 3D printing; rheological properties; direct
ink writing

1. Introduction

During the past three decades, 3D printing (additive manufacturing), preparing
3D objects in a layer-by-layer approach, has been dramatically developed from organic,
metallic, to ceramic materials for wide applications in academia, industry, and daily
life [1-8].

A variety of 3D-printing techniques are innovated and improved, which can be classi-
fied into seven categories: binder jetting, directed energy deposition, material extrusion,
material jetting, powder bed fusion, sheet lamination, and vat photopolymerization, ac-
cording to the stand of the International Organization for Standardization (ISO)/American
Society for Testing and Materials (ASTM) 52,900:2015. Interestingly, several techniques
among these are based on suspensions (slurries) with aspecific rheological properties, i.e.,
the materials are in the form of suspensions for undergoing 3D printing [5,9-15].

Selective laser sintering belonging to directed energy deposition is applied to fabricate
high-strength alumina parts with high solid loading (~50 vol%) alumina suspension [9].
Stereolithography apparatus (SLA)/digital light processing (DLP) [5] belonging to vat
photopolymerization are used to print ceramic parts such as silica (SiO;) [10-13,16,17],
zirconia (ZrO,) [18], hydroxyapatite (HA) [19], and silicon nitride (Si3Ny) [10]. Based
on suspensions, direct ink writing (DIW) belonging to material extrusion, pioneered by
Lewis [20] and Cesarano [21], is used in the fabrication of three-dimensional structures,
including polyelectrolytes [22], ceramics [20,23], aerogels [24], etc. No matter what 3D-
printing technique based on suspensions is performed, the key to successful printing
is the preparation of suspensions whose properties should fulfill the requirements of
the forming techniques. That is, dispersing of powders in a solvent and controlling
the rheological properties are the most important points. Therefore, it is necessary to
understand the principles of dispersing powder and to clarify routes for tailoring the
properties of suspensions.
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The purpose of this paper is to review dispersing and controlling of powders for
suspension-based 3D printing. Particular emphasis is given to routes made in recent
decades, especially for direct ink writing. Firstly, to support the underlying concepts, the
basic theory of dispersing powder in a solvent is briefly introduced, including tailoring
suspension rheological properties by adjusting interparticle interactions. Then, the sus-
pensions for DIW are taken as an example. According to the property requirement of
suspensions for direct ink writing, the routes on how its rheological properties can be
manipulated are summarized and divided into two types: I. self-solidification route; II.
assistant-solidification route. Finally, the perspective on the future of 3D-printing tech-
niques based on suspensions is discussed.

2. Basic Theory of Dispersing Powder

As aforementioned, each of the 3D-printing techniques discussed in this paper begins
with suspensions possessing various rheological properties as the starting state. It is,
therefore, critical to understand how powder particles suspending in its solvent can be
dispersed as well as adjusted, i.e., how particle interaction in determining suspension
rheology for the chosen printing technique can be tailored. Typically, there are three states
of particle interaction in suspensions: well-dispersed, weakly aggregated, and strongly
aggregated, as illustrated in Figure 1 [25-30]. These results stemmed from the interparticle
forces in the dispersing system, including attractive forces such as the van der Waals and
repulsive forces such as electrostatic (double layer) and steric (polymer-induced) forces.
As repulsive forces dominate, particle interaction in suspensions is in the well-dispersed
state. As attractive forces dominate but not very high, particle interaction is in the weakly
aggregated state, and thus, either isolated clusters in suspension at lower volume fractions
or a particle network at higher volume fractions are formed. As attractive forces dominate
and are very high, particle interaction is in the strongly aggregated state, and thus, either a
touching particle network or individual clusters in suspension, depending on their volume
fractions, are formed. In this section, we will provide a brief account of the theories
underlying each of these forces to understand how one may manipulate forces of particle
interaction to tailor states of particle interaction and then to generate the desired rheological
properties of suspensions, with examples of applications in 3D printing.

2.1. Interparticle Forces

No matter what intervening solvent (aqueous or organic) is used to suspend pow-
der, there is a ubiquitous force between particles of the same materials, called van der
Waals (vdW). vdW is a long-range, attractive force that exhibits a power-law distance
dependence, and its strength depends on the dielectric properties of the particle’s materials
and solvent [26,27]. There are few ways to adjust this force and manipulate suspension
properties [31,32] to be suitable for forming processes. Because the dielectric properties
are a natural instinct of materials, one approach, that is, by matching the particles and
solvent, can be used to tailor this force [31,32]. However, this approach is of limited prac-
tical application. Therefore, triggering the interaction repulsion between particles such
as electrostatic and steric forces, as shown in Figure 1, is a critical approach to adjust
interaction force, states of particle interaction, and rheological properties of suspensions
for 3D printing.
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Figure 1. (A) Schematic illustration of the interparticle force as a function of the distance between particles. The force is a

function of the distance (D) between two particles. As the distance is very low, the interparticle force is strongly attractive

(at bottom, right down of (A)), the particles are strongly flocculated; as the distance is moderate, the interparticle force is

strongly repulsive (at middle, right down of (A)), the particles are dispersed; as the distance is large, the interparticle force is

attractive again (at top, right down of (A)), the particles are weakly flocculated. (B) Rheological behaviors of suspensions as

steady-shear flow [33] (a) shear rate vs. viscosity; (b) shear rate vs. stress. Curve (1), Newtonian flow; Curve (2), Bingham

plastic; Curve (3), shear-thinning; Curve (4), pseudoplastic with yield stress; and Curve (5), shear-thickening. (C) Schematic

illustration of oscillatory behavior as a function of frequency [30]. (a) Liquid-like; (b) gel-like; and (c) solid-like. The

rheological properties of suspension shown in (B,C) are determined by the interparticle forces shown in (A). Reprinted with
permission [30]. Copyright (2000), WILEY-VCH.

The repulsive electrostatic forces depend on two elements: the dielectric properties
of the intervening solvent and the magnitude of like-charges at the solid-liquid interface
surrounding each particle. The former is determined by the natural properties of the used
solvent, which is not prone to control; the latter is more sophisticated and can be adjusted
by a few variates. Actually, once a powder is immersed in a solvent such as water, the
charges are generated by adsorption or desorption of ionic species in solution such as
proton-transfer reactions with the surface hydroxyl groups [29]. These reactions with acid
and base can be written as

Acid solution:

MOH + H* — MOH,* 1)

Basic solution:

MOH + OH™ — MO~ + H,O @)

In an acid solution, the surface hydroxyl groups react with hydrogen ion from acids,
while in a basic solution, the surface hydroxyl groups react with hydroxyl ions from the
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basics. The pH value of the solution plays an important role in the sum of hydrogen or
hydroxyl ions in the solvent and then affects the net charge at the particle surface. Reaction
activity of the particular material and ions concentration are other factors. Indeed, at one
pH, called the isoelectric point (pHigp), the net charge is zero. Therefore, the surface is
neutral at pH = pHjgp, negative at pH > pHjgp, and positive at pH < pHigp. As its surface is
charged, counterions, i.e., ions of opposite charge, are assembled around the particle, and a
diffuse ion cloud termed the electrical double layer (EDL) is formed adjacent to the particle
surface. A high ionic strength (high concentration of ions) results in a thin thickness of
EDL. The theory on the relationship between the surface charge and repulsive electrostatic
forces is very complicated. Simply, this repulsive force decreases exponentially with surface
distance D and is inversely proportional to the square root of the ionic strength [27,29].
Note that the electrostatic force only existed in aqueous systems.

Combining the vdW attractive force and the electrostatic repulsive forces is the well-
known Derjaguin-Landau-Verway-Overbeek (DLVO) theory [27]. The magnitude of the
interaction force between two particles is taken over by the dielectric properties of materials,
surface charge, and ionic strength. With less surface charge or higher ionic strength, the
repulsive force is lower, and particles are flocculated. Thus, there are two routes to control
the states of particles, which take charge of the rheological properties of suspensions (see
Section 2.2). One is adjusting the pH value to change the net charge on the particle surfaces;
the other is tailoring the ionic strength to change the range of the double-layer repulsion.

Another repulsive force is the steric force stemmed from organic molecules such as
dispersants or surfactants adsorbed on the particle surface. An adsorption layer formed
takes part in preventing particles from approaching each other and bridging flocculation.
The thickness of the adsorption layer, depending on the molecular architecture, anchoring
sites, and strength, extending conformation of molecules in the solvent as well as solvent
quality [34], should be high enough for generating steric repulsion to overwhelm vdW
attractive force. Note that this principle of steric force is effective in aqueous and non-
aqueous systems.

Specially, in aqueous systems, if the molecules are polyelectrolytes containing at least
one type of ionizable group such as carboxylic or sulfonic acid groups, both electrostatic
and steric forces take part in such systems, termed as the electrostatic force. For example,
poly(acrylic acid) (PAA), a widely used additive, possesses three ionizable segments. In a
suspension with PAA, these electrostatic forces result: the electrostatic force from ionized
carboxylic acid groups and the steric force from the polymeric adsorption layer [35-37].
The routes to change the electrostatic and steric forces are certainly useful to change the
electrostatic force. For a given system with anionic polyelectrolytes, increasing pH induces
the increase of the ionization degree and, correspondingly, the adsorption behavior and
the conformation of molecules.

The last force between particles is the depletion force, which is resulted from the
presence of small species called depletants [38—40]. These depletants, which are very fine
organic molecules [38—41] in free status, can induce stabilization or flocculation of particles.
That is, the depletion force is repulsive or attractive.

2.2. Rheological Properties of Suspensions

Fundamentally, the rheological properties depend on thermodynamics and fluid
mechanics interactions between particles, including Brownian motion, the rheological
response, and the suspension structure. Suspensions illustrate two typical rheological
behaviors in response to different mechanical loading, i.e., type of stress or strain: viscous
behavior to shear flow and viscoelastic behavior to oscillatory flow, as shown in Figure 1B.

Viscous behavior presents in the form that apparent viscosity (1) is a function of
shear stress (1) and shear rate (y), which is the result of steady shear on suspension
relative to its original composition and structures disturbance during shearing (Figure 1B).
When the function is a linear equation passing through the origin of the coordinate axis,
the flow of suspension is a Newtonian behavior (curve (1), Figure 1B). In such systems,



Colloids Interfaces 2021, 5, 25

50f 14

the suspension structure is dominated only by thermodynamic Brownian motion and
hydrodynamic interactions. If the intercept of this linear equation is above zero, the flow
is a Bingham plastic behavior (curve (2), Figure 1B), which shows yield stress. If the
viscosity (1) decreases with shear rate (y), the flow is pseudoplastic or shear-thinning
behavior (curve (3), Figure 1B) due to the perturbation of the suspension structure [42].
Furthermore, this response can be accompanied by yield stress. The magnitude of this
stress depends on the strength of the particle network (curves (2) and (4), Figure 1B).
Oppositely, if the viscosity (1) increases with shear rate (y), the flow is dilatant or shear-
thickening behavior (curve (5), Figure 1B). With increasing shear rate, the suspension
structures undergo transitions either from disorder to order [43] or form stable particles to
cluster [44]. The degree of shear-thinning or thickening increases with solids loading (P,
volume fraction of particles).

Viscoelastic behavior is mainly the response of concentrated suspension to oscillatory
flow. When a frequency (w)-dependent shear stress or strain is applied, the suspension has
a shear moduli. This shear modulus (G*) consists of a storage (G’) and a loss modulus (G”),
as given by Gao and Lewis [30,33], whose papers have more details.

G*=G' +iG” 3)
G’ = G* cosf 4)
G” =G*sinb 5)

where 0 is the phase angle. Conducting frequency (w) sweeps at given stress (or strain),
and the suspension shows its viscoelastic behavior accompanied by specific structural
information. Over the entire frequency spectrum, as G” > G/, the response is liquid-like;
as G” < G’ (independent of frequency), the response is solid-like; a gel-like response
is observed when G” and G’ vary as wi, where j is in the range of 0.3-0.7, as shown
in Figure 1c.

These rheological properties of suspension, including viscous and viscoelastic behav-
iors, can be transited to each other by tailoring interaction in a given system. For example,
in a well-dispersed system, flocculation occurs as the net force between particles turns
to be attractive via adjusting pH value, ionic concentration, etc. [15,23,45,46]. Moreover,
the average separation distance between particles also strongly plays a role in the inter-
particle forces and the fluid mechanics interactions. For example, in a flocculated system,
the properties of the concentrated suspension transit drastically at a certain critical solid
loading (Pg). At ®g, a space-filling particle network forms. When ® < ®g, the suspension
behavior under steady shear is without yield stress, and the discrete clusters in suspension
structure settle more or less independently. Above ®g, the suspension behavior has stress
before yielding; the viscoelastic behaviors may be significant, and the rate of settling is
very slow [29,30].

3. Suspensions for 3D Printing

To meet the requirements of 3D-printing techniques, suspensions should possess a
specific suspension structure and rheological property. Note that the suspensions are mostly
concentrated, i.e., with high solids loading because of the shape-preserving application in
post-treatment processing.

A well-dispersed, stabilized, concentrated suspension is needed for selective laser
sintering [9], slurry-based 3D printing [47], and ceramic stereolithography including
SLA/DLP [17,48,49]. A strongly flocculated, concentrated suspension is needed for direct
ink writing [20,21,23,24,50]. Typically, in the systems for DIW, the transitions of concen-
trated suspensions from well-dispersed to strongly flocculated with or without assistance
are reported. Therefore, to elucidate suspensions for 3D printing, the suspensions for DIW
are taken as an example in this section.
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3.1. Classification of Suspensions for Direct Ink Writing

In the forming process, direct ink writing is firstly carried out using special devices
(e.g., nozzles) to form a fluid with a linear shape, termed as characteristic linear fluid.
Afterward, the characteristic linear fluid and the inherited characteristics are automatically
controlled by a computer. The trajectory of the moving platform of the fluid enables the
preparation of predetermined structures with complex components [20]. Clearly, in order to
achieve a complex periodic structure with three-dimensional features, the linear fluid has to
become rapid (loss of flow) after it has left a special device. So linear fluids can be classified
into two categories based on the curing of the fluid as it loses its fluidity: L. self-solidification
route; II. assistant-solidification route.

3.2. Self-Solidification Route
3.2.1. Requirements and Mode for Self-Solidification Suspension

Direct ink writing places high demands on self-solidification suspensions. It requires
that the suspension be able to pass smoothly through a nozzle to form a fluid with a
linear shape, and it retains its shape in a fast-curing manner. Moreover, the assembled
overhanging beam structure does not buckle or collapse. In terms of rheological properties,
the suspensions must fulfill four basic requirements [20,23]:

(1) Low viscosity under high shear rate. This enables suspensions’ smooth passage
through the nozzle without clogging.

(2) Loss of fluidity under non-shear conditions. This means that the linear fluid must
cure quickly and solidify after passing through the nozzle.

(3) Good elastic properties such as high storage modulus after curing for keeping the
shape linear.

(4) High solids loading. In follow-up procedures such as drying (or sintering), deforma-
tion and cracking of the formed three-dimensional complex structures can be avoided.

3.2.2. Rheological Properties of the Suspensions

In the printing process, the surface of the fluid with linear shape would flow under
shear frictional forces with the inner walls of the nozzle, while the suspension inside retains
its gel properties and hardly flows. Therefore, the structure of the linear fluid regard
as a nucleus (rigid gel state)-shell (shear flow dynamic) structure [23]. The rheological
properties are well suited to the Herschel-Bulkley model (curve (4), Figure 1B):

T =Ty + Ky" (6)

where T is the shear stress, 7y is the shear yield stress, K is the viscosity index, n is the
shear-thinning index, and 7 is the shear rate. When the shear stress (7) on the suspension
is higher than the shear yield stress (7y), the linkage between the particles is broken, and
the surface suspension can flow. In order to avoid pressure filtration [23], the shear stress
() must be lower than the compressive yield stress (Py) of the suspension. It is, therefore,
possible that the range of shear stresses to be applied should be as follows:

T, < T < py @)

3.2.3. Elastic Properties of the Suspensions

When the characteristic linear fluid is no longer subjected to shear stress after exiting
the pore of the nozzle, the linking between the particles within the shear flow dynamic
shell reoccurs, and the suspension transforms into a rigid gel state, thus serving the same
purpose as a rigid gel state nucleus. The elastic properties of the gel state can be expressed

by the following equation [51,52]:
(b X
=k -1 8)
’ (q’gel )
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where y is the elastic properties of the suspension (including the shear yield stress 7, and
the storage modulus G’), k is a constant, @ is the solids loading corresponding to the
critical point of the gel, and x is the proportionality constant (generally around 2.5). It can
be seen that the elastic properties of the gel are mainly determined by two parameters: the
solids loading (®) and the gel point solids loading (®g). As the solids loading increases,
the density of interparticle linking bonds in the suspension increases, and the elastic
properties rise. The opposite effect is seen with gel solids loading, where an increase in gel
solids loading decreases the strength of the link bonds and hence the missile properties.
Therefore, in order to meet the requirements of straight-write forming, the elastic properties
of colloidal suspensions can be achieved by adjusting the solids loading (®) and the gel
point solids loading (®g).

3.2.4. Design Guidelines for Self-Solidification Suspensions

The rheological properties of self-solidification suspensions (colloidal gel suspensions)
are determined by three parameters: the stress (o), the solids loading (®), and the inter-
particle attraction energy (U), as the report by V. Trappe [53]. The stress on the suspension
has an effect on the network structure, consisted of particles formed by the interparticle
attraction, and the critical solid-phase volume fraction increases with increasing stress.
The interparticle interaction within the suspension, influenced by a number of factors,
including o, @, and U, can be easily modulated by changing these factors so as to achieve a
self-solidification suspension that meets the requirements of direct ink writing.

3.2.5. Typical Self-Solidification Suspensions

The self-solidification suspensions currently used are colloidal suspensions whose
rheological properties are controlled by some routes, mainly colloidal gel suspensions
and biphasic suspensions, as listed in Table 1 [15,23,45,54-56]. For the colloidal gel
suspensions, it is the flocculation of colloidal particles in a flowing suspension that
reduces the volume fraction of the solid phase at the gel point of the suspension, in-
creases the elastic properties of the suspension, and ultimately forms a gelatinous col-
loidal suspension. Smay et al. [23] designed colloidal gel suspensions, i.e., suspensions
in which colloidal particles are flocculated and interlinked in a solvent. They first pre-
pared stable and dispersed colloidal suspensions and then, by changing the pH of the
suspension, caused the colloidal particles to aggregate. Similarly, colloidal gel suspen-
sions can be obtained by changing the ionic concentration of the suspension [45] or
by adding a counter-ionic polyelectrolyte [46]. Graule et al. [57] studied the effect of
pH and salt concentration on the state of Al,O3 suspensions, and Rhodes et al. [58]
used a confocal laser scanning microscope to observe homopolymer polyelectrolytes
(poly(trimethylammonium iodide), poly(trimethylammonium iodide), poly(trimethyla-
mmonium iodide), poly(trimethylammonium iodide), and poly(trimethylammonium io-
dide) at different pH and salt concentrations. The microscopic structure of silica suspen-
sions dispersed by the polymers (ethylmethacrylate, PTMAM) was found to increase the
flocculation of homopolymer-dispersed suspensions with increasing pH and salt concen-
trations. In addition, pH and salt concentration, as well as the addition of counter-ionic
polyelectrolytes, can reduce the volume fraction of the solid phase at the gel point (®yg).
Smay et al. [23] formed a three-dimensional structure of PZT (Lead zirconate titanate) by
varying the pH of the colloidal suspension.



Colloids Interfaces 2021, 5, 25

8 of 14

Table 1. Self-solidification suspensions designed for direct ink writing [15,23,45,54-56].

Self-Solidification Tailoring Routes for Rheological Properties =~ Minimum Feature Size

Suspensions of Suspensions in 3D Structures References
Changing pH values 100 um [15,23,55]
Colloidal gel suspensions Tailoring ionic concentrations 30 um [45]
Adding oppositive polyelectrolyte 100 um [54]
Changing inter environment of suspensions
with homopolymer and copolymer, e.g., <100 pm [56]
ionic concentrations
Biphasic suspensions Controlling the hydrophilicity /hydrophobicity . [56]
between particles and solvent
Using powder with different isoelectric ) [56]

points (IEP)

)

@)

®)

For the biphasic suspensions, there are three routes to obtain:

Two types of dispersed biphasic suspensions. This is achieved by taking advantage
of the different sensitivities of homopolymer and copolymer polyelectrolyte disper-
sants to factors such as ionic strength. Firstly, two stable suspensions are prepared
using a homopolymeric dispersant (e.g., PAA) and a copolymeric dispersant (e.g.,
PAA-PEO), respectively. Then, mix them evenly. Finally, the ionic strength of the
suspensions was increased [56], or a counter-ionic polyelectrolyte [53] was added to
flocculate the colloidal particles of the homopolymeric dispersant while the colloidal
particles of the copolymeric dispersant remained stably dispersed regardless of the
changing conditions.

Hydrophilic biphasic suspensions. These suspensions are achieved by modulating
the hydrophilicity (polarity) of the hydrophilic colloidal particles, the hydrophobic
colloidal particles, and the solvent. For example, with hydrophilic substances (e.g.,
water) as Jennifer et al. [56] studied amphiphilic biphasic suspensions of SiO,, where
the hydrophobic SiO, was obtained by surface modification.

Isoelectric point biphasic suspensions. The two particles with different isoelectric
points were combined to form a biphasic suspension of SiO;. Soluble particles mixed
with the same environment (pH, ionic strength, and concentration of dispersant) can
be used in a wide range of applications. In the agent, one of the particles is attracted
to the other by van der Waals forces and then flocculation. The other particles are
subject to electrostatic and steric repulsion [56].

3.3. Assistant-Solidification Route
3.3.1. Requirements and Mode for Assistant-Solidification Suspension

In the same way as self-solidification suspensions, assistant-solidification suspensions

also require four characteristics to ensure smooth implementation of direct writing:

)
)]
©)
4)

Low viscosity when passing through the nozzle;

Rapid curing under certain external conditions after passing through the nozzle;
Good elastic properties of the cured linear features;

A high-volume fraction of the solid phase in the suspension.

Of these, the first and fourth points are easier to achieve. Since externally cured

suspensions do not rely on a change in their rheological properties to solidify, stable and
dispersed suspensions are generally able to meet the above requirements. The third point
is mainly influenced by the curing effect of the second point; therefore, the design and
control of the curing action conditions in the second point is the key to its formation.
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3.3.2. Typical Assistant-Solidify Suspensions

Current curing conditions for externally cured suspensions in direct ink writing can be
divided into three main types: solvent evaporation, solubility differences, and UV-curing,
as listed in Table 2.

Table 2. Assistant-solidification suspensions designed for direct ink writing.

External Conditions for Solidification of . c e . . Minimum Feature
. Assistant-Solidification Suspensions Lo, References
Suspensions Size in 3D Structures
Colloidal suspensions with 500 um [21]
shear-thinning behavior 410 um [24]

Fast evaporation of solvent in suspensions

Suspensions composited of

nanoparticles and organic solvent 1 um (50,591
Solubility divergence between solvent in 500
Y sence 1 . Polyelectrolyte complexes (PECs) 30 [22,50,60]
suspensions and liquid in deposition reservoir 1
Silk fibroin solution 5 um [61]
l-gel i . 2
Polymerization of organic monomer under o SO. g€l suspension 0.3 pm [62]
. . .. rganic monomer solution 5 um [63]
ultraviolet irradiation . ..
Suspensions containing ) [64]
organic monomer
Thermosetting components solidify faster Organic sulfate suspension 150 um [65]
under the influence of temperature Alumina composite suspension 400 pm [66]
The hydrophobic components solidify in water Preceramic polymer suspension 200 um [67]

For solvent evaporation, suspensions are nanoparticle-containing suspensions pre-
pared with organic solvents (referred to as nanoparticle/organic solvent suspensions). The
suspensions contain solid particles of nanoscale size and a high boiling organic solvent
with the function of absorbing water. As a result, the characteristic size of the three-
dimensional structures prepared with such suspensions is very small, even down to the
nanoscale. The suspension would rapidly obtain solvent evaporation when the specific
surface area of linear fluids is very large. Here, the solvent evaporates rapidly, and the
rheological properties of the suspension change dramatically. Ahn et al. [50,63] prepared
three-dimensional structures with a minimum feature size of 1 pm (high aspect ratio
above 6) using a nanosilver/glycol suspension. They used silver nitrate as a precursor,
polyacrylic acid as a dispersant, and diethanolamine as a reducing agent to obtain silver
particles of around 5 nm with vigorous stirring, then added ethanol to precipitate the
polyacrylic acid from the water and coat the silver particles. The suspension can be used
to prepare flexible microelectrodes with a cantilevered frame structure, which is of great
importance for three-dimensional encapsulation in the field of electronic packaging. Duoss
et al. [62] have designed a new sol-gel suspension. They used anhydrous ethanol as a
solvent and acetylacetone-disopropoxytitanium as a precursor to convert the solvent from
a sol to a gel by hydrolysis and condensation of metal-alcohol salts at 80 °C. The solvent
was then solidified by volatilization of the organic solvent. In practice, the suspension
is an organometallic salt gel solution with no suspended solid particles, which makes it
easy to pass through the micropores of the pinhead and yields a periodic structure with a
small minimum characteristic size. Duoss et al. [62] formed a three-dimensional periodic
structure that is flat and uniform in size with a minimum feature size of approximately
0.3 pm. Ahn et al. [68] designed a sol-gel suspension that can be used to prepare ITO
(tin-doped indium oxide) microelectrodes by adding indium acetate and acetylacetonate to
tin chloride in acetylacetonate and oxidizing it with tetramethylammonium hydroxide and
hydrogen peroxide to obtain an ITO sol-gel suspension.

In terms of solubility differences, solidity can also be achieved by taking advantage
of the difference in solubility of the suspension, especially of organic substances. In the
process, a reservoir containing the fluid in which the solubility of the substance is very low
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is placed underneath the printing nozzle. As soon as the suspension emerges from the
tip of the printing nozzle, the linear fluid loses its fluidity and becomes more elastic as it
enters the sedimentation cell, thus being able to retain its shape. Polyelectrolyte complexes,
polyelectrolyte complexes (PECs), for example, is a mixture of two transparent aqueous
solutions of polyelectrolytes with opposite charges, which are electrostatically attracted to
each other and precipitate out to form a turbid suspension, with the precipitates rapidly ag-
gregating in some liquids without dispersion [69]. Gratson et al. [60] used a suspension of a
polyelectrolyte mixture consisting of polyacrylic acid and polyethyleneimine (PAA-PEI) for
direct ink writing. They placed a sedimentation cell with an aqueous isopropanol solution
beneath the nozzle to allow rapid solidification of the characteristic linear fluid directly into
the cell. The phase behavior, rheological properties, and direct ink writing of the polyelec-
trolyte mixture suspensions were systematically studied [50]. Figure 2 shows a schematic
illustration of straightforward modeling using a sedimentation cell [22]. Their study also
showed that the concentration of the aqueous isopropanol solution had an effect on the
solidification mechanism of the characteristic linear fluid of the polyelectrolyte suspension.
Xu et al. [22] also studied polyelectrolyte suspensions consisting of polyacrylic acid and
polyallyl chlorinated amine (PAA-PAH) and obtained similar results. Ghosh et al. [61]
used fibrous protein solutions for direct writing, taking advantage of the insolubility of
fibrous protein solutions in aqueous methanol and the weight that rapid precipitates can
support to obtain three-dimensional stacked structures with a characteristic size of 5 pm.
The optimal liquid composition of the deposition cell is an 86% aqueous methanol solution.

Figure 2. Direct ink writing of three-dimensional microperiodic structure Reprinted with permis-
sion [22]. Copyright (2007) American Chemical Society.

For the UV-curing, the printing materials contain some photosensitive substances to
achieve UV-curing. Sun et al. [18,70] used methyl methacrylate as the monomer, pentaery-
thritol tripropionate as the crosslinker, and 2,2-diethoxyacetophenone as the photoinitiator
to prepare a light-curable suspension of BaTiO3, and prepared three-dimensional struc-
tures with a characteristic size of 0.4 mm on a dispensing system equipped with a UV
light source. Barry et al. [31] also used the same principle to prepare three-dimensional
hydrogel buildup structures for cell growth control. Wei et al. [71] applied UV-curing to the
printing separator and packaging ink of LIB (Lithium-Ion Battery) by adding UV-curing
epoxy resins.

For consolidation by heating, the print material is consolidated faster by increasing
or decreasing the temperature of the plate or atmosphere. Unlike the route of solvent
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evaporation, a change in temperature speeds up the solidification process rather than
converting it into a gel. Yang et al. [66] add carrageenan swelling and ammonium citrate
as thermosetting agents into the alumina powder. In this printing, upon the atmosphere
and flat panels being heated, the viscosity of the suspension increased to a degree for
the solidification.

4. Perspective

3D printing is a rapidly growing manufacturing technology for the fabrication of
three-dimensional objects, which has been used in the fields of microelectronics packaging,
lithium-ion batteries, photonic crystals, soft robot, metamaterials, and biomedical materials.
As a sophisticated printing material, more and more suspensions for 3D printing are being
proposed. From the point of view of the authors, the directions developing the suspensions
are outlined as follows:

(1) Optimizing the ways to change the interaction between particles. As aforementioned,
the rheological properties of suspension for the self-consolidation in direct ink writing
can be adjusted. However, the range of technical parameters is narrow, and its
rheological properties are difficult to be well controlled. Thus, the routes to control
the interaction in the suspensions for 3D printing should be optimized.

(2) Developing functional particles via surface modification. Functional particles sus-
pending in a solvent can be used to control the suspension properties or to promote
printing. For example, the suspensions of particles covered by stimulus-responsive
species can be tailored by thermal, magnetic, or electric fields; the suspensions of
particles coated by an organic with functional groups benefit polymerization, and 3D
printing processing will be easier and more stable.

(3) Developing specific suspensions for novel 3D-printing techniques. Recently, several
3D-printing techniques have been reported for high-speed printing such as continuous
liquid interface production (CLIP) [72,73]. A dead layer created by polymerization
inhibition of oxygen or a fluorinated oil is used to undergo continuous liquid interface
printing, and this continuous printing approach increases vertical print speeds by
two orders of magnitude. However, these techniques are based on special materials.
Therefore, to embrace the novel 3D-printing techniques, specific suspensions should
be developed to meet the printing needs.
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