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A B S T R A C T

Printing curved lattice structures is a demanding task due to the current limitations in standard 3-axes printing
technologies available in the market: a removable support structure often needs to be printed, and printing layer-
by-layer to generate an inclined surface causes a significant stair-stepping effect, affecting the surface quality and
leading to anisotropy in physical properties. To overcome these limitations, the connection of the printing unit to
a >3-axes robotic arm seems to be a feasible solution for printing polymeric based structures, as demonstrated by
previous works reported in the literature. In this paper, a method for printing by Direct Ink Writing cylindrical
lattice structures is presented: three different materials, SiOC amorphous ceramic, Ti6Al4V-based composite and
CaSiO3 bioceramic, are printed by the combination of extrusion of an elastomeric ink and a mandrel connected to
a robotic arm. The method shows high potential for printing ceramic and metal cylindrical lattice structures and
their combination.
1. Introduction

Among additive manufacturing technologies, Direct Ink Writing
(DIW) is one of the most versatile techniques, since it allows printing
many classes of materials such as polymers, ceramics, metals and com-
posites. The technique consists in extruding an ink with suitable rheo-
logical properties onto a support. The rheology characteristics that an ink
must possess for successful DIW printing are: shear thinning (pseudo-
plastic) behavior with a yield stress, fast recovery times and overall vis-
cosity values compatible with the extrusion equipment and the need to
generate structures that do not spontaneously deform under gravity. The
pseudoplasticity allows for the ink to flow through the nozzle at low
shear stresses, meaning low pressures (P < 1 MPa) and/or slow extruder
rotation speeds and power (depending on the extrusion equipment used);
fast recovery times allow for the printed ink to rapidly transition to a
solid-like state before collapsing under its own weight (this is more
critical for high density inks, such as metal-based ones) or due to the
weight of successive layers.

Usually, a three-axis printer is used, with the printing head in motion
whilst the flat support is fixed on the plane. Depending on the ink
composition, the printed structure may require different post treatments,
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such as thermal curing and/or photocuring (elastomers, polymer matrix
composites), de-binding and sintering (ceramics and metals). Recently,
the use of self-curable polymer binders, such as modified epoxy resin,
was explored in order to allow for fast recovery times and higher degree
of freedom in shaping [1].

Among polymers, besides the production of biocompatible hydrogels
[2], DIW was also used to print highly stretchable elastomers for wear-
able thermotherapy [3]. Various ceramic compositions have been printed
so far, starting form highly loaded polymeric inks where the ceramic
phase can be loaded as is or synthesized in-situ during pyrolysis of
silicon-based polymers [4], for applications as biomaterials (bone sub-
stitutes in non-load bearing applications), filters and catalyst supports.
DIW was also tested for printing metallic powders (mainly Ti and Ti
based alloys and composites) in the shape of metallic scaffolds [5–8] or
more complex structures and various compositions [9,10,11]. Metallic
scaffolds of the above compositions were proposed as bone substitutes for
load bearing applications.

Very recently, Fused Deposition Modeling printing units have been
put on the market (i.e. Markforged Metal X), providing an alternative
route for printing metals to the more popular Selective Laser Melting
(SLM) or Electron Beam Melting (EBM) technologies.

However, some limitations are associated to the simplicity of the
technology and low investment cost of the DIW printing unit, when
printing ceramics and metals:
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Fig. 1. Schematic representation of the setup used in this work. a) system setup; b) image of a sample during printing.
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1) The ink formulation must be strictly controlled in order to achieve the
proper rheological properties. For this reason, not all materials can be
printed, and a proper ink must be formulated for each material/
composition.

2) The binder burn-out may leave behind C, N, O residues that nega-
tively affect the mechanical properties of the metallic structures.

3) The binder burn-out is, for both metals and ceramics, a critical step
that can result in cracking and uncomplete densification of the parts.

4) Only three-axis printers have been developed so far for printing metal
and ceramic-based DIW inks, thus limiting the range of possible
printable geometries.

Furthermore, if metal oxides are used as precursors for metal struc-
tures [10], the final component undergoes high volumetric shrinkage (up
to 80%).

DIW of elastomers using double curved inflatable surfaces [12,13] or
cylindrical mandrels [14] was demonstrated for the production of
biomedical devices and dielectric actuators, pneumatic artificial muscles
and soft robotics.

In this work, we used elastomeric based inks [15], containing both
ceramic and metallic fillers (such as Ti6Al4V powders and CaSiO3 pre-
cursors), and we extruded the produced inks onto a rotating and trans-
lating cylindrical support (mandrel), using a 5-axes robot. The mandrel
could be easily removed, without any thermal or chemical process.

A two-component silicone elastomer, gas-atomized Ti–6Al–4V pow-
ders and calcium carbonate powders as calcium oxide precursor for the
generation of a CaSiO3 bioceramic, were used as starting materials in
different combinations. Different inks were developed for printing 3D
porous lattices based on SiOC, titanium alloy (Ti6Al4V) and wollastonite
(CaSiO3).

The proposed route shows how complex shapes (cylindrical reticu-
lated structures) of different compositions (SiOC, Ti6Al4V-based com-
posites and CaSiO3) can be produced by DIW, thus widening the range of
printable geometries and applications. The movement of the substrate
potentially allows for printing in a continuous process; moreover, various
extruders could be simultaneously implemented in the same setup, in
order to print multi-material components with curved surfaces.

In addition, the use of elastomeric based inks enables an easy removal
of the printed structure from the support, and it allows for additional re-
shaping of the printed structure before pyrolysis and/or sintering.

2. Materials and methods

2.1. Starting materials and ink formulations

A two-component silicone elastomer (PDMS, DOWSIL™ SE 1700,
Dow, USA), gas-atomized Ti–6Al–4V powders with size �10 μm (d50)
and purity ~99.7% (TLS Technik Spezialpulver, Bitterfeld, Germany),
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and calcium carbonate powders (CaCO3, ~10 μm, Industrie Bitossi,
Vinci, Italy), as calcium oxide precursor for the generation of a CaSiO3
bioceramic, were used as starting materials in different combinations.

Different inks were developed for printing 3D porous lattices based on
SiOC, titanium alloy (TiV4Al6) and wollastonite (CaSiO3), as follows:

a) The silicone adhesive was used as the preceramic polymer pre-
cursor generating a SiOC amorphous ceramic after pyrolysis. The ink was
prepared by mixing the silicone base (part A) with its proprietary curing
agent (part B) at a 10:1 wt ratio, as suggested by the manufacturer [15].

b) For the material based on the titanium alloy (TiV4Al6), the tita-
nium powder was mixed at a ratio of 80:20 wt% into the DOWSIL™ SE
1700 (two-component silicone; Part A and Part B), which was used as a
main binder controlling the viscosity of the ink.

c) Calcium carbonate powder was added as an active filler in the
DOWSIL™ SE 1700 silicone, to produce wollastonite (CaSiO3) ceramic
lattices after the heat treatment [16].

All inks were mixed in a planetary mixer (ARE 250, Thinky, Japan)
for 15 min (2000 rpm/min), in order to obtain homogenous pastes
without aggregates ensuring a continuous extrusion during the Direct Ink
Writing. The inks were then placed into syringes, followed by degassing
in the planetary mixer before printing. Then, DIW of all inks was per-
formed at room temperature through conical plastic nozzles (410 μm,
Nordson, USA).
2.2. Experimental setup used for the printing process

In Fig. 1, a schematic overview of the printing setup implemented for
this work is reported. An Adept Viper Articulated Robotic arm was used
in order to move themandrel both with a translational motion along the x
axis and a rotation around the same axis.

The mandrel was a commercially available PVC tube with 38 mm
outer diameter. The PVC tube was connected to the printing arm by
means of a 3D printed customized plastic support. During the printing
operations, the tube was covered by a silicone coated Teflon foil. The
syringe was filled with the ink and the piston, and it was connected to the
compressed air supply. The positioning of the syringe over the tube was
adjusted manually.

The ink was extruded from the nozzle forming 3D patterns layer by
layer with well-defined inter-layer spacing (80% of the nozzle diameter),
using a gas pressure of 0.3–0.6 MPa. The cylindrical support was moved
in the x direction with a speed of 10 mm/s and rotated with a speed of 9
rpm.

In order to achieve the grid pattern shown in Fig. 1b, a proper robotic
task was defined and written in the robotic language (Adept Vþ) suitable
for the manipulator employed.

The grid pattern was designed with the purpose of printing empty
cylinders with meshed walls with a total height of 60 mm, an internal
diameter of 38 mm and a thickness corresponding to 6 layers; each layer



Fig. 2. As printed and cross-linked lattice structures (a) PDMS, b) PDMS plus Ti6Al4V, c) PDMS plus CaCO3); the same structures after pyrolysis (d) SiOC, e) Ti6Al4V
composite, f) CaSiO3, sintered in air).
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was composed of parallel struts with d ~410 μm crossing the previous
one at 45�. Each ink filament of the grid was obtained by imposing a
rotation of 45� to the mandrel for each translational movement of 60mm.
Then, a rotation of 5� without translation was used to separate the next
filament from the already printed one. At this point, the two movements
were repeated until the robot generated a full cylindric structure by
performing a 360� rotation. Then, the robot lowered the mandrel with a
movement of 0.32 mm (~0.8d) in the negative y axis direction. The next
Fig. 3. SEM images of the printed PDMS lattices
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layer was obtained by repeating the same translation movement,
imposing a rotation to the mandrel in the opposite direction with respect
to the previous one.

It is important to observe that the accuracy of the robot within the
work-area used in this experiment (~1mm) does not allow to achieve the
proposed task with the needed precision. For this reason, a proper cali-
bration step was introduced. Moreover, the trajectory planner was set to
move the robot with a constant speed and with proper connection arcs
after crosslinking (a,c) and pyrolysis (b,d).



Fig. 4. SEM images of PDMS plus Ti6Al4V lattices after crosslinking (a,c) and of the Ti6Al4V composite lattices after pyrolysis (b,d).
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between the paths. This approach enabled the syringe to depose the ink
filament on the PVC tube with the required precision.

2.3. Heating and characterization of the printed parts

After the printing process, the lattices were left on the PVC tube and
kept at 75 �C for 60 min to solidify through cross-linking of the
DOWSIL™ SE 1700 silicone. To produce SiOC lattices, the samples were
pyrolyzed at 1000 �C for 2 h with a heating rate of 1 �C/min and an
intermediate dwelling step at 300 �C, with a hold time of 3 h. The heat-
treatment was carried out in a tube furnace under inert atmosphere
(99.99% N2), and the preceramic cylinders were placed vertically in the
ceramic tube without any additional support. The titanium-based lattices
were de-binded under high vacuum (10�5 mbar), using a heating rate of
0.5 up to 500 �C with 3 h holding time, and then sintered at 1450 �C, for
2 h, under Ar with a heating rate of 2 �C/min. The Ti6Al4V elastomeric
lattice was kept on a graphite rod in order to enable shape retention when
positioning it horizontally during pyrolysis. This configuration was
necessary due to the small size of the tube diameter and crucible, that
didn't allow for vertical positioning. The wollastonite lattices were
ceramized both in static air and N2 flow using a heating rate of 0.5 �C up
to 1000 �C and a dwelling time of 2 h at the maximum temperature.
Again, the preceramic cylinders were placed vertically in the ceramic
tube without any support.

The printed parts before and after pyrolysis were visually analysed by
field emission gun-scanning electron microscopy (FEG-SEM; Quanta 250
Fei, Eindhoven, The Netherlands) using 20 kV voltage, 5 μm spot size and
10 mm working distance. Ceramic and metallic raw powders, as well as
fabricated specimens after the thermal treatments, were analysed by X-
ray diffractometry (XRD, Bruker D8 Advance, Milano, Italy) using Cu–Kα
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radiation at 40 mV and 40 mA, with a resolution of 0.05� for 2 s.
The shrinkage before and after the thermal treatments was measured

by Image Analysis software (Image J) on 2D scanned surfaces. At least 5
measurements both for cell size (area) and strut size (diameter) for each
composition were performed. The weight loss of the printed parts during
the heat treatments was also measured.

3. Results and discussion

In Fig. 2, the three lattices (SiOC, Ti6Al4V-based composite and
CaSiO3, respectively) are shown after printing and crosslinking (a-b-c)
and after pyrolysis (d-e-f). After printing and crosslinking very well-
defined structures were obtained, showing defect-free geometries. Dur-
ing pyrolysis, some distortions occurred, in particular for the SiOC
(Fig. 2d) and the Ti6Al4V composite (Fig. 2e) samples. In the case of the
SiOC sample, the distortion from the original shape may be derived from
the positioning of the sample inside the oven, being the printed lattice
highly stretchable even after crosslinking, due to the absence of fillers. In
the case of the Ti6Al4V composite sample, the use of the graphite rod
during pyrolysis induced stresses in the lattice structure, inhibiting its
shrinkage and leading the structure to partial failure. The presence of the
reactive CaCO3 fillers in the ink reduced the criticalities upon pyrolysis
for the CaSiO3 sample (at least at the macroscopic level), which are
mainly due to the volume variation occurring during heating.

Fig. 3 shows SEM images of the PDMS sample after printing and
crosslinking (a,c) and pyrolysis (b,d). The as printed structure showed an
optimal shape retention that was confirmed at the microscopic level after
pyrolysis, when a crack-free structure and smooth surface were obtained.
A good adhesion between different filaments can be observed, both
before and after pyrolysis.



Fig. 5. SEM images of PDMS plus CaCO3 lattices after crosslinking (a,c) and of CaSiO3 lattices after firing in air (b,d) or pyrolysis in N2 (e,f).

Table 1
Measured linear shrinkage and weight loss of the printed lattice structures after
pyrolysis in N2 or vacuum-Ar, or firing in air.

Sample Δd% (strut diameter) ΔA% (cell area) Δwt
%

PDMS (N2) 30.5 � 0.1 37.1 � 1.0 27.5
PDMSþ Ti6Al4V (vacuum-Ar) 19.7 � 2.0 -3.6 � 0.1 9.5
PDMS þ CaCO3 (Air) 15.7 � 0.4 21.9 � 0.1 39.0
PDMS þ CaCO3 (N2) 8.7 � 0.5 22.7 � 0.1 36.0

L. Biasetto et al. Open Ceramics 7 (2021) 100139
In Fig. 4, the PDMS-Ti6Al4V sample after printing and crosslinking is
shown (a,c). In this case, the struts show a slight collapse on the adjacent
layer (Fig. 4c), probably due to the high density of the metallic powders
in the ink. However, after pyrolysis these defects appear to have been
compensated by the thermally induced stresses and associated volume
shrinkage (Fig. 4b,d). In the final structure, the presence of the Ti6Al4V
sintered powders is clearly visible, generating a rough surface. No cracks
were visible in the Ti6Al4V composite samples.

In Fig. 5, the PDMS-CaSiO3 lattice is shown after printing and cross-
linking (Fig. 5a,d) and after heating in air (Fig. 5b,e) and nitrogen
(Fig. 5c,f). After firing, some cracks were visible on the struts’ surface of
the CaSiO3 lattice heated in air (Fig. 5b,e), whilst a completely crack-free
structure was obtained upon pyrolysis under nitrogen flow (Fig. 5c,f).
This can be attributed to a reduced shrinkage when pyrolyzing under
nitrogen, as reported in Table 1 (8.7% vs 15.7% in air). Firing PDMS in
air causes the oxidation of all carbon atoms present in the polymeric
chain through an exothermic reaction that can lead to the formation of
local cracks, generating highly reactive SiO2 that can then form CaSiO3
together with the CaO deriving from the thermal decomposition of the
CaCO3 powders [16]. When using nitrogen as the pyrolysis atmosphere,
carbon atoms are retained in the structure either bonded to Si or as a
separate phase, generating a SiOC material with reduced local thermal
stresses [16,17.]]. [][][].

This is confirmed by the data reported in Table 1. The struts' diameter
shrinkage, as well as the cells' area shrinkage, show different trends: the
pure PDMS ink showed a high shrinkage both for struts and cells' area
5

(30.5% and 37.1%, respectively), as expected. The inks containing filler
powders showed a limited struts' and cells' area shrinkage (ranging from
8.7% to 15.7% and from -3.6% to 22.7%, respectively). In the case of the
PDMS plus CaCO3 ink, a higher strut shrinkage was measured for samples
heat treated in air, as discussed above. In the case of the PDMS plus
Ti6Al4V ink, the high struts' shrinkage and the negative shrinkage
(expansion) can be attributed to the stress induced by the use of the
graphite rod upon pyrolysis. The measured weight loss (Table 1) for pure
PDMS samples upon pyrolysis is compatible with the organic moieties’
elimination and the full conversion of PDMS to a SiOC ceramic. For PDMS
plus Ti6Al4V the reduced weight loss during thermal treatment is due to
the reaction of Si and C atoms with Ti and V as discussed in the following.
The higher weight loss for PDMS plus CaCO3 is compatible with CaCO3
thermal decomposition (with CO2 emission) that starts occurring at T >

550 �C and depends on heating rate and CO2 concentration in the at-
mosphere [18].

SEM investigations on the cross-section of the struts of the lattice
structures, not reported here for the sake of brevity, showed that air
bubbles were not detected in all cases, indicating that the mixing and
degassing procedure to produce the inks did not introduce unwanted
porosity.

The crystalline phase assemblage of the printed lattice structures after
the heat treatment was investigated (Fig. 6). The XRD pattern for the
pyrolyzed SiOC is shown in Fig. 6a, where the broad peak is typical of an
amorphous material that doesn't contain any crystalline phases. The XRD
pattern of the Ti6Al4V-based composite shows, besides the main peaks of
titanium metal (PDF#89-3725), the formation of titanium silicide
(PDF#78-1429) along with traces of vanadium carbide (PDF#65-3772),
see Fig. 6b. The reactivity of Ti6Al4V towards Si and C atoms present in
the silicone binder was already observed in our previous work [19]. The
presence of calcium silicate crystals is shown in Fig. 6c and d, testifying
the reaction between the silicone binder and the calcium carbonate
particles in the ink. The only crystal phase that formed after the treat-
ment in air was Wollastonite-2M (PDF#27-0088), along with Pseudo-
wollastonite (PDF#89-6463) for the samples heat treated in nitrogen, as
already reported in Ref. [4].



Fig. 6. XRD patterns of the cellular lattices after the heat treatments: a) PDMS after pyrolysis at 1000 �C; b) PDMS plus Ti6Al4V after pyrolysis at 1400 �C; PDMS plus
CaCO3 after heating at 1000 �C) in air, d) in nitrogen.
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4. Conclusions

In this work, we produced cylindrical lattice structures made of SiOC
glass, Ti6Al4V-based composite and CaSiO3 bioceramic, by means of
Direct Ink Writing combined with a rotating cylindrical mandrel oper-
ated by a robotic arm.

The use of elastomer-based inks allowed printing a highly stretchable
structure that could be easily removed from the mandrel without the
need of any mechanical or chemical procedures. The printed structures
showed sufficient shape retention after curing. Upon heating, the PDMS
converted to an amorphous SiOC ceramic, while the PDMS plus Ti6Al4V
and PDMS plus CaCO3 inks were converted to a Ti6Al4V-based composite
and a CaSiO3 bioceramic, respectively.

For the three compositions tested so far, a satisfactory shape retention
after heating was demonstrated, thus showing the high potential of this
technology to produce curved lattice components made of glass, ceramic
or metal. For metal-based inks, the use of silicon free elastomers is
necessary in order to avoid the formation of brittle compounds. The
structures here proposed represent a proof of concept of the feasibility of
the method and open the way for the production of further curved lattice
structures, which are of crucial interest for applications such as highly
6

personalized medicine devices (bone grafts, stents, …) and multi-
material components.
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