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bstract

 novel approach for producing predetermined, complex 3d ceramic architectures by robotic deposition where UV radiation is used for solidification
s presented. Homogeneous, highly loaded, solvent free colloidal inks with controlled viscoelastic properties are achieved by proper selection of

onomers and surfactants. Room temperature deposition of complex 3d fiber networks having filaments in the 100 �m range is demonstrated
or Al2O3 and hydroxyapatite model particles for structural and biomedical applications. Solidification of the structures by UV radiation allows
dditional shaping of the structures by post-printing processes such as cutting, folding and bonding. 2d and 3d architectures with high aspect
atios retain their shape and transform to macroscopic ceramics after thermal debinding and sintering procedures. Sintered alumina fiber networks

unctionalized with a 3–5 �m layer of TiO2 nanoparticles exhibit photocatalytic activity for the decomposition of formaldehyde as a similar weight
f loose powder, indicating possible applications in catalytic reactors prototypes.

 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

Over the last 30 years a variety of computer aided manufactur-
ng technologies for producing predetermined 3d polymer, metal
nd ceramic architectures by additive manufacturing techniques
ave emerged. These include stereolithography (SLA), selective
aser sintering (SLS), 3d inkjet printing (3DP), laminated object

anufacturing (LOM), and direct write techniques (DW).1–5

Among the new and promising direct write technologies is
he 3d robotic deposition,4–22 which is sometimes referred to as

4 8 9
obocasting, 3d fiber deposition, or extrusion free forming.
he technology has potential for a wide variety of applications

n biomedicine,14–19 light porous structures,8 catalysis,11,12 as
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ell as sensors and MEMS.7,20,21 In contrast to commercial
echniques such as SLA and 3DP the 3d robotic deposition tech-
ique allows direct assembly of predetermined and complex 3d
ber networks in the micrometer scale with self-supporting fea-

ures. The cross section of the fiber can also be controlled by the
eposition nozzle.13,14

3d robotic deposition technologies use various materials
nd solidification methods. These include coagulation of oppo-
itely charged colloids,4,5 coagulation solutions,5 freezing,6 or
ol–gel transition.7 3d fiber networks composed of filaments
ith dimensions around 100 �m and spanning gaps as large as

 mm have been demonstrated.4,5

Most recently, new technologies which employ direct UV
llumination for solidification of continuous filaments have

18,21–25
merged. The ability to perform rapid and local UV
uring adds great flexibility to the robotic deposition pro-
ess. The first demonstration of combined UV-curing with 3d
obotic deposition for producing hydrogel scaffold was made
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y Barry et al.18 An innovative contribution to the technology
as presented by Lebel et al. who demonstrated fabrica-

ion of microcoils from CNT/SiO2/polymer nanocomposites.21

nother important development was the spinning of continuous
bers and fiber networks from highly loaded, colloidal ceramic
ispersions which are UV cured ‘on the fly’.23–25

Conceptually, there are two distinct ways to produce 3d fiber
rchitectures by robotic deposition of UV curable inks. In the
rst, the extruded filament is exposed to continuous and local
V curing.18,21 This approach where the curing and extrusion

teps are ‘coupled’ works well for rapid shape stabilization of
elf-supported structures (e.g. coils).21 In the second approach
hich is employed in this work, the extrusion and UV curing

re decoupled. This approach is better suited for multilayers
here a good interface between layers is required. The extru-

ion is stopped after deposition of every 1–2 layers allowing for
 UV curing step. Here, in contrast to the first approach, bond-
ng between fiber layers is much easier to control since there is
t least one uncured layer at an interface during curing. Never-
heless, a process where the extrusion and curing are decoupled
mpose more stringent requirements on ink rheology (i.e. shape
etention of filaments).

In this work we focus on solvent free, monomer (or oligomer)
ased ink systems such as those used in stereolithography.2

hese enable highly loaded colloidal ceramic inks and good
nterface properties between layers.2,3,23–26 At the same time
uch compositions outlined above pose new and interesting chal-
enges for printing of filaments, since they require very different
heological characteristics compared to fluids used in stere-
lithography. The most critical one is obtaining an ink with high
olid loading which is well dispersed and exhibiting simultane-
usly high elastic modulus and yield point which are necessary
or shape retention of the extruded filament. The rheology of
ure or lightly filled polymer based inks is primarily depen-
ent on the polymer host which exhibits appropriate viscoelastic
roperties.18,21 However, higher solid loadings necessary for
acroscopic ceramics require the addition of diluents which

ntroduces a drying step, or spinning of melts at elevated temper-
tures and pressures where the added value of UV curing would
e diminished. High solid loading can be achieved in a low vis-
osity monomer/oligomer medium.26 Such medium does not
rovide viscoelasticity without strong particle–medium and/or
article–particle interactions. These in turn limit the maximal
olid loading since well dispersed colloidal inks require low
article–particle interactions. In order to achieve highly loaded,
omogeneous printable inks it is therefore necessary to find an
ptimum for particle–particle and particle–medium interaction
ia careful choice of monomer/oligomer and surfactant system.

In this work the production of predetermined, complex
d ceramic/polymer nanocomposite fiber networks by robotic
eposition of high loaded, solvent free UV curable ceramic col-
oidal inks is demonstrated and discussed in length. A brief
emonstration has already been presented elsewhere.22 Al2O3

nd hydroxyapatite (HA) are used as model particles to demon-
trate feasibility for structural and biomedical applications,
espectively. The use of post-printing shaping processes such
s folding and bonding is illustrated. The transformation of the
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anocomposite fiber architectures to macroscopic ceramics via
hermal debinding and sintering processes is presented.

. Experimental

.1.  Materials

TMDAR (Taimei Chemical Co., Ltd., Japan), �-Al2O3 with
n average particle size of 150 nm and a specific surface area
SA) of 12.5 m2 g−1, and hydroxyapatite (HA, Sigma–Aldrich
4238 – puriss.) with SA of 67 m2 g−1 were used as model
eramic colloidal particles. The surface area was measured by
he BET method with SA3100 (Beckman Coulter, USA) after
rying the powders at 180 ◦C for 2 h under N2 flow. Both par-
icles were used as received. TiO2 nanoparticles (Aerosil P25)
ith a surface area of 50 m2 g−1 were obtained from Evonik,
ermany.
The UV curable monomers/oligomers used in this study are

isted in Table 1 along with details of the manufacturer, chemical
ormula and density. 4-HBA and PEGDA monomers were used
n previous studies as media for low viscosity, high solid loading,
V curable colloidal ceramic dispersions and demonstrations of
ber spinning methods.23–26 Bisphenol A diacrylate (BPADA)
as investigated as a high viscosity monomer (900–2000 Pas at
5 ◦C).

Polyethylene glycol methacrylate (PEGMA) with a molecu-
ar weight of 360 g mol−1 was also studied. The surfactant used
n this work for both particles is 2-[2-(2-methoxyethoxy)ethoxy]
cetic acid (TODS). The surfactant which consists of an adsorb-
ng carboxylic acid group and a relatively short ethylene oxide
ail has proven successful in dispersing nanoparticles such as
ndium tin oxide (ITO).27 In effect it is a single molecule analog
f the commercial comb-polyelectrolytes used previously23–26

ut simpler to use since it can be added directly to the particle
onomer mixture. MelPers4343, a commercial comb polyelec-

rolyte surfactant from BASF (Ludwigshafen, Germany) was
sed for dispersion of TiO2.

Genocure LTM, a liquid photoinitiator blend with a broad
bsorption peak around 380 nm from Rahn, Switzerland was
sed as the photoinitiator. LTM contains about 25% of TPO
2,4,6-trimethyl-benzoylphenyl-phosphineoxide).23–26

.2.  Ink  preparation  and  characterization

The monomers, surfactants and powders are mixed in 50 ml
gate vessels containing 1 mm and 10 mm ZrO2 milling balls.
he pastes are homogenized in a planetary mill (PM 400,
etsch, Germany) at 250 rpm for 15 min. The ratio of powder to
onomer was kept 1:1 wt/wt at this stage. The rest of the powder

s added gradually to the paste along with appropriate amount
f surfactant and the paste is homogenized again at 250 rpm for
5 min. After the addition of all the powder, the paste is milled
or an additional 3 h at 350 rpm. In this ‘milling’ process the

l2O3 and HA agglomerates are broken down to the primary
article size but no actual reduction in particle size occurs.

The inks (particle type, resin and surfactant) studied in this
ork are listed in Table 2. The solid loading of the ceramic
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Table 1
Monomers and surfactants used in this work for ink preparation.

Chemical Manufacturer Function Density (25 ◦C) (g/cm3) Formula

4-Hydroxybutyl acrylate
(4-HBA)

BASF, Germany Monomer 1.04

Polyethylene glycol (200)
diacrylate (PEGDA)

Rahn, Switzerland Monomer/oligomer 1.12 n = 5

Bisphenol A diacrylate
(BPADA)

Sigma–Aldrich,
Switzerland

Monomer 1.18

Polyethylene glycol
methacrylate (PEGMA)
(360 g mol−1)

Sigma–Aldrich,
Switzerland

Monomer/oligomer 1.105 n = 6–7

2-[2-(2-Methoxyethoxy) Sigma–Aldrich, Surfactant 1.161
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ethoxy] acetic acid (TODS) Switzerland

article in the monomer is given as both weight and volume
ractions. TODS (wt% per weight of powder) was 1% for Al2O3
nd 3% for HA. The approach explored to achieve printable inks
s discussed in Section 3.1. The exact composition of the three
nks which were printed by robotic deposition is indicated in
old (Table 2).

The particle size distribution (PSD) of the Al2O3 based
ispersion was measured with a Beckman Coulter LS230
USA) equipped with polarization intensity differential scatter-
ng (PIDS) for reliable analysis in the submicron range. The
SD found for electrostatically stable dispersions in aqueous
edia was used as a reference for a well dispersed system. The
astes were first lightly mixed with a large amount of DI water
no dispersion tool was used) and the PSD was measured in DI
ater.

d
e
b

able 2
nk compositions studied in this work.

nk Approach Resin composition 

 (Al2O3) High solid loading
dispersion

4-HBA/PEGDA (14:1) 

I (Al2O3) High solid loading
dispersion + high
viscosity
monomer

4-HBA/BPADA (1:1) 

II (Al2O3) Oligomer PEGDA 

V (Al2O3) Oligomer PEGMA/PEGDA (1:1 or
9:1)
Printed: (1:1)

 (HA) Oligomer PEGDA 

I (HA) Oligomer PEGMA 

II (HA) Oligomer PEGMA/PEGDA (9:1) 
Shear viscosity measurements for inks I–III were performed
ith a rotational viscosimeter (Rheolab MC 120, Physica
esstechnik GmbH) at 20 ◦C. Homogenization of the disper-

ion at 10 s−1 for 3 min is done before each measurement.
he measurement is repeated three times and consists of 20
easurement points from 10 to 1000 s−1 with a logarithmic

rogression of shear rate. Values from the third measurement
which was essentially similar to the second measurement) are
eported.

The viscosity of inks IV–VII was measured at 23 ◦C with a
aar Physica MCR 300 (Anton-Paar, Germany) with a parallel
late system (diameter = 50 mm, gap = 0.5 mm) in ascending and

escending modes. The ascending measurement consisted of 5
quilibration points at 1 s−1, 10 logarithmically spaced points
etween 1 and 500 s−1 and 5 equilibration points at 500 s−1 with

Solid loading (wt%/vol%) TODS (wt% per weight of powder)

82.5/55 1

82.5/56 1

65–78.5/34–49
Printed: 75/45

1

75/45 1

40/19 3
43/21 –
59–62/32–35
Printed: 59/32

3
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Fig. 1. The 3d robotic printing system used in this work.

 s between measurement points. Most inks showed thixotropic
ehavior. The descending leg is reported.

The storage modulus of the inks at 23 ◦C was measured by
scillation rheometry (amplitude sweep) with a similar parallel
late system (Paar Physica MCR 300, Anton-Paar, Germany).
his was done immediately after the viscosity measurement.
uring the tests a time independent shear deformation was mea-

ured at a controlled shear stress (40 points with a logarithmic
rogression from 1 to 500 Pa) at a frequency of 1 Hz.

In one experiment the storage modulus (G′) was measured
efore and after the viscosity measurement.

The photoinitiator in an amount of 1% (for inks VI–VII) and
% (inks I–III) per resin is added to the paste and mixed thor-
ughly. The UV curable inks are stored in glass/plastic vessels
overed with aluminum foils until use.

.3.  3d  robotic  deposition  and  curing

The 3d robotic deposition system is shown in Fig. 1. It
onsists of an extrusion system delivering the ink and a robot
quipped with an y table. The extrusion system consists of an

 ml stainless steel syringe (Hamilton, USA) delivering the paste
hrough a 20 cm (ink IV and VII) or 28 cm (ink III) long, flexi-
le PTFE tube to a luer-lock connection fixed to the dispensing
obot head which is capable of moving in the x  and z  axes. The
yringe is driven by a precision syringe pump (PHD 2000, Har-
ard Scientific, USA). The pump allows a pressure drop of up
o 30 Bar in such an extrusion system.

The robot (Fisnar I&J 7300) is a 3 axis dispensing robot
aving a 300 mm ×  200 mm plate where the 3d fiber networks
re deposited. A 160 �m or 210 �m (12.5 mm straight tip) or
00 �m (conic tip) dispensing die is connected to the fixed
uer-lock connection. The z  position of the robot head was pro-
rammed so that the dispensing tip was positioned 400–500 �m
bove the plate (or subsequently the last deposited layer). The

nks were transferred to the 8 ml syringe through a 100 �m sieve
n order to remove large particles and agglomerates which could
lock the needle. The printing of all pastes was conducted dur-
ng continuous extrusion at room temperature. For ink III the

w
s
o
f
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olumetric rate of 0.01 ml min−1 was used (corresponding to a
60 �m filament linear deposition velocity of 8.3 mm s−1). Ink
II was extruded through a 200 �m die at 0.2 ml min−1 and ink

V through a 210 �m die at a volumetric rate of 0.04 ml min−1.
nks IV and VII were printed at a robot translation velocity
f 12 and 60 mm s−1, respectively. Due to electrostatic effects
he deposition was done on an aluminum foil. The cured fiber
etwork could be easily removed from the foil for subsequent
rocessing.

The UV curing was done with a hand held 100 W UV
amp (UVhand100, Dr. Hönle AG, Germany) producing
20 mW cm−2 in the UVA spectrum (100 W Fe bulb).23–26 The
eposition was interrupted after a deposition of 2 layers and the
V lamp was positioned above the freshly deposited structure

or 2 min (dose of 14.4 J cm−2).

.4. Transformation  to  macroscopic  ceramics  and
unctionalization

The cured 3d fiber networks or films were debinded in air
y heating at 1 ◦C min−1 to 600 ◦C and a soak of 1 h at 600 ◦C.
artial densification was carried out between 1200 and 1300 ◦C
or 1 h and 1300 ◦C for 1 h, for HA and Al2O3, respectively,
ollowed by 15 h cooling to room temperature.

The procedure of functionalization involved dip coating of
intered 2-layer periodic Al2O3 lattices in an aqueous 15 wt%
iO2 nanoparticle dispersion stabilized with 10% (per weight
f particle) Melpers4343 comb-polyelectrolyte surfactants. The
etailed procedure for the preparation of the dispersions is
escribed elsewhere.25 The samples were pulled out of the dis-
ersion at a constant rate of 1 mm s−1 using the programmed
obot (Fisnar I&J 7300, Fisnar, USA). The coated materials were
laced and dried overnight in a 60% RH desiccator. The surfac-
ant was removed by heating at 1 ◦C min−1 and soaking at 500 ◦C
n air for 1 h. The weight of TiO2 deposited on the Al2O3 lattices
as determined by measuring the weight gained after the soak

t 500 ◦C.

.5.  Characterization  of  3d  structures

Ceramic and ceramic/polymer composite fibers were char-
cterized by optical microscopy (Zeiss discover V8) and SEM
VEGA Plus 5136 MM, Tescan instruments, Czech republic).
elected multilayered samples were embedded in epoxy resin
nd polished. The procedure consisted of plane grinding with
0 �m diamond disc under water, fine grinding on SiC grind-
ng paper P1000 and P2500. This followed by polishing on a

D Nap cloth with 3 �m diamond suspension DP, 1 �m DP
nd finally on MD Chem cloth with colloidal silica suspension
P-U.
The photocatalytic activity of functionalized 2d structures

nd loose TiO2 powders for the decomposition of formaldehyde

as performed by injection of 0.0002 ml formaldehyde via a

eptum to a glass tube containing 2.5–6 mg of supported catalyst
r 3–7 mg of loose powder catalyst. The samples were irradiated
or 1 h in an UV cabinet equipped with UVA lamps (Philips TL
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Fig. 2. Characteristics of UV curable colloidal Al2O3 inks

 W/05 FL tube) with a maximum intensity at 365 nm.28 To test
or possible catalytic effects blank samples were stored in the
ark in a drying oven at 28 ◦C as a reference. However, no such
ffect was detected. The amount of unreacted formaldehyde was
etermined in all samples by a procedure outlined elsewhere
sing photometric measurement of compounds prepared by the
antzsch procedure.28

.  Results  and  discussion

.1.  Development  of  radiation  curable  inks

An ideal ink should meet a long list of requirements. First and
oremost, it needs to be UV curable, extrudable at room tem-
erature under moderate pressure while maintaining the shape
f the printing nozzle; be homogeneous with a high concen-
ration of colloidal particles enabling the transformation of the
ured nanocomposites to macroscopic ceramics. Less critical,
et important considerations are the ability to handle the ink
sieving and filling, electrostatic effects) and the cured fiber
omposites (de-molding, folding/cutting, firing).

Several approaches to obtain printable inks with adequate
iscoelastic properties from solvent free, monomer based sys-
ems were attempted in the present work: (a) maximization of
olid loading, (b) use of high viscosity monomers, and (c) use
f low viscosity oligomers. Additives such as soluble polymers
nd alternative surfactants were also explored for HA but these
nconclusive results will not be included in the discussion.

.1.1. Al2O3 inks  (I–III)
Table 2 lists the ink compositions studied in this work. For

ake of clarity, the Al2O3 colloidal inks I–III will be discussed
rst. The surfactant used in all pastes was TODS (Table 1).
ODS provides electrosteric stability27 and is compatible to all

he monomers/oligomers used in this study via its ethylene oxide
EO) backbone. Ink I is a monomer system which was studied
n the past in detail for spinning and UV curing ‘on the fly’.23–26

t a solid loading of 42 vol% the viscosity is in the order of
−1 ◦
.2 Pas (500 s , 23 C) and it is necessary to spin the disper-

ions into a liquid in order to obtain continuous filaments. In the
resent work, the solid loading was increased from 42 vol% up
o 55 vol% in order to increase particle–particle interactions. Ink

w
f
i
v

. (a) psd, (b) apparent viscosity, and (c) relative viscosity.

I contains 56 vol% powder (Table 2) and the resin consists also
f high viscosity BPADA monomer (Table 1). Ink III contains
5 vol% powder with only PEGDA. This monomer/oligomer
onsists of two acrylate groups spaced by 5 EO groups (there-
ore the term oligomer is more appropriate here). Fig. 2 presents
he characteristics of the inks. The PSD of the inks diluted in DI
ater shows a mono-modal distribution around 160 nm corre-

ponding closely to the Al2O3 (TMDAR) particle size (Fig. 2a).
ig. 2b shows the apparent viscosity of the three inks. The three

nks show quite different rheological behavior. Inks I and III
how strong shear thinning behavior (power law index of ∼0.2
p to 100 s−1) whereas ink II shows shear thickening behavior
bove about 10 s−1, a property undesirable for 3d printing appli-
ations. Ink I starts to show an onset of shear thickening as well,
ut only at much higher shear rates (∼1000 s−1). At 1 s−1 inks

 and II exhibit somewhat lower viscosities compared to ink III.
owever, when the relative viscosity is considered by dividing

he viscosity of the ink by that of the monomer (Fig. 2c) inks I
nd III show very similar values up to ∼100 s−1.

It is worthwhile to note that ink I contains 55 vol%
articles whereas ink III only 45 vol%. This indicates that
article–particle interactions dominate the rheological behav-
or of ink III at much lower solid loadings compared to ink I.
lthough it has the highest solid loading of 56 vol% the relative
iscosity of ink II at 1 s−1 is a factor of 30 lower than that of inks

 and III, indicating a much larger contribution of the monomer
o the apparent viscosity.

Fig. 3a shows the storage modulus (G′) of inks I–III. Despite
heir higher solid loading inks I and II have storage moduli which
re a factor of 35 and 90 lower than that of ink III, respectively.
nk II also exhibits a relatively low yield point. Conversely, the
ddition of high viscosity monomers such as the H-bonding
PADA results in a shear thickening behavior rather than an

ncrease in storage modulus.
G′ (or the yield stress) can be expressed by y  in Eq. (1)4:

 =  k

(
φ

φgel
−  1

)n

(1)
here ϕ  and ϕgel are the volume fraction and minimal volume
raction where gel is formed, respectively, n  is an exponent (typ-
cally 2.5)4 and k  is a constant which is system specific. If the
olume fraction stays constant, the constant k  can be viewed
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Fig. 3. Storage modulus (G′) of UV curable colloidal Al2O3 ink

s the strength of particle–particle interaction which may be
nduced for example by a variation of pH or solvent quality.4

The results in Figs. 2 and 3a indicate that despite the apparent
omogeneity of the ink (PSD in Fig. 2a) its rheology is domi-
ated by particle–particle interactions. Such strong interactions
ould not be induced in inks I and II by increasing the solid
oading to 55–56 vol%. In the 4-HBA medium the TODS acts
s an efficient surfactant. However, since the backbone of both
ODS and PEGDA is built of EO units (Table 1) the surfactant
nd medium are compatible, but indistinguishable. Therefore
ffective steric barrier is not established. For the Al2O3 parti-
les studied here this situation leads to an ink which is both
rintable and homogeneous.

Preliminary printing experiments with inks I and II show
oor shape retention of the filaments. Further increase in solid
oading in ink I above 55 vol% may lead to printable inks but
he transition from shear thinning to shear thickening behav-

or in these ‘over-stabilized’ systems occurs in a very narrow
oncentration window, and therefore extremely difficult to con-
rol in practice. Therefore, only ink III was considered further

3

s
H

ig. 4. Viscosity and storage modulus of UV curable colloidal HA inks V–VII. (a) A
nk V is given only as a guide to the eye.
Inks I–III, (b) ink III at solid loadings between 34 and 49 vol%.

or robotic deposition. Fig. 3b shows the storage modulus of
nk III with solid loading ranging from 34 to 49 vol%. Inter-
stingly, in this relatively large solid loading range, the storage
odulus is mostly independent of the solid fraction, indicat-

ng particle–particle interaction dominates the system already at
ow solid loading. Some small differences at the low shear stress
ange can be observed. The G′ values observed here for ink III
re in the order of 4 ×  104 Pa. These are within the lower range
f the values reported by Smay et al. and Lewis.4,5 It is impor-
ant to note that the measurements of G′ were done after the inks
ere pre-sheared at 500 s−1 since this corresponds better to the

ituation where the extruded filament exits the die. In one exper-
ment where G′ was measured before and after the pre-shearing
tep, the value of G′ before the pre-shear step was an order of
agnitude higher, indicating significant relaxation effects.
.1.2. HA  inks  (V–VII)  and  Al2O3 ink  IV
The PEGDA/TODS combination used for Al2O3 in ink III

howed similar benefits for HA (ink V) in comparison with 4-
BA based compositions. The storage modulus of ∼105 Pa was

pparent viscosity, (b) storage modulus (G′). The fit to the storage modulus of
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Fig. 5. Characterization of the printing process of ink III through a 160 �m die at a fixed linear extrusion velocity (VE) of 8.3 mm s−1. (a) Effect of robot translation
v obot t
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elocity (VR) on the deposition of second layer fibers (top view); (b) effect of r
ffect of robot translation velocity and first layer fiber to fiber spacing on the de

ound with viscosity suitable for printing (Fig. 4). Neverthe-
ess, due to the relatively high SA of the HA powder (67 m2 g−1

ompared to 12.5 m2 g−1 for Al2O3) the maximal HA solid load-
ng which could be extruded in the system was limited to only
9–21 vol%. As in the case of Al2O3 additions of 4-HBA have
esulted in a significant increase in the dispersed HA fraction
up to 35% at a 4-HBA/PEGDA ratio of 2:1), but this was
imilarly accompanied with a reduced G′ (G′ ∼  5 ×  103 Pa at
2.5 wt%) and shape retention. New monomer/oligomer combi-
ations were necessary to produce printable HA inks with higher
olid loading. PEGMA, a monofunctional oligomer (Table 1)
hich has 6–7 EO units separating its methacrylate and OH

unctionalities provides an interesting choice since it is compa-
able in length to the PEGDA and in polarity of the OH group to
-HBA. Fig. 4 shows that such an oligomer when used without
ODS (ink VI) produces similar results (storage modulus and
olid loading) to a PEGDA/TODS system (ink V). This suggests

hat monomer length effects dominate the interactions for these
article compatible systems. However, the PEGMA/PEGDA
9:1)/TODS system enables increasing the solid loading close to

f
t
r

ranslation velocity on the diameter of fibers deposited in second layer; and (c)
tion of fibers deposited in second layer.

he level seen with 4-HBA, while maintaining viscosity suitable
or printing (Fig. 4a) without a large penalty in G′ (Fig. 4b).
ere, the effect of oligomer length and chemistry is clearly dis-

inguished. The significantly higher solid loading is enabled, as
n the case of 4-HBA, by the increased efficiency of TODS as
teric dispersant due to synergy of the EO groups with the OH
erminated monomers. As discussed previously, in PEGDA such
ffects are small due to the similarity in the EO structure. At the
ame time, the high G′ (about 7 ×  104 Pa for ink VII) is primar-
ly attributed to the effect of the increased length of the PEGMA
ompared to 4-HBA. Ink VII is therefore selected for printing.
owever, unlike the case with ink III it provides a relatively
arrow concentration window (3–4 wt%) where extrudable inks
aving good shape retention can be obtained. In addition, the HA
nks show even stronger shear thinning effects than Al2O3 with

 power law index between 0 and 0.08 (Fig. 4a). We also find
hat the resin composition (PEGMA/PEGDA) could be adapted

or the Al2O3 system (1:1, ink IV). Due perhaps to the lower SA
his has a much smaller effect on the maximal solid loading and
heology of the ink. The 1:1 paste shows continuous extrusion
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ith low electrostatic effects and pressure drop compared to ink
II.

A better insight into the rheology of both Al2O3 and HA
ligomer systems is currently sought after using rheological
odels.29,30

.2.  Robotic  deposition  of  3d  fiber  networks

.2.1.  Characterization  of  the  3d  deposition  process  (ink
II)

To demonstrate the robotic deposition of the new inks, lattices
ith a fiber to fiber spacing between 0.25 and 1.25 mm were

elected. The optimal conditions for deposition of second or
igher order layers were determined in one experiment where the
rst deposited layer consisted of regions having fiber spacing of
.25, 0.5, 0.75, 1.0 and 1.25 mm. The second layer was deposited
n top of the first at a constant volumetric deposition rate of
.01 cm3 min−1. For the 160 �m tip used in all experiments with
nk III this corresponds to a linear filament extrusion velocity
VE) of 8.3 mm s−1. The deposition of the second layer was stud-
ed in a range of robot translation velocities (VR) between 6.0
nd 10 mm s−1. The velocity was varied after deposition of sev-
ral fibers across the first layer in 0.5 mm s−1 increments. Fig. 5
hows the results of this characterization experiment. Three dis-
inct regions are identified in Fig. 5a where the shape of the fibers
eposited in the second layer is observed (top view). At high
ranslation velocities (VE < VR ∼  9.5 mm s−1) the deposition of
bers becomes discontinuous due to tearing of the filaments,
hereas at low translation velocities (VE > VR ∼  6.0 mm s−1) the
bers are no longer deposited in a linear path due to large excess
f extruded material. At intermediate velocities (VE ∼  VR) the
ontinuous fibers are deposited in a linear path. Nevertheless,
he condition of linearity does not guarantee optimal deposition.
amples from the intermediate region of Fig. 5a which corre-
pond to different translation velocities were further analyzed
y SEM. The average diameter of the fibers and the ‘maximal
eformation’ are presented in Fig. 5b and c, respectively. The
aximal deformation is a measure of the degree at which the
ber in the second layer is deformed in the z  axis. It is defined as

he vertical distance from the top of the first layer to the bottom
f the second layer.

Fig. 5b shows that at a given linear extrusion velocity, the
verage diameter of the fibers is dependent on the robot trans-
ation velocity. These values are also dependent, but to a lesser
egree, on the spacing of the first layer. Thus, the values have
een averaged for clarity. At the estimated nominal extrusion
elocity VR ∼  VE = 8.3 mm s−1 the average diameter of the fibers
s 154 �m, perhaps indicating a small shrinkage of the nominal
lament (die ID of 160 �m) during curing. Within the interme-
iate region (Fig. 5a) the fiber may be either slightly stretched
t higher translation velocities (VR > VE) or compressed when
VR < VE).

The fiber deformation behavior shown in Fig. 5c can be

ivided into three regions. The SEM images provided in Fig. 5c
llustrate the typical fiber structures in each region. In the
rst (VR > 8.0 mm s−1) the measured value of deformation is
round 0 ±  10 �m (which is within the error of measurement)

d
c
o
e

rinted periodic structures of area 40 mm × 80 mm with spacing similar to those
hown in (a)– (c).

rrespective of fiber spacing, indicating the deposition is opti-
al without (or with negligible) deformation of the filaments.

n the second region (7.0 < VR < 8.0 mm s−1) the deformation is
ighly dependent on the fiber to fiber spacing in the first layer.
he fibers deposited at a spacing of 0.25 and 0.5 mm show lit-

le deformation when the translation velocity is decreased in
his range, whereas fibers deposited on spacing ≥  0.75 mm show
ery sharp increase in deformation with decrease in translation
elocity below 8.0 mm s−1. In the third region (denoted by the
rame in Fig. 5c), which is only observed for spacing ≥  0.75 mm
t low translation velocities (≤7.0 mm s−1), the deformation is
t its highest value and the fiber is partially deposited on the
ubstrate at the level of the first layer.

.2.2. Deposition  of  2d  and  3d  architectures
Fig. 6a–c shows cured Al2O3 nanocomposite 2-layer periodic

attices with fiber to fiber spacing of 0.5, 0.75 and 1.25 mm,
espectively, deposited with ink III at VR = 8.3 mm s−1. Small
ections which were cut out of large (40 mm ×  80 mm) lattices
nd sintered at 1300 ◦C are shown in Fig. 6d. These high aspect
atio samples remain intact and show no major deformation or
hange in shape after the debinding and sintering processes.

Large, multilayered samples with periodic structure are pro-
uced from ink III by repeating the 2-layer deposition and

uring steps multiple times. Fig. 7 (top) shows a section
f sintered Al2O3 structure originally printed with 16 lay-
rs at a fiber spacing of 0.5 mm. The sintered fibers in the
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Fig. 7. Periodic multilayers and other printed architectures. Top: An embedded section of sintered Al2O3 periodic multilayer printed with 16 layers (ink III); fiber
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iameter is ∼125 �m. Bottom: Cured periodic multilayers, simple and multilay
tretched in the image.

ntact multilayer structure are about 125 �m in diameter after
intering at 1300 ◦C. Fig. 7 (bottom) demonstrates the possi-
ility to produce periodic multilayers, single and multilayer
piral nanocomposite architectures, as well as a simple com-
ination of the two. The structures in Fig. 7 (bottom) were
eposited with ink IV (composition in bold Table 2) using

 210 �m die. The average fiber diameter here is 250 �m
ndicating velocity mismatch (Fig. 5b) and possibly die swell
ffects.

.3. Post-printing  processes

.3.1.  Shaping  (folding,  cutting  and  bonding)
Further shaping of printed structures by post-printing pro-

esses is desired to create new structures which are difficult
r time consuming to print directly. Such manipulations may
equire for example cutting, reassembling and bonding. Shap-
ng of printed structures by special post-printing processes has
een proposed recently by Ahn et al.19 who printed TiH2 inks

ontaining a mixture of solvents. A fast evaporating solvent pro-
ides fast shape stabilization and the slow evaporating solvent
llows for flexibility of the structure during folding operations.
he folded structure thus produced is ‘fixed’ as it hardens during

s

w

piral architectures (ink IV). Average fiber diameter is 250 �m. The spirals are

he evaporation of the slow evaporating solvent. In contrast to
uch inks, the cured HA/polymer and Al2O3/polymer nanocom-
osite lattices are flexible without the use of solvents and can be
asily shaped to various 3d architectures by post-printing pro-
esses such as bending, folding/rolling, cutting, re-assembling
nd bonding. The structures can be fixed with a specific inter-
al/external mold during debinding and sintering. Due to the
ack of hardening mechanism, fixing of more complex struc-
ures cannot be done as described by Ahn et al.19 Nevertheless,
V curable fiber layers can be deposited before or after fold-

ng in the interface where bonding is required and the structure
s fixed by UV irradiation. Fig. 8 shows a simple scheme used
ere for creating 3d structures by post-printing processes. First,
pacer layers are deposited on a cured 2-layer periodic lattice
tructure (Fig. 8, left). Several spacer layers can be deposited
nd cured on top of each other. In a second step, the structure is
olded/rolled (Fig. 8, right) and inserted into a cylindrical cru-
ible which maintain its shape during firing. Alternatively, the
op layer may be left uncured and cured while or after the fold-
ng operation, in order to prepare a self-supporting 3d composite

tructure.

Fig. 9a and b shows several sintered HA structures which
ere produced by bending or folding/rolling of 2-layer
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ig. 8. Scheme for producing simple 3d architectures from 2-layered periodic 

roduce 3d structure (right).

eriodic lattices according to Fig. 8. The simple bending

peration was done around circular alumina molds. Fig. 9b
ighlights the cross section of the folded structures seen in
ig. 9a with (top) or without spacers (bottom). The flexible

e
w
(

ig. 9. Various 3d structures prepared by post-printing manipulation of 10 cm long 

ent and folded/rolled HA structures (paste VII, 1250 ◦C), (b) embedded cross sectio
pacers, (bottom) without spacers. (c) Cured Al2O3 folded/rolled and bonded structure
l2O3 structure with three spacers and one bonding layer prepared by stacking and b
s. Deposition of spacer layers (left), folding/rolling and optionally bonding to

anocomposite structures which are 10 cm in length could be

asily rolled into densely packed structures and fixed into shapes
hich transform to sintered structures with a radius of 3–4 mm

Fig. 9b).

2-layered periodic lattices with or without printed spacers. (a and b) Sintered
n of rolled structures in (a; right) produced by the scheme of Fig. 8; (top) with

 produced with a spacer by the scheme of Fig. 8 (ink III), (d) embedded sintered
onding of sections cut off a 2-layered periodic lattice structure (ink III).
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Fig. 10. 2-Layered periodic Al2O3 lattice functionalized with TiO2 nanoparticles. (a) Functionalized fiber surface, (b) functionalized fiber cross-section.
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Fig. 11. Printed HA structures from ink VII sintered at variou

The color of the sintered HA structures produced in this work
as a bluish tint which increases with sintering temperature. This
tems most likely from small amounts of impurities (e.g. Mn)
hich lead to the development of color centers.31 It is also impor-

ant to note here that inks IV–VII show small surface cracks after
uring which is likely attributed to oxygen inhibition reaction
esulting from the use of mono (meth)acrylates.32 Fibers pre-
ared from ink VII and cured under argon flow show smooth
urfaces before and after sintering but those cured in air reveal
arge growth of surface cracks after sintering.

An Al2O3 nanocomposite folded structure assembled and
onded as described in Fig. 8 is shown in Fig. 9c. In addition, a
intered structure which was printed, cut and UV bonded with
n uncured layer on top of three cured spacer layers is seen
n Fig. 9d. The uneven pressure induced during the assembly
nd bonding operation has resulted in deformation of several
pacer layers. Such exemplary operation can be automated with
mproved control and precision.

.3.2. Microstructure,  coating  and  functionalization
The ability to produce structural Al2O3 structures with pre-

isely defined architectures and high surface area to volume
atios may be interesting for applications as catalyst supports in
rototype reactors.12 As a simple demonstration for such poten-

ial applications the 2-layer periodic lattices which were partially
ensified at 1300 ◦C (shown in Fig. 6) were functionalized with

 layer of TiO2 nanoparticles. Similar approach was used by
lesch et al. to functionalize Al2O3 foams with TiO2.33

U
e

peratures for 1 h: (a) 1200 ◦C, (b) 1250 ◦C, and (c) 1300 ◦C.

Fig. 10a and b shows SEM images of a TiO2 functionalized
l2O3 fiber surface and a part of its cross section, respectively. A
omogeneous and relatively dense TiO2 layer which is 3–4 �m
hick can be seen (Fig. 10b). Due to surface tension effects in
he dip coating process, the thickness of the TiO2 coating varies
n the 2-layer periodic lattices. Thicker coating which shows
racks (leading sometimes to complete delamination) is found
n regions where fibers from the first and second layers intersect,
hereas smooth and continuous coatings are seen elsewhere

Fig. 10a). The functionalized 2-layer periodic lattices showed
hotocatalytic activity for the decomposition of formaldehyde
imilar to that of loose TiO2 powder of similar TiO2 mass.

Fig. 11 shows SEM images of polished surfaces of printed
A structures sintered at 1200 ◦C, 1250 ◦C and 1300 ◦C for 1 h.

 gradual reduction in pore volume and corresponding increase
n grain size can be seen with increased sintering temperature.
lthough some processing defects are presents, treatment of 1 h

t 1300 ◦C (Fig. 11c) seems sufficient for full sintering of HA
erived from inks with 34 vol% and testifies to the homogeneity
f the inks. Such sintering behavior appears to be similar to
hat observed by other researches which used other HA powder
ources and binder systems.16,17

.  Conclusions
Homogeneous, high loaded, monomer based, solvent free,
V curable colloidal Al2O3 and hydroxyapatite inks which

xhibit good flow behavior and shape retention have been
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eveloped by a proper selection of monomers/oligomers and
urfactants. The rheological behavior of both particles studied
xhibit similar dependency on the monomer systems studied
ut the effects are greatly diminished for the low surface area
l2O3. The inks are printed by a new 3d robotic deposition

echnique where the printing and curing steps are decoupled.
 variety of architectures such as high aspect ratio 2-layer
eriodic lattices, multilayers, single and multilayer spirals are
rinted successfully at a linear rate between 8 and 60 mm s−1

nd cured to high loaded ceramic/polymer nanocomposites. The
d nanocomposites thus formed are flexible and could be fur-
her shaped or assembled into ordered 3d structures by folding,
utting, re-assembling and bonding. The 2d and 3d nanocompos-
tes transform to macroscopic ceramics via thermal debinding
nd sintering without delamination or distortion of the structure.
uch versatile shaping platform is very promising for hydroxya-
atite scaffolds. The functionalization of Al2O3 2-layer periodic
attices by a 3–5 �m thick TiO2 nanoparticle layer which shows
omparable photocatalytic activity to loose powder of similar
ass was demonstrated using decomposition of formaldehyde

s a model reaction.
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