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The ability to pattern ceramic materials in three dimensions
(3D) is critical for structural, functional, and biomedical appli-
cations. One facile approach is direct ink writing (DIW), in
which 3D structures are built layer-by-layer through the depos-
ition of colloidal- or polymer-based inks. This approach allows
one to design and rapidly fabricate ceramic materials in complex
3D shapes without the need for expensive tooling, dies, or litho-
graphic masks. In this feature article, we present both droplet-
and filament-based DIW techniques. We focus on the various
ink designs and their corresponding rheological behavior, ink
deposition mechanics, potential shapes and the toolpaths re-
quired, and representative examples of 3D ceramic structures
assembled by each technique. The opportunities and challenges
associated with DIW are also highlighted.

I. Introduction

NEW methods for materials fabrication at the micro- and
nano-scale will drive scientific and technological advances

in areas of materials science, biology, chemistry, and physics.1,2

The broad diversity of potentially relevant materials, length
scales, and architectures underscores the need for flexible
patterning approaches. Three-dimensional (3D) structures
fabricated from colloidal ‘‘building blocks’’ may find wide-
spread technological application as advanced ceramics,1–3 sen-

sors,4–7 composites,8–11 tissue engineering scaffolds,12–14 and
photonic15–17 materials. Many of these applications require
architectures that are engineered at length scales far exceeding
colloidal dimensions with lattice constant(s) ranging from
several micrometers to millimeters. Direct ink writing
(DIW) techniques2,18 offer a powerful route for producing
complex 3D structures, including space-filling solids and struc-
tures with high aspect ratio walls or spanning (unsupported)
elements.

The term ‘‘direct-write assembly’’ broadly describes fabrica-
tion methods that use a computer-controlled translation stage,
which moves a pattern-generating device, e.g., ink deposition
nozzle or laser writing optics, to create materials with controlled
architecture and composition.2,18 Several direct ink writing tech-
niques have been introduced that are capable of patterning ma-
terials in 3D, including 3D printing (3DP),19–21 direct ink-jet
printing,22–24 hot-melt printing,25–28 robocasting,29–35 fused de-
position,4,5,36,37 and micropen writing38 (see Table I). We divide
DIW into droplet- and filament-based approaches and promin-
ently feature four of these techniques, as shown schematically
in Fig. 1.

Our feature article on direct ink writing of 3D ceramics
structures is organized as follows: in Section II, we provide a
brief overview of the basic design principles associated
with computer-aided manufacturing. The success of DIW
techniques hinges critically on the creation of an informed
component design that accounts for the capabilities and limita-
tions of the specific technique utilized. Sections III and IV
describe representative ink formulations and their correspond-
ing rheological behavior, ink delivery mechanics, and
assembly strategies used by droplet- and filament-based
DIW techniques, respectively, within the context of fabricating
3D ceramic structures. Several examples of DIW-derived struc-
tures are highlighted in each section, and, where possible, we
present components of similar design and composition to
facilitate direct comparison. Finally, we offer a perspective on
the future opportunities and challenges for this approach in
Section V.
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Table I. Droplet- and Filament-Based Techniques for DIW

Ink design

Minimum printed

feature size References

Droplet-based DIW
3D Printing Binder solution printed on powder bed 170 mm lateral

45 mm depth
Moon et al.20

Ink-jet Printing Colloidal fluid 20 mm lateral
100 nm height

Zhao and colleagues22,39,40

Hot-melt ink-jet
printing

Colloid-filled wax (max solids B40%) 70 mm lateral
o1 mm height

Reis and colleagues25,26,27,28

Filament-based DIW
Robocasting (in air) Concentrated colloidal gel 500 mm diameter Cesarano and colleagues29,30,31,32,41,42

Robocasting (in oil) Concentrated colloidal gel 200 mm diameter Smay et al.6,33,34

Concentrated nanoparticle gel 30 mm diameter Li and Lewis43

Fused deposition Particle-filled polymer melt (max solids B50%) 100 mm diameter Allahverdi and colleagues4,5,36,44,45

Micropen writing Concentrated colloidal fluid 25 mm diameter Morissette et al.38

DIW, Direct ink writing; 3-D, three-dimension.

Fig. 1. Schematic illustrations of both droplet- and filament-based direct ink writing techniques: (a) three-dimensional printing (3DPt),20 (b) direct
ink-jet printing (DIJP),22 (c) robocasting,34 and (d) fused deposition of ceramics.4
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II. Design Principles

DIW techniques must produce ceramic structures within accept-
able geometric tolerance having properties comparable with or
superior to that achievable by traditional fabrication routes. The
properties of interest may include strength, electrical properties,
chemical activity, biological function, or esthetic features. In its
simplest form, DIW can be used as a rapid prototyping tool for
designs that will be produced by traditional means. However,
DIW also offers the potential to create 3D ceramic structures
with locally varying structure, composition, and properties that
cannot otherwise be fabricated. Like other layered manufactur-
ing techniques, the design process starts with the creation of a
computer model of the component to be assembled. Figure 2(a)
illustrates a rendered stereolithography (.stl)46 file for a simple
disk with six vias. The .stl format defines the surface of a 3D
object with a mesh of vertex and edge-sharing facets with out-
ward-pointing normal vectors. Next, the .stl model is sliced by a
series of parallel planes with fixed interplane spacing equivalent
to the thickness of the layers that will be printed. Figure 2(b)
illustrates the positive (counterclockwise loop) and negative
(clockwise loops) areas associated with a representative layer
(slice). During DIW, the positive areas are filled with ink, while
the negative areas are not. Differences between droplet and fila-
ment printing mechanics necessitate a divergence in strategy for
infilling these areas, as described in subsequent sections.

After slicing and calculation of tool paths for each layer, the
3D object is examined to identify whether support structures are
needed. Figure 3 shows the four basic patterns encountered in
DIW. For space-filling solids, the deposited ink must flow to
form a continuous body without ‘‘knit lines’’ in or between lay-
ers. For high aspect ratio walls and spanning structures, the
tool-path spacing within individual layers must exceed the de-
posited droplet or filament width. In the case of spanning struc-
tures, gaps in underlying layers must be bridged by overlying
layers. The final case is cantilevered and floating elements, in
which portions of layers are either completely unsupported
(floating) or attached to underlying layers in a cantilevered fash-
ion. The DIW design process therefore requires: (1) the ability to
assemble the four basic structures described above, (2) control
over the lateral (x�y) and vertical (z) spacing of the tool path
(i.e., resolution), (3) compositional control within the tool path,
(4) control over the rate of ink deposition, and (5) proper ac-
counting for the dimensional and property changes that occur
during post-deposition processes (i.e., drying, binder removal,
and sintering).

III. Droplet-Based Writing

Droplet-based approaches to direct writing of 3D ceramic struc-
tures include 3DP,19–21 direct ink-jet printing,22–24 and related
approaches, such as hot-melt printing.25–28 Each of these tech-
niques relies on ink-jet printing of material in the form of drop-
lets in a desired pattern via a layer-by-layer build sequence. Ink-
jet printing is an established technology with many applications,
including reprographic, microdispensing, and materials assem-
bly. Conventional inks for reprographic applications include
dye- or pigment-based inks, which are formulated using either a
low-viscosity fluid that must be removed by absorption and
evaporation or a wax-based system that is heated during droplet
formation and then solidified upon impact cooling. These inks
serve as models for the ink designs developed for direct-write
assembly of ceramics via droplet-based deposition.

(1) Ink Delivery

There are two types of ink delivery systems for droplet-based
writing: (1) continuous23,39 and (2) drop-on-demand22,25–28,40

ink-jet printing. In either system, the ink is delivered as discrete
droplets (see Figs 1(a) and (b)) of fixed volume dispensed from a
single or multi-nozzle array. The droplet size depends on the
nature of the drop-generating nozzle and on the ink rheology. In
continuous-jet printing, ink droplets must be electrically charged
upon exiting the nozzle so that the droplet stream can be steered
through deflecting electrodes before the ink reaches the sub-
strate.39 The deflected (or unprinted) droplets must be recovered
and recirculated through the ink reservoir. In drop-on-demand
printing, ink droplets are produced only when required either by
exciting a piezoelectric actuator at a controlled frequency or by
locally heating to create pressure pulses in a fluid chamber that
cause the ejection of an ink droplet with each pressure cycle. A
schematic illustration of a drop-on-demand nozzle is shown in
Fig. 1(b). The continuous-jet method allows large areas to be
patterned at relatively high speeds, whereas the drop-on-de-
mand method is better suited for depositing small and controlled
quantities of material.20

The fluid dynamics involved in drop formation and spreading
play an important role in the ink design. Reis et al.25 and Seer-
den et al.28 provide a good overview of these considerations
for drop-on-demand printing, whose salient features are
summarized here. The behavior of fluid inks during the droplet
formation process is dependent upon the Ohnesorge number (Z)
given by

Z ¼
We1=2

Re
¼

Z

ðgraÞ1=2
(1)

Fig. 2. (a) Stereolithography (.stl) model of a simple disk with vias, (b)
positive and negative loops from a representative slice, (c) raster fill tool
path, (d) contour fill tool path, (e) pixel fill pattern.

(a) Space filling solid (b) High aspect ratio walls

(c) Spanning (lattice) (d) Cantilever and floating
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Fig. 3. Possible structural features encountered in direct-write assem-
bly, illustrated for filament-based writing: (a) solid space filling, (b) high
aspect ratio walls, (c) spanning (or lattice), (d) cantilevered and floating
structures.
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where We is the Weber number (5rn2a/g), Re is the Reynolds
number (5 nar/Z), n is the ink velocity, a is a characteristic
length (i.e., nozzle diameter), and Z, g, and r are the viscosity,
surface tension, and density of the ink, respectively. Z expresses
the relative importance of viscous, surface tension, and inertial
forces for fluid flow. If Z is too high, then viscous forces dom-
inate and a large pressure change is required for droplet ejection.
If Z is too low, then unwanted satellite droplets are produced.
Successful drop formation (ejection) generally occurs for Z
values of 0.1–1.

Drop spreading on impact influences the thickness of the de-
posited layer and the lateral resolution of materials produced by
ink-jet printing. Drop spreading can be estimated by28

rmax

r
¼

We2 þ 12

3ð1� cos yÞ þ 4We2=Re1=2

 !1=2

(2)

where rmax is the maximum drop radius after impact, r is the
initial drop radius, and y is the contact angle between the ink
and the substrate. This expression represents an upper value for
rmax, because drop spreading is evaluated for a dense substrate
in the absence of solidification. In practice, droplet spreading is
influenced by the porous nature of the underlying powder bed or
printed structure as well as the time required for a given droplet
to solidify after deposition.

A final concern for droplet-based DIW is the potential for the
impinging droplets to splash on impact with the substrate (or
underlying layers). Drop splashing occurs above a critical value
of the parameter, K:

K ¼ WeRe1=4 (3)

For example, Seerden et al.28 have reported Kcrit values of
57.7 for water and methanol, and 102 and 137 for paraffin wax
on cold (231C) and hot (731C) surfaces, respectively.

The speed with which a component can be assembled using
droplet-based writing is a function of the frequency of droplet
generation, the dot pitch of the printer, and ink solidification
kinetics. Assuming a fixed droplet diameter, the volumetric
droplet delivery rate (Q) for single-nozzle scales with its driving
frequency ( f ) is

Q ¼ f
4

3
pr3 (4)

where r is the droplet radius. The linear write speed for a space-
filling layer is given by

n ¼
Q

hDy
(5)

where h is the layer thickness and Dy is the lateral droplet spa-
cing (i.e., dot pitch). For example, an f5 5 kHz jet of r5 35 mm
droplets with layer and lateral spacings of h5 18 mm and
Dy5 100 mm, respectively, result in Q5 0.9 mL/s and n5 0.5
m/s. This write speed does not account for delays that may be
needed due to solidification of previously deposited ink.

(2) Ink Rheology and Solidification

Three ink designs have been utilized to date in droplet-based
DIW approaches: (1) binder solutions,19–21 (2) colloidal flu-
ids,22–24 and (3) colloid-filled waxes.25–28 In each case, the inks
must be formulated to achieve the desired rheological, drop for-
mation, and solidification behavior during assembly. In 3DP,
ceramic structures are formed by spreading powder in a thin
layer, followed by selective deposition of binder-based droplets
that locally fuse particles together upon drying (see Fig. 1(a)).
Moon et al.20 have shown that the infiltration behavior of these
droplets into the powder bed depends strongly on polymer

molecular weight, and that values less than 15 000 g/mol are re-
quired for this approach. Aqueous-based binder solutions are
preferred over solvent-based formulations due to their improved
jet stability. Finally, they have also shown that the binder con-
centration (or dose) influences the size of the printed features
created by 3DP (see Fig. 4).

Direct ink-jet printing of ceramics from colloidal inks was
first demonstrated by Teng et al.24 In this approach, the inks
may either be solvent-based27,40 in which the droplets solidify by
drying, or wax-based22,25–28 in which the droplets solidify by
freezing of the wax carrier. For solvent-based systems, stable
inks with a colloid volume fraction (f) ranging from 0.02540 to
0.2027 have been successfully used. For these inks, particle ag-
glomeration can lead to poor performance of the droplet-pro-
ducing jet and eventual nozzle clogging. Steric dispersion of the
ceramic particles, followed by ultrasonication and sedimenta-
tion (or filtration), has been used to remove problematic ag-
glomerates.40Dilute inks (f5 0.025) undergo significant droplet
spreading and shrinkage upon drying, leading to printed layers
with thin vertical and large lateral dimensions (i.e., approxi-
mately 0.4 and 200 mm, respectively).40 To create structures of
substantial thickness (41 mm), more concentrated colloidal flu-
ids are necessary.22 De-wetting of the substrate or underlying
layers after droplet deposition can occur when the mobile fluid
layer persists for appreciable times. To improve print quality,
heated air can be made to flow over the structure to enhance

Fig. 4. (a) Line width created by three-dimensional printing (3DP) of a
20 v/o polyacrylic acid binder solution onto a 1 mm powder bed using a
continuous jet or drop-on-demand (DOD) printhead. Corresponding (b)
side view and (c) bottom view of a single-droplet primitive printed by the
latter approach. (d) Optical image of IMS component printed by 3DP
((a)–(c) from Moon et al.20).
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drying kinetics; however, the dwell times (B20 s) required
are considerable, leading to a significant bottleneck in the
process.22,23

Derby and colleagues25–28 have recently shown that wax-
based inks offer great promise for direct ink-jet printing of cer-
amics. These inks allow for rapid deposition, good lateral reso-
lution, and high solids loading. In this case, the ink consists of a
stable dispersion of ceramic particles in low melting temperature
paraffin wax. Inks with a high colloid volume fraction (fB0.40)
have been successfully formulated, which exhibit a good fit to
the Krieger–Dougherty relation under suitable printing condi-
tions (e.g., 1101C at shear rates of B100–200 s�1; see Fig. 5).28

These molten inks solidify upon deposition by initially cooling
at a ring of contact with the underlying substrate, which miti-
gates further droplet spreading.28

(3) Potential Shapes

To create 3D ceramic components of pre-defined shape and di-
mensions, droplet-based DIW techniques rely on the pixel array
approach illustrated in Fig. 2(e). In this scheme, each square in
the overlaid mesh is filled by a single droplet. The lateral and
vertical resolution within the layer are determined by the droplet
size, the extent of droplet spreading upon deposition on the
substrate (or underlying layers), and deformation of the droplet
upon solidification. The printing rate is limited by the drying or
solidification time required for the as-deposited droplets as well
as the rate of droplet delivery by the nozzle.

3DP can be used to produce ceramic components with any of
the four structural elements shown in Fig. 3, as the unprinted
regions of the powder bed provide support to the as-printed
features (see, e.g., Fig. 4(d)). In sharp contrast, direct ink-jet
printing is incapable of producing structures with spanning,
cantilevered, or floating elements without the use of a fugitive
support material. Fugitive formulations, such as unfilled wax or
water-soluble inks, have been developed, which can be removed
during post-processing.26

Wang and Derby26 recently printed solid, pyramidal
Pb(Zr0.53Ti0.47)O3 structures using a wax support as a buttress.
Figures 6(a)–(c) shows the evolution from as-printed to sintered
(B99% of theoretical) structures for this functional ceramic
component.26 This work builds on earlier efforts by Seerden
et al.,28 in which an alumina-filled (f5 0.30) wax was printed at
1001C to form 3D structures composed of high aspect ratio walls
with a minimum lateral feature size of B100 mm (see Fig. 6(d)).
In this example, the ink viscosity ranged from 7 to 15 mPa � s, the
droplet velocity ranged from 5 to 10 m/s, scaling linearly with
the amplitude of the pressure pulse, and Z5 0.365. Alternative-
ly, Zhao et al.22 demonstrated that similar structures (minimum

wall thickness of B200 mm) could be ink-jet printed under
ambient conditions from colloidal fluids (fB0.14), as shown
in Fig. 6(e).

(4) Post-Deposition Processing

The ceramic green bodies produced by droplet-based DIW can
be sintered to a high density (i.e.,497% of theoretical).22,26 For
binder solution (3DP) and solvent-based colloidal fluids, the as-
dried green body contains sufficient polymeric binder (B2–5 v/
o) to facilitate post-deposition handling as well as their rapid
removal during heat treatment. In the 3DP process, removal of
the printed structure from the powder bed is a necessary step
that may result in trapped powder in complex geometries.

For colloid-filled wax-derived structures, the organic content
typically exceeds 50% by volume. While this results in high
green strength, it also leads to two major problems that arise
during binder removal. First, the overall time required to re-
move the organic phase can be rather lengthy. For example, the
samples shown in Figs 4(a)–(c) required 62 h of debinding.26

Second, these components may experience significant dimen-
sional changes (or slumping) during the debinding process, as
both ink and fugitive support liquefy at modest temperatures.
To combat dimensional changes, Wang and Derby26 have
packed their structures in carbon black powder to aid in initial
wax removal and provide additional structural support.

IV. Filament-Based Writing

Filament-based approaches to direct writing of 3D ceramic
structures include robocasting,29–32,47 fused deposition of cer-
amics (FDC)4,5,36,37 and related approaches (i.e., multiphase
jet solidification (MJS)48 and extrusion freeform fabrication
(EFF)),49 and micro-pen writing.38 In each approach, ink is
continuously extruded through a fine cylindrical nozzle (or ori-
fice) to create a filamentary element. Both robocasting and
FDC-based approaches are well suited for the assembly of 3D
ceramic components, while micro-pen writing is better suited
for producing multilayer electroceramic devices on planar and
curvilinear substrates.

Fig. 5. (a) Stroboscopic image of a concentrated lead zirconate titanate
(PZT) suspension (40 vol% solids) being deposited by an ink-jet print-
head with a nozzle diameter of 70 mm at a pulse voltage of 70 V, a fre-
quency of 10.5 kHz, a pulse width of 40 ms, and a temperature of 1101C,
and (b) suspension viscosity as a function of PZT volume fraction meas-
ured at a shear rate of B100–200 s�1 and a temperature of 1101C. The
continuous line in (b) is a fit of the data to the Krieger–Dougherty
relation (from Wang and Derby26).

Fig. 6. (a)–(c) Optical image sequence of a ceramic object produced by
hot-melt printing of a lead zirconate titanate ink (40 vol% solids) at
1101C, showing (a) the as-printed object with an external wax support,
(b) the object after the external support is removed, and (c) the structure
after sintering. (Note: Scale divisions are 1 mm.) (d) Optical image of a
ceramic object produced by hot-melt printing of an alumina ink (30
vol%) at 1001C, in which the pore channels are connected in only one
dimension. (e) Optical image of a ceramic object produced by direct ink-
jet printing of a zirconia ink (14 vol% solids). (Images (a)–(c) from
Wang and Derby,26 (d) from Lee and Derby,28 (e) from Zhao et al.22)
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(1) Ink Delivery

There are two types of ink delivery systems for filament-based
writing: (1) constant-displacement and (2) constant-pressure ex-
trusion. In either system, the ink is extruded as a continuous
filament through a single or multi-nozzle array. The filament
diameter is determined by the nozzle diameter, ink rheology,
and printing speed. During constant-displacement printing, ink
filaments are extruded at a uniform volumetric flow rate. For
example, in robocasting, this is done by mechanically displacing
the plunger on the ink reservoir at the pressure required to
maintain the desired flow conditions (see Fig. 1(c)). In fused
deposition-based approaches, either a colloid-filled polymer fila-
ment4,5,36,37 a or ceramic/binder blend48,50,51 is extruded at a
constant rate through a heated liquefier, where it melts to form
a shear thinning, particle-filled organic fluid. The flow rate is
controlled by the rate at which the feedstock enters the heated
liquefier chamber (see Fig. 1(d)). In constant-pressure writing,
ink filaments are extruded by applying a uniform pressure to
the reservoir. This approach is less common as slight variations
in rheological properties induce fluctuations in the volumetric
flow rate.

The ink flows through the deposition nozzle when a pressure
gradient DP is applied along the length and a radially varying
shear stress (tr) develops:

tr ¼
rDP

2l
(6)

where r is the radial position within the nozzle (i.e., r5 0 at the
center axis and r5R at the nozzle wall). Depending upon the
velocity profile and the ink stability, plug or laminar flow may
occur within the nozzle.33,52 For example, colloidal gel-based
inks consist of a percolating network of attractive particles that
are capable of transmitting stress above a critical volume frac-
tion, fgel.

33 When stressed beyond their yield point (ty), they
exhibit shear thinning flow behavior due to the attrition of par-
ticle–particle bonds within the gel, as described by53

t ¼ ty þ K _gn (7)

where t is the shear stress, n is the shear thinning exponent (o1),
K is the viscosity parameter, and _g is the shear rate. Gel-based
inks flow with a three-zone velocity profile within the cylindrical
deposition nozzle that consists of an unyielded (gel) core moving
at a constant velocity surrounded by a yielded (fluid) shell ex-
periencing laminar flow and a thin slip layer devoid of colloidal
particles at the nozzle wall.52,54 The ink exits the nozzle as a
continuous, rod-like filament with a rigid (gel) core-fluid shell
architecture, which simultaneously promotes its shape retention
while allowing the rods to fuse together at their contact points.
The rod architecture is dynamic in nature, such that the fluid
shell transforms to the gelled state as particle bonds reform.55 In
contrast, inks that do not possess a yield stress exhibit laminar
flow during extrusion.

(2) Ink Rheology and Solidification

Two ink designs are used in filament-based DIW approaches: (1)
aqueous colloidal gels31–34,47,43 and (2) colloid-filled thermoplas-
tic polymers.4,5,36,37 In each case, the inks must be formulated to
achieve the desired rheological, filament formation, and solidi-
fication behavior during assembly. In its original conception,
robocasting involved the filamentary extrusion of concentrated
colloidal gels that were deposited and dried in air.32 More re-
cently, concentrated colloidal33 and nanoparticle gels43 have
been extruded into a non-wetting oil bath that suppresses dry-
ing and allows finer features to be patterned without clogging
the nozzle. Initial shape retention is achieved by the rapid dy-
namic recovery (B1 s) of the gel elasticity (i.e., yield stress and
modulus) after extrusion,33,56 followed by removal of the oil and
final drying. In fused deposition-based techniques,5,36 a colloid-
filled, polymer melt is extruded at an elevated temperature and

solidification occurs upon cooling. This general approach
evolved from fused deposition modeling (FDM), in which
pure polymeric filaments are used as feedstock.

Cesarano et al.32 pioneered the use of flocculated colloidal
suspensions (or gels) as inks for robocasting of ceramics. In their
work, filament formation and initial shape retention are
achieved by tailoring the ink viscosity, yield strength, and dry-
ing kinetics. The inks are formulated close to the maximum
solids loading (ca. fmaxB0.6–0.64) to minimize drying-induced
shrinkage and cracking. With only modest drying, the ink fila-
ments experience a rapid increase in their viscosity, undergoing a
transition from pseudoplastic-to-dilatant behavior. Robocasting
(in air) is amenable to ink deposition through nozzles with
diameters exceeding 500 mm. When depositing structures with
finer feature sizes, rapid drying of the ink at the nozzle tip leads
to clogging. Robocasting (in air) is suitable for the assembly of
relatively large ceramic structures, including those with spanning
features. During the build sequence, the ink deposition rate
should be synchronized with the drying kinetics to allow for a
sufficient increase in yield strength of underlying layers.

Smay and colleagues6,33,34 have recently demonstrated that
colloidal-gel-based inks with a lower colloid volume fraction can
be engineered with the appropriate rheological behavior to en-
able direct writing of 3D ceramic structures. These inks can be
patterned within a non-wetting oil bath, thereby decoupling the
deposition kinetics from the drying process. Drying-induced
nozzle clogging is also suppressed, which enables the creation
of 3D ceramic structures with features less than 100 mm.

In either case, robocasting inks need a controlled viscoelastic
response, i.e., the colloidal gels must flow through a deposition
nozzle and then ‘‘set’’ immediately to facilitate shape retention
of the deposited features even if they span gaps in the underlying
layer(s). The ink must also fuse to previously deposited material.
These characteristics are achieved with careful control of col-
loidal forces to first generate a highly concentrated, stable dis-
persion, followed by inducing a system change (e.g., DpH, ionic
strength, or solvent quality) that promotes the fluid-to-gel tran-
sition illustrated schematically in Fig. 7(a). Specifically, the col-
loid volume fraction (f) of the gel-based inks is held constant,
while their elastic properties are tuned by tailoring the strength
of the interparticle attractions according to the scaling relation-
ship57 given by

y ¼ k
f

fgel

� 1

 !x

(8)

where y is the elastic property of interest (shear yield stress (ty)
or elastic modulus (G0)), k is a constant, fgel is the colloid vol-
ume fraction at the gel point, and x is the scaling exponent
(B2.5). The equilibrium mechanical properties of a colloidal gel
are governed by two parameters: f, which is proportional to the
interparticle bond density, and fgel, which scales inversely with
bond strength. As the attractive forces between particles
strengthen, colloidal gels (of constant f) experience a signifi-
cant increase in their elastic properties (see Figs 7(b) and (c)). As
described by Smay et al.,33 the magnitude of the yield stress and
the time required for deposited ink to return fully to its gelled
state control the ability of ink to build unsupported spanning
structures.

This general approach of creating colloidal gel-based inks can
be extended to any type of colloidal or nanoparticulate material,
provided their interparticle forces are controlled to produce the
desired viscoelastic response. In addition to a simple pH change,
the requisite ink rheology may be achieved through the addition
of salt41,43 or oppositely charged polyelectrolyte species,56,58 as
recently demonstrated for nanoparticle and other colloidal inks,
respectively. These strategies have been used to produce colloid-
al inks from a broad array of ceramic materials, including
silica,34 alumina,32,58 lead zirconate titanate,6,35 barium tita-
nate,43,56 mullite,41 silicon nitride,59–61 and hydroxyapatite
(HA).13,14
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Safari and colleagues5,36,44 pioneered the FDC, in which the
stiffness of the filamentary feedstock as well as the viscosity of
the extruded colloid-filled, molten polymeric ink must be well
controlled. In the molten state, these inks must possess both a
low viscosity and a high solids loading to minimize component
shrinkage during binder removal and sintering. Similar to injec-
tion molding,44 the ceramic particles must be well dispersed
within the polymer to achieve these requirements. As a result of
their high colloid volume fraction (B0.5–0.55), molten FDC
inks exhibit strong shear thinning behavior (see Fig. 8). Upon
deposition, these filaments solidify first at their outer surface,
and then radially through their core—exactly opposite of the
solidification profile observed for colloidal gel-based inks used in
robocasting.

Numerous inks have been formulated for FDC including
those based on structural, biomedical, and electrical ceram-
ics.4,5,36,37 The filled polymer filaments have the advantage of
a long shelf-life after initial forming. Melt temperature and ex-
trusion rate (write speed) must be coordinated to match the
specific cooling kinetics of a given ink. Fugitive support mate-

rials, e.g., unfilled wax filament or water-soluble material devel-
oped for fused deposition modeling, are readily available. A key
disadvantage of the FDC approach is significant binder content
in printed structures, which necessitates a lengthy binder re-
moval procedure. It has recently been reported that the burnout
cycle may take several days and can lead to structural defects
such as slumping or blistering due to melting of the thermo-
plastic polymers.5

(3) Potential Shapes

In filament-based DIW, the ink is deposited as a continuous
filament. Hence, the interruption of ink flow during assembly is
not desirable, so calculations of area filling patterns (tool paths)
that minimize the number of start–stop events are useful. Two
strategies are used: (1) direction-parallel (or raster) filling and (2)
contour-offset filling, as illustrated in Figs 2(c) and (d), respect-
ively. Optimized computational algorithms for each of these
tool-path calculations have been described in the literature for
milling processes.62 In both cases, the spacing between adjacent
lines is chosen by the user, most often set to be equivalent to the
width of the extruded ink filament.

Coordinated three-axis motion is achieved by outputting the
calculated tool path to a computer numerical control (CNC)
controller. The CNC controller also controls the plunger motion
of syringe pumps holding the ink such that volumetric flow rate
is tied to position in the tool path. The tool-path calculations
yield either raster or contour-offset fill patterns. In either case,
filament-based printing faces at least three problems. First, when
building solid objects, the ink delivery system must precisely de-
liver the proper volume of material to fill perfectly the space
between adjacent tool-path lines. The tool-path lines represent
the locus of points traced by the centerline of the deposition
nozzle, but the extruded filament has a finite diameter (assuming
that the orifice is circular). The required volumetric flow rate
required for filling space is given by

Q ¼ h � RW � n (9)

where RW is the road width (distance between adjacent tool
path lines). For example, if RW is set equal to the deposition
nozzle diameter (d) and Q5 (pd2/4)n, the layer thickness must
be h5pd/4. The selection of which variables to fix is a matter of
user preference and ink behavior. As the extrusion nozzle is
nearly always circular in cross section, the filament must deform
upon extrusion to fill the space traced by the nozzle.

The second challenge faced when using a raster or contour
tool path is the inevitable need to stop the ink flow, reposition
the nozzle on a new tool path, reinitiate the flow, and continue
printing. For filament-based printing, it is desirable to minimize
the number of start–stop events. Algorithms have been pro-
posed to minimize either the number of start–stop events or the

Fig. 7. (a) Schematic illustration of the fluid-to-gel transition observed
for colloidal inks, (b) plot of z potential versus pH for a dilute suspen-
sion of poly(ethylenimine) (PEI)-coated silica (red) and bare silica
(black) microspheres in water, (c) corresponding log–log plot of their
shear elastic modulus versus shear stress for concentrated silica gels of
varying strength: open symbols denote weak gel (pH 9.5) and filled
symbols denote strong gel (pH 9.75), and (d) optical image of nanopar-
ticle gel-based ink being extruded through a fine deposition nozzle
(diameter of 100 mm). (Note: The point-of-zero charge for PEI-coated
silica microspheres occurs at pH 9.75, which is significantly above the
value (pH 2–3) observed for bare silica particles. The weak gel had in-
sufficient strength to support its own weight during deposition, whereas
the strong gel could be successfully patterned into three-dimensional
periodic structures; from Smay et al.34)

Fig. 8. Apparent viscosity as a function of shear rate for a lead zirco-
nate titanate ink formulated for fused deposition of ceramics heated to
varying temperatures (from McNulty44).
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distance between the start and stop positions when changing
tool-path lines.63 Figure 2(c) is generated based on the latter al-
gorithm. A corollary to the first and second challenges to layer
filling is the potential for underfilling at locations with small ra-
dii of curvature along the tool path (e.g., at the hairpin turns in
the raster pattern) or where curved paths must be approximated
with straight segments such as near the interior holes in the ras-
ter pattern. Intelligent algorithms are still under development for
these calculations63 that should enable local variations in flow
rate during the writing process.

The third challenge of tool-path calculation involves consid-
eration of the stacking of layers when spanning, cantilevered, or
floating elements exist. Algorithms for calculating unsupported
regions of the pattern are required along with a suitable fugitive
ink. FDC utilizes a second deposition nozzle to print an unfilled
wax or water-soluble support material. In the case of printing
colloidal fluids or gels, a suitable support should print, solidify,
and be chemically compatible with the colloidal ink. Recently, a
concentrated (f�0.48) aqueous gel of carbon black nanoparti-
cles was used as a support material to assemble structures con-
taining both cantilevered elements comprised of a spanning
lattice.64 Figures 9(a)–(c) illustrates green, bisque-fired, and sin-
tered HA hollow cubes, respectively. In Fig. 9(b), the carbon
black support has been removed without deformation of the
ceramic structure.

High aspect ratio wall and spanning lattice structures assem-
bled from the piezoelectric ceramic Pb(Zr0.53Ti0.47)O3 illustrate
the similar capabilities of robocasting and FDC (see Fig. 10).

These structures serve as the ceramic skeletons for 2–2 and 3–3
PZT-polymer composites, which are known to display high
piezoelectric coefficients and low acoustic impedance, making
them attractive for modern sonar and ultrasound systems.5,6 In
both techniques, high aspect ratio and lattice structures are cre-
ated without the need for support structures. Spanning struc-
tures require a solidification time comparable with the time
required to traverse the gap in underlying layers. For gel-based
inks, the solidification time is of the order of 1 s such that struc-
tures with appreciable spanning features may be printed at a
high speed (B1 cm/s), whereas FDC requires longer to solidify
(especially as filament size increases), thereby reducing the print-
ing speed or span distance.

(4) Post-Deposition Processing

Analogous to droplet-based DIW techniques, ceramic green
bodies produced via filamentary DIW contain varying amounts
of binder and can be sintered to a high density (497% of the-
oretical). Robocasting of concentrated gel-based inks yields cer-
amic green bodies with minimal binder (B2–3 v/o). While their
green strength is lower than that of FDC, it may be improved by
chemically cross-linking the polymeric species.42 An important
advantage of this route is that binder removal is rather straight-
forward, with typical debinding schedules of only a few hours
required. In sharp contrast, FDC relies on a polymer-rich ink
that must be carefully removed on subsequent heat treatment.
The binder removal issues are similar to that for wax-based
droplet DIW (and injection molding) in that debinding times of
several days are often required and component slumping may
occur.

Despite the promise of near-net shape fabrication, some ap-
plications require precise geometric tolerances that may not be
achieved solely through DIW. In these cases, it is advantageous
to subsequently machine either the green- or bisque-fired cer-
amic component via CNC milling. As one example, HA scaf-
folds of controlled filament size, spacing, and porosity have

Fig. 9. Open cubic structure assembled by robocasting a concentrated hydroxyapatite ink and a carbon black ink as a fugitive support: (a) as-printed,
(b) bisque-fired structure, and (c) sintered ceramic (from Xu and Smay64).

Fig. 10. Piezoelectric ceramic structures formed by robocasting a con-
centrated lead zirconate titanate ink: (a) high aspect ratio walls (green,
scale bar55 mm)65 and (b) spanning lattice structure (sintered) formed
by robocasting.65 (c) high aspect ratio45 and (d) spanning lattice struc-
tures36 (green) formed by fused deposition of ceramics.

Fig. 11. Image sequence representing the processing steps required to
customize a hydroxyapatite (HA) scaffold that fits into a damaged site in
a patient mandible (jaw bone): (left) three-dimensional (3D) rendered
image compiled from a computed tomography scan of the severely de-
teriorated mandible shown along with the desired anatomy of the man-
dible, (center) an isolated view of the solid 3Dmodel defining the desired
implant shape, and (right) an optical image of a periodic HA structure
produced by robocasting that has been machined into a porous bone
scaffold.66
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shown great promise for bone repair.66,67 Cesarano et al.66 have
shown that robocast scaffolds can be further machined into a
customized implant that fits into an individual’s unique defect
following the methodology shown in Fig. 11. The defective
region is first mapped using computed tomography (CT), and
these data are then used to manufacture a customized
implant before surgery. This final shaping of the 3D scaffold
is required because the dimensional tolerance necessary for a
well-fitting implant is less than the diameter of the individual
HA filaments.

V. Opportunities and Challenges

Looking toward the future, there are many opportunities and
challenges for direct ink writing of 3D ceramics via droplet and
filamentary approaches. Further advances will require new ink
designs,68,69 better modeling of ink dynamics during deposition,
and enhanced robotic and control systems to allow 3D pattern-
ing with microscale resolution. As one example, Lewis and col-
leagues69,71 recently developed a novel approach for templating
3D ceramic structures with submicron features that combines
direct ink writing of a polyamine-rich scaffold with biomimetic
silicification (see Fig. 12). This approach circumvents issues re-
lated to jamming of ceramic particles during deposition by elim-
inating them from the ink formulation.

The featured DIW techniques have the capability for multi-
material deposition,30,70 allowing the creation of advanced com-
posites with locally controlled composition and structure as well
as combinatorial studies to be undertaken. However, issues re-
lated to efficient micro-mixing and control remain a challenge.
Finally, if 3D direct ink writing approaches are to move from
prototyping to large-scale production, implementing multiple
print heads is needed. This concept is being pursued in two-
dimensional writing techniques, such as dip-pen nanolithog-
raphy,72 to allow the simultaneous creation of several patterned
structures from a single printing platform. Together, these ad-
vances will enable the next generation of designer 3D ceramics
to be produced for structural, functional, and biological appli-
cations.
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