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SimCP: 'HNMR (400 MHz, CDCl3): ¢ (ppm) 8.09 (d, 4H,
J=17.6 Hz), 7.86 (s, 3H), 7.67 (d, 6H, J = 6.3 Hz), 7.34-7.46 (m, 17H),
7.26 (d, 4H, J=7.3 Hz). BC{'"H}NMR (100 MHz, CDCls): 6( (ppm)
140.4, 138.9, 136.3, 133.0, 132.8, 130.1, 128.2, 126.1, 125.5, 123.6, 120.4,
120.3, 109.7. FABMS: Calcd MW, 666.25, m/e=667.0 (M*+1). Anal.
Caled for CugH34N5Si: C, 86.45; H, 5.14; N, 4.20. Found: C, 86.31; H,
5.15; N, 4.36.
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Microfabricated Deposition
Nozzles for Direct-Write Assembly
of Three-Dimensional Periodic
Structures™**

By Ranjeet B. Rao, Karen L. Krafcik,
Alfredo M. Morales, and Jennifer A. Lewis*

Three-dimensional (3D) periodic structures fabricated from
colloidal “building blocks” may find widespread technological
application as advanced ceramics,!! sensors,?! composites,m
tissue engineering scaffolds,*l and photonic materials.”! Many
targeted applications require periodicity at length scales far
exceeding colloidal dimensions, with lattice constants ranging
from several micrometers to millimeters. Robotic deposition,
a direct-write assembly technique, is capable of producing 3D
periodic structures comprised of cylindrical rods.®! Such struc-
tures are built by patterning a continuous filament that has
been extruded through a cylindrical deposition nozzle. Here,
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for the first time, we describe the fabrication of 3D periodic
structures comprised of non-cylindrical filaments using an
approach that marries a lithographie, galvanoformung, abfor-
mung (translated as lithography, electroplating, and molding),
LIGA-based technique, used to create microfabricated de-
position nozzles, with direct-write assembly.

High aspect ratio micro(u)-tips that alter deposition nozzle
geometry can be fabricated by several routes, including
LIGA,"” p-injection molding(MIM),®! yi-stereolithography,”!
or p-electro-discharge machining(WEDM)."” We adapted a
LIGA microgear!'!! for use as a p-tip to demonstrate the ex-
trusion of colloidal ink through a complex geometric orifice
(Fig. 1a). UV-LIGA was then used to fabricate u-tips with the
simplified geometries of interest (see Scheme 1). Our ap-
proach employs SU-8, a near-UV negative photoresist, which
is capable of producing LIGA-like, high aspect ratio micro-
parts without the need for synchrotron X-ray radiation
sources.'”l The p-tips were formed by patterning ultrathick
SU-8 photoresist using photolithography, followed by an elec-
troplating procedure to create sub-millimeter metallic struc-
tures with precise geometrical features at a 10 um resolu-
tion.[!3! Specifically, a Watts nickel plating bath was used to
produce the hexagonal and square u-tips shown in Fig-
ures 1b,c. By attaching individual p-tips to the end of a cylin-
drical deposition nozzle, non-cylindrical ink filaments could
be extruded during direct writing, as show in Figure 1d—f.

Concentrated colloidal gel-based inks are well suited for di-
rect-write assembly, as previously demonstrated by Lewis and
co-workers.*** A colloidal ink was produced by first creating

200 pm

(d)

Figure 1. a—c) SEM images of the micro(u)-tips: a) LIGA gear b)

UV Radiation

HHHL

+ VvV

SU-8 Resist
metal

Mask

~1mm

Development

electroplating bath ‘
Scheme 1. Schematic illustration of the micro(u)-tip fabrication process.
A thick layer (~1 mm) of SU-8 resist is spin-cast onto a metal substrate,
which is illuminated with UV radiation. A mask is used to control pre-
cisely where radiation impinges on the resist, making it insoluble to the
developer. A developing step is performed to remove the unexposed re-
sist and expose areas of the underlying metal substrate. The substrate is

then placed into an electroplating bath and metal is deposited upon the
substrate to create the desired micro-fabricated part.

a highly concentrated suspension comprised of aluminum ox-
ide (Al,O3) particles dispersed by poly(acrylic acid) (PAA).

UV-LIGA p-tip with a 560 um vertex-to-vertex hexagonal orifice, and c) UV-LIGA u-tip

with a 745 um (edge length) square orifice. d—f) Corresponding optical images of ink filaments formed by extrusion through these deposition nozzles
modified with the attached p-tips which contain faceted side walls at their outer diameter.
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PAA is an anionic polyelectrolyte with a linear backbone that
contains one ionizable carboxylic acid group (COONa) per
monomer unit. PAA is fully ionized at ~pH 9 and, hence, neg-
atively charged at the pH of interest. The desired fluid—gel
transition was then induced by adding polyethyleneimine
(PEI), which is a highly branched, cationic polyelectrolyte
with a 1:2:1 ratio of primary, secondary, and tertiary amines.
This approach differs from our earlier work, which relied on
inorganic salts!™™ or pH changes!"*"! to trigger gelation. The
current method produces inks with more uniform rheological
properties by avoiding unwanted precipitation of solids from
solution.

The ink rheology can be tuned to permit flow during de-
position, while simultaneously promoting shape retention of
the extruded filament by varying the ratio of positive [NH, ]
to negative [COQO] ionizable groups, as shown in Figure 2. As
the [NH,"]:[COO7] ratio increases, both the shear yield stress
(zy) and ink elasticity (G’) increase by orders of magnitude.
Below 7,, G’ is independent of applied stress (i.e., the system
resides in the linear viscoelastic region). Above 7,, interparti-
cle bonds rupture leading to a sharp decrease in G” and appar-
ent viscosity (see Fig. 2b), which is needed to facilitate flow.
Upon exiting the nozzle, the ink returns to a quiescent state,
where rapid (re)formation of interparticle bonds leads to its
gelation and concurrent rise in elasticity. This solidification
process ensures that the non-cylindrical filament cross-section
is maintained during deposition (see Figs. 1d—f) and that the
filaments can span gaps in the underlying layer(s) without
deforming under their own load (see Fig. 3c).
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Figure 2. a) Log—log plot of ink elasticity as a function of applied shear
stress for varying [NH,']:[COO7] ratios, and b) pparent viscosity as a
function of shear rate for a colloidal ink with a [NH,']:[COO7 ratio of 1:1.

Figure 3. a) SEM images of hexagonal micro(u)-tips with vertex-to-vertex diameters of 920, 560, 360, and 170 um (from left to right), respectively. b—d)
SEM images of 3D periodic structure (b) deposited using a 560 um hexagonal p-tip acquired at different magnifications. Note, the deposited filaments
span gaps in the underlying layer(s) without significant deformation (c) and maintain their hexagonal shape (d).
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Periodic structures (3D) comprised of hexagonal filaments
were produced to demonstrate our fabrication capabilities. A
series of hexagonal p-tips with vertex-to-vertex diameters of
920, 560, 360, and 170 um, respectively, are shown in Fig-
ure 3a. These u-tips possess a sharply defined orifice and vary
in thickness from 200 to 500 um with a diameter of 1.8 mm.
Three-dimensional structures were created by robotic deposi-
tion of the colloidal ink through a modified deposition nozzle
(with a 560 um hexagonal tip attached) onto a moving x—y
stage yielding a (two dimensional) 2D pattern in a layerwise
fashion. After a given layer is generated, the stage is incre-
mented in the z-direction and another layer is deposited. This
process is repeated until the desired 3D structure is produced.
The deposition nozzle does not rotate during the patterning
process; therefore, some orientation issues arise. For example,
if the nozzle is correctly aligned in one layer so that the hexag-
onal filament is deposited with a flat face parallel to the sub-
strate, it will be deposited with its vertex towards the substrate
on the subsequent, orthogonal layer. One can observe that
these spanning filaments undulate slightly along the casting
direction, as both their edges and vertex are clearly visible
(see Figs. 3b,c). However, the cross-section view of the 3D
structure reveals that the filaments exhibit little deformation,
as they span gaps in the underlying layer(s) (Fig. 3c). In addi-
tion, it is clear that the filament cross-section (Fig. 3d) main-
tains its hexagonal shape after assembly, drying, and densifica-
tion of the structure at elevated temperatures.

The rate at which the ink solidifies after it exits the deposi-
tion nozzle strongly influences the shape evolution of the as-
deposited features. In the absence of (re)gelation, the filament
would remain viscous and evolve to a cylindrical shape driven
by surface tension. One can estimate the characteristic time
scale required for viscous flow using the model developed by
Kuiken (£%):11)

pe= (1)
14

where perturbations from a circular cross-section (i.e., con-
stant curvature) are restored within 10¢*, [ is a characteristic
length scale (~0.5 mm, the approximate tip opening), 7 is the
dynamic viscosity, and y is the surface tension (measured
value of 50 mNm™). Using Equation 1, we find that surface-
tension-driven flow would occur quickly (~few seconds) for
ink filaments possessing a high shear viscosity of 40 Pas in the
quiescent state. This value corresponds to the apparent ink
viscosity observed (see Fig. 2b) at a shear rate of 10 s, which
is the maximum rate predicted at the nozzle wall under a
no-slip boundary condition.'"*! This analysis highlights one
important advantage of using colloidal-gel-based inks for
direct-write assembly of non-cylindrical features, since rapid
(re)gelation suppresses viscous flow thereby preserving the
desired extruded shape.

Smay et al.'*! calculated the minimum ink elasticity re-
quired to produce spanning filaments within a 3D periodic
structure comprised of cylindrical filaments (or rods). Using a

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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simply supported, elastic beam model, the minimum elastic
modulus G’ required to have a midpoint deflection of no
greater than 5 % of the rod diameter is given by:

G'=214ys*D )

where y is the specific weight of the ink (= pgei- 80), 8o is the
gravitational constant, D is the rod diameter, and s is the nor-
malized span distance (= L/D). If the cross-section of the
beam is hexagonal rather than circular, the moment of inertia
changes, resulting in the following relation:

G'>21.66ys*D 3)

with D now being the vertex-to-vertex diameter of the hexa-
gon. Hexagonal filaments therefore require more stringent
demands on ink elasticity than their cylindrical counterparts.
For square filaments, the coefficient is increased even further,
to 2.94, where D is taken to be the corner-to-corner distance.
During deposition, only the volume surrounding the central
axis of the filament remains gelled. For inks with similar rheo-
logical properties flowing through a cylindrical nozzle, the
gelled core region has an initial radius about 10 % of the fila-
ment radius immediately upon exiting the nozzle."*" If we as-
sume a similar core-shell architecture, then the ink stiffness
required to produce spanning filaments increases by a factor
of 10*, to approximately 3.9 x 10° Pa. Note, this G’ value de-
creases with decreasing tip size. Since the colloidal ink utilized
here had a G’ value of approximately 5x 10° Pa, the hexago-
nal filaments can readily span gaps in the underlying layers
with minimal deformation (see Fig. 3c).

In summary, we have demonstrated the direct-write assem-
bly of 3D periodic structures with non-cylindrical features. A
LIGA-based microfabrication technique was used to create
u-tips of the desired geometry. Colloidal gel-based inks en-
abled the deposited filaments to maintain their shape and
span gaps in the underlying layer(s) without significant defor-
mation. By coupling these assembly routes, we have expanded
the palette of 3D periodic structures that can be produced.
These novel 3D architectures may find potential application
as structural ceramics, filters, and catalyst supports, or as a
skeletal framework in composites. In addition to altering the
filament geometry formed during direct-write assembly, these
u-tips may also be utilized as die tooling in other extrusion-
based microfabrication techniques.

Experimental

Al O3 powder (AKP-15, Sumitomo Chemical Co., New York) with
a specific surface area of 3.9 m?g™, density of 3.97 gcm™, and mean
particle size of 0.7 um, and ZrO, powder (3Y-TZ, Tosoh Corp, Tokyo,
Japan) with a specific surface area of 14.3 m*g”, density of
5.89 gcm™, and mean particle size of 0.28 um served as the colloidal
phase. Poly(acrylic acid) sodium salt (Darvan 821A, R.T. Vanderbilt
Co, Inc., Norwalk, CT), supplied as a 40 % aqueous solution, served

Adv. Mater. 2005, 17, No. 3, February 10
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as a dispersant for the colloidal particles. Stable colloidal suspensions
(30 vol.-%) were produced by adding the appropriate amounts of dis-
persant and powder (95:5 volumetric ratio of ALO3/ZrO,) to deion-
ized water. The suspensions were then vigorously agitated for 1 hour
to ensure their homogeneity and then centrifuged at 2500 rpm for
45 min. After centrifuging, the supernatant was removed to increase
the solids loading to approximately 54 vol.-%. 5 mg of methylcellu-
lose (Methocel F4M, Dow Chemical Co., Midland, MI) per mL of
ceramic was added as a viscosifying agent. Gelation was induced by
adding polyethyleneimine (PEI, Polysciences, Warrington, PA), with
an average molecular weight of 600 gmol™. 6.3 uL PEI solution
(40 wt.-%) was added per mL of powder to induce gelation. The final
solids loading of the colloidal ink was approximately 52 vol.-%.

Two different sets of micro(w)-tip geometries, one hexagonal and
one square, were electroformed in molds created by patterning a thick
photoresist formulation (DKS) with a broadband UV aligner. The
photoresist consisted of 69 % of solids SU8 R 50 resin (MicroChem),
3% of solids PAG (phenyl-p-octyloxyphenyl-iodoniumhexafluoroan-
timonate from GE Silicones) photo acid generator, 10 % TIBA (trii-
sobutylamine)/PAG by mole. The TIBA is a 10 % solution by mass in
PGMEA (Shipley). For each set of molds, a 1.2 mm thick Si wafer
was first metallized with 750 A of Ti followed by 4000 A of copper,
750 A of Ti, plus 1000 A SiO,. A thick DKS layer (450 um) was ap-
plied to the wafer in two spin-coats. For the first spin-coat, approxi-
mately 4 mL of DKS were poured onto the center of the metallized
wafer, spun at 640 rpm for 15 s, and baked on a hot plate at 95 °C for
25 min. For the second spin-coat, approximately 4 mL of DKS were
poured onto the center of the metallized wafer, spun at 640 rpm for
15 s, and baked on a hot plate at 95 °C for 35 min. The edge bead was
then removed by squirting acetone on the edge of the wafer while
spinning the wafer at 600 rpm. In order to relieve internal stresses in
the DKS coat, a post apply bake was carried out by heating the wafer
on a hot plate from room temperature to 95°C at a rate of 45°Ch™,
holding at temperature for 4 h, and then cooling back down to room
temperature at a rate of 60°Ch™.

The wafer was then exposed with a Karl Suss MA6 broadband UV
aligner under soft contact to a total dose of 8.096 mJ cm™ measured
at 365 nm. A post-exposure bake was carried out by heating on a hot
plate from room temperature to 85 °C at 60 °Ch™', holding at temper-
ature for 1 h, and then cooling back down to room temperature at a
rate of 60°Ch™. The wafer was then immersion developed in a crys-
tallization dish of PGMEA based SU8 developer (MicroChem, New-
ton, MA, USA) for approximately 1.7 h.

A copper layer was deposited into the molds from a copper sulfate
bath at 15 mA cm™ for 20 min. This layer acts as both a plating base
and as a release layer for the final removal of the plated microparts.
The molds were then placed in a Watts-nickel electroplating bath with
saccharin as a stress reliever [17] and a 200 um thick layer of nickel
was electroformed at 15 mA cm™. After plating, the bulk of the DKS
was fractured off the wafer by thermally cycling the wafer repeatedly
from room temperature to 77 K in a liquid nitrogen bath. The nozzles
were then released by etching away the underlying copper in an etch
consisting of one part by volume of DI water, one part by volume of
aqueous ammonium hydroxide, and one part by volume of 3 % aque-
ous hydrogen peroxide. The large plugs of DKS in the orifices of larg-
er nozzles were removed by heating at 80°C in saturated aqueous
KOH. The smaller plugs of DKS were manually extracted with fine
point tweezers.

Direct-write assembly was carried out using a robotic deposition
apparatus (JL2000, Robocasting Enterprises, Inc., Albuquerque,
NM). The 3-axis motion of the x—y and z-stages was independently
controlled by a custom-designed, computer-aided program (Robo-
CAD 3.2, 3D Inks, LLC, Stillwater, OK) that allowed for the con-
struction of complex, 3D architectures in a layerwise deposition
scheme. The lattice structures produced consisted of a linear array of
rods aligned with the x- or y-axis such that their orientation was or-
thogonal to the previous layer, with rod spacing equal to the width of
the rods. The ink was housed in a syringe (barrel diameter 8 mm, Bec-
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ton Dickinson Inc., Franklin Lakes, NJ) and deposited through a
stainless steel nozzle (inner diameter D =1.37 mm, EFD Inc., East
Providence RI) modified with a p-tip to alter its cross-sectional shape.
Specifically, the u-tips were attached to the end of a stainless steel cy-
lindrical nozzle using a cyanoacrylate adhesive (QuickTite, Manco,
Inc., Avon, OH). The flow rate through the modified deposition noz-
zle was adjusted to maintain a constant x—y table speed of 2 mms™.
The deposition process was carried out under a non-wetting oil to pre-
vent drying during assembly.

After fabrication and drying, the 3D periodic structures were sin-
tered at 1600 °C for 2.5 h in air. The structures were sectioned using a
low speed diamond saw (Buehler ISOMET, Buehler Ltd., Lake Bluff,
IL). SEM images were acquired using either a Zeiss DSM 960(Carl
Zeiss Inc., Oberkochen Germany) or JEOL 6060LV (JEOL-USA Inc.,
Peabody, MA) scanning electron microscope after sputtering the
structures with gold for 45 s (Emitech K575 Sputter Coater, Emitech
Ltd., Ashford Kent, UK) prior to imaging.
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