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3D Printing by Multiphase Silicone/Water Capillary Inks

Sangchul Roh, Dishit P. Parekh, Bhuvnesh Bharti, Simeon D. Stoyanov,

and Orlin D. Veley*

3D printing of polymers is accomplished easily with thermoplastics as the
extruded hot melt solidifies rapidly during the printing process. Printing with
liquid polymer precursors is more challenging due to their longer curing
times. One curable liquid polymer of specific interest is polydimethylsiloxane
(PDMS). This study demonstrates a new efficient technique for 3D printing
with PDMS by using a capillary suspension ink containing PDMS in the form
of both precured microbeads and uncured liquid precursor, dispersed in water
as continuous medium. The PDMS microbeads are held together in thixotropic
granular paste by capillary attraction induced by the liquid precursor. These
capillary suspensions possess high storage moduli and yield stresses that are
needed for direct ink writing. They could be 3D printed and cured both in air
and under water. The resulting PDMS structures are remarkably elastic, flex-
ible, and extensible. As the ink is made of porous, biocompatible silicone that
can be printed directly inside aqueous medium, it can be used in 3D printed

It is more difficult to do 3D printing with
elastomeric polymers, as their precursors
are normally liquid at ambient conditions.
The postejection curing complicates and
slows down the process, which for some
polymers can be speeded up by using spe-
cial UV curing agents.["”]

One of the most widely used elasto-
meric  polymers, polydimethylsiloxane
(PDMS), has wide range of applications in
the area of advanced materials for biomed-
ical and soft robotics.21318-22 However,
3D printing with PDMS is challenging
as it necessitates special compositions
with UV-curable or thixotropic PDMS
precursors.}1921:221 Direct ink writing of
non-flowable PDMS precursor has been

biomedical products, or in applications such as direct printing of bioscaffolds
on live tissue. This study demonstrates a number of examples using the high
softness, elasticity, and resilience of these 3D printed structures.

The 3D printing technology has evolved impressively over the
last decade in its ability to fabricate structures with complex
topographical features on the micro and macroscale.'81 The 3D
manufacturing via direct ink writing can shape various types
of materials from plastics to metals by nozzle extrusion pro-
cesses.[27:9716 The inks for direct writing with polymers mostly
contain thermoplastics, which allows hot melt nozzle extrusion
followed by rapid cooling and solidification into target shape.

S. Roh, D. P. Parekh, Prof. O. D. Velev
Department of Chemical and Biomolecular Engineering
North Carolina State University

Raleigh, NC 27695, USA

E-mail: odvelev@ncsu.edu

Prof. B. Bharti

Cain Department of Chemical Engineering
Louisiana State University

Baton Rouge, LA 70803, USA

Prof. S. D. Stoyanov

Physical Chemistry and Soft Matter
Wageningen University

Wageningen 6708 WE, The Netherlands
Prof. S. D. Stoyanov

Department of Mechanical Engineering
University College London

Torrington Place, London WCTE 7JE, UK

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.201701554.

DOI: 10.1002/adma.201701554

Adv. Mater. 2017, 1701554

1701554 (1 of 7)

used to fabricate synthetic spider web
and micro chambers.31922] Wax micro-
particles have been incorporated in PDMS
precursors to make gellike materials
forming stable structures after extru-
sion.[?l More recently, PDMS liquid pre-
cursors (LPs) were 3D printed by injection into hydrophilic
thixotropic Carbopol gel, which acts as a scaffold/support.[?

Capillarity can be a powerful alternative tool to shape “soft”
3D structures. Sandcastles formed by mixing sand with the
right amount of water can be considered as the most ancient
method of making 3D architectures. The structural stability of
sandcastles is attributed to the formation of capillary bridges
between the wetted sand granules.?>32 Similar capillary
bridges are found in concentrated multiphasic suspensions,
containing small amount of immiscible liquid with <90° con-
tact angle on the solid particles.**=3% The interparticle capillary
bridges lead to formation of 3D particle networks by pulling the
adjacent particles together. These suspensions can have paste-
like consistency and significant elastic modulus and static yield
stress.>*3] Such pastes behave as elastic, shape-retaining solids
at low stress, and as viscoelastic flowable liquids at high stress.
3D assemblies of glass microbeads (MBs) linked via water cap-
illary bridges by rapid water removal can retain their shape,
albeit in fragile structures.*! 3D printing with capillary bridged
structures, however, requires multicomponent mixtures of
solid suspension phase, surface-wetting liquid, and continuous
medium. The need to simplify such systems begs the ques-
tion: Can we create capillary suspension inks that use the same
elastomeric material both as solid beads and as liquid phase
for capillary bridging, which can later be transformed into one
single elastomer compound?

We present here a new class of elastomeric 3D printing
ink, which consists of three components: precured PDMS
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Figure 1. Principle of 3D printing process of PDMS particle suspension with capillary bridges. The PDMS microbead suspensions in water are mixed
with liquid precursor. The suspensions turn into gels as LP forms capillary bridges among adjacent PDMS MBs. The gel-like suspensions are extruded
into filaments via a nozzle. The 3D printed PDMS structures are heat-cured at 85 °C to crosslink the bridges and lock-in the structure from single

silicone component (scale bar = 20 pm).

microbeads, uncured PDMS liquid precursor, and water
medium. The liquid precursor binds the microbeads by cap-
illarity, yielding a thixotropic extrudable gel-like phase. We
characterize the mechanical properties of these capillary sus-
pension gels. The gel phase can be arrested after extrusion by
crosslinking (curing) of the liquid PDMS binding the micro-
beads, yielding 3D silicone structures that are highly elastic and
stretchable. The capabilities of this approach are demonstrated
by several unique objects fabricated by 3D printing in air and
under water.

The conceptual schematic of the overall procedure for
making these PDMS inks is described in Figure 1. First, a
suspension of PDMS MBs is prepared by emulsification and
thermal curing. We used Polysorbate 20 as a dispersion stabi-
lizer during the PDMS bead synthesis. The suspension was
then mixed with the PDMS LP using a mechanical mixer
leading to surface wetting of the MBs with uncured LP. Direct
surface contacts between the wetted MBs during the blending
process lead to the formation of LP capillary bridges between
the beads (Figure 1). The formation of these bridges trans-
formed the free-flowing PDMS suspension into viscoelastic
paste. The paste is extrudable and could be printed into 3D
structures. These structures were further heat-cured at 85 °C
to crosslink the liquid silicone bridges between the microbeads,
resulting into robust, flexible, and elastic 3D architectures.

The mechanical stability of the extruded uncured 3D struc-
tures is strongly dependent on the viscoelastic characteristics
of the PDMS ink. Such viscoelastic properties are commonly
evaluated using dynamic oscillatory measurements.l'118] We
found that the addition of a small amount of liquid precursor
into PDMS MB suspensions resulted in a large change in their
rheological characteristics (with minimal effect on the bead
size, Figure S1, Supporting Information). The dynamic moduli
of the PDMS MB suspensions (50%, v/v) with and without
2 vol% of LP (2/98 = LP/MBs) were measured with small
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amplitude oscillatory shear measurement (Figure 2a). Without
LP, the loss modulus (G”) is slightly higher than storage
modulus (G), and both G" and G” show an angular frequency
dependency indicating fluid-like behavior. With LP, the suspen-
sion becomes highly elastic and the dynamic moduli are nearly
constant with frequency (Figure 2a,b). The formation of highly
viscoelastic paste from MB suspension can be attributed to the
formation of local interbead capillary bridges from the added
LP. This is in agreement with previous reports on capillary
bridged gels.?3-3>37] The presence of PDMS LP capillary bridges
between the MBs was confirmed by fluorescence microscopy
imaging (Figure 2b). The wetting and capillary bridging of the
PDMS MBs with LP can be explained by the strong affinity
between them arising from the similarity in their chemical
composition (i.e., as both are siloxanes, the MBs are completely
wetted by the LP).

The rheological characteristics of PDMS capillary suspen-
sion pastes were further measured with incremental addition
of 10-40 vol% LP to the PDMS MBs. The data for G’ versus
the oscillatory shear stress of the suspensions are plotted in
Figure 2c. All compositions of PDMS MBs and LP showed
gel-like behavior at low shear stresses and yielding at high
oscillatory shear stresses. The MB suspensions containing up
to 20 vol% of LP showed both high yield stress and storage
modulus (G’). However, yield stresses and storage moduli
decrease as the amount of PDMS LP increased above 20 vol%,
indicating the formation of weaker gels. This can be attrib-
uted to the morphological change of the suspension.[333>38-40]
Up to 20 vol% of PDMS LP, capillary bridges were clearly
observed in the scanning electron micrographs (Figure 2d and
Figure S2, Supporting Information). As the concentration of
PDMS LP increased, the MBs were saturated with LP as shown
in Figure 2d. Even though the liquid bridges nearly disap-
peared at 30 vol% of LP, the suspension still had yield stress
resulting from the liquid envelope around the beads that is able
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Figure 2. Characterization of capillary bridged PDMS microbead suspension. a) Change in
the storage and loss modulus with the frequency of PDMS microbeads in water suspensions
(50%, v/v) with/without 2 vol% of additional liquid PDMS precursor. b) Fluorescence imaging
of PDMS suspension without (left) and with (right) 2 vol% of PDMS precursor. The PDMS MBs
are tagged with Nile red (red), and LP phase contained Coumarin 6 (yellow). The micrographs
show the structure of microbead ink where the added liquid precursor forms capillary bridges
between the beads (scale bar = 20 um). c) The elastic modulus of PDMS suspension mixed
with various amounts of PDMS precursor plotted against the oscillation stress. d) Field emis-
sion scanning electron micrograph (FE-SEM) of suspensions with increasing amount of liquid
precursor (scale bar = 20 um). As the amount of surface wetting PDMS precursor increases

(>20 vol%), the microbeads are engulfed in the matrix of liquid PDMS.

to induce negative capillary pressure.3®#1l However, when the

added LP exceeded 40 vol%, the suspension effectively lique-
fied, behaving like a weak gel with a low yield stress and low
elastic modulus. Therefore, the optimal liquid precursor com-
position in the suspension gel system was 2-30 vol%, yielding
mechanically stable gels that are suitable as 3D printing inks.
Based on these data, we tested inks from PDMS suspension
gels with 10%-30% liquid precursor. Notably, we could not use
either PDMS suspension without LP or only liquid precursor
as a 3D printing ink because these behave like fluids regard-
less of the presence of shear stress as shown in Figure S3 in
the Supporting Information. However, inks containing liquid
precursor were extrudable due to their liquid-like behavior
(G” > G’) at high shear stress but become solid-like material
(G > G”) again at low shear stress as shown in Figure S4 in
the Supporting Information. The extruded microwires had
stable 3D structures, indicating the presence of strong capillary
attraction between the individual particles.3*2 They formed
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uniform microfilaments after curing as
shown in Figure 3a. The water phase in the
ink formulation created cavities after it dried,
leaving behind pores. The cross-sectional
profile of the microfilament (with 20% LP)
shows that the structure is uniformly porous
throughout the fiber body (Figure 3a, bottom
right). Figure 3b illustrates the fine structure
of deposited fibers consisting of capillary
bridged PDMS ink on a glass substrate
through a nozzle of ID 100 pm. Consi-
dering that the average size of PDMS MBs
is 10 um, the fibers are composed of very
small number of PDMS microbeads along
the radial direction. At sub-millimeter length
scale, an extruded liquid filament will deform
due to Plateau-Rayleigh instabilities arising
from its interfacial tension.”*3] The lack of
such instabilities in our thin PDMS fibers,
implies that their structure is locked-in by
the yield stress of the capillary bridged beads.

The extruded PDMS suspension “micro-
filaments” were thermally cured to yield
elastic rubberlike materials. The liquid
bridges between the microbeads in the inks
were chemically crosslinked at 85 °C for 2 h.
The thermal curing process leads to perma-
nent physical binding of the MBs and immo-
bilization of the extruded structure. This
resulting cured PDMS structures were elastic
and highly flexible. Tensile testing of the
cured material was performed after molding
them into “dog-bone” shapes. The tensile
stress versus strain curves of such specimens
are shown in Figure 3c. Notably, the samples
bound with less than 10% of liquid pre-
cursor were fragile. Meanwhile, the PDMS
specimens with >10% of PDMS binder were
highly elastic, stretching to strains above 80%
(Figure 3c). This result proves that the PDMS
MBs can be reliably bound with PDMS
bridges after crosslinking. As higher amounts of PDMS LPs
were added, the tensile modulus and maximum elongation at
break also increased. This increase in the tensile modulus of
cured PDMS suspension with the increasing amount of PDMS
binder is very different in functional dependence than the G’ of
uncured PDMS suspensions (Figure 2c). Smaller volume frac-
tions of LP bind the suspension strongly, but result in a more
porous cured material, which is detrimental for its tensile mod-
ulus.*] These data suggest that the tensile module, elasticity,
bendability, and stretchability of the printed structures can be
conveniently controlled by the MB/LP ratio.

The applicability of these capillary suspension based inks
was illustrated by shaping them using an extrusion 3D printing
set-up (Figure S5, Supporting Information).”! We made 3D
structures via a direct ink writing type printing method with a
syringe/needle microdeposition commonly used in bioprinting
with viscoelastic inks.'222] The structure and the properties of
the material that was extruded and cured are remarkable in
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Figure 3. Morphologies and mechanical properties of crosslinked PDMS
inks. a) FE-SEM images of PDMS inks with different LP volume fractions
ejected through nozzle of inner diameter =410 um (scale bar = 250 pm)
and FE-SEM image of cross-section of printed PDMS wire with 20% liquid
precursor (bottom right, scale bar = 250 um). b) Optical and FE-SEM
images of fine PDMS fibers formed from capillary suspension. The fibers
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several aspects. As illustrated above, these PDMS structures
are highly extensible even though they are porous. The reason
for the high tear resistance is that both the original beads and
the postextrusion cured bridges are made of the same polymer,
maximizing their cohesivity. They are also very elastic and
bendable. As an example of the application of this macro-
scopic material elasticity, we printed a designed 3D metamate-
rial structure with the ink composed of PDMS MBs with 25%
LP.2L#] A macroscopic elastin-like structure printed and cured
with the PDMS inks is shown in Figure 4a. The delicate highly
stretchable structure readily conforms to various types of sur-
faces by changing its shape due to its ultraflexibility at various
length scales.

Depending on the applied macroscopic stress, different topo-
logical features expand and stretch multifold, thus allowing
creation of novel metamaterials with preprogramed, nonlinear
response, and shape memory properties.**8 For instance,
when these 3D printed PDMS mesh metastructures are
brought in contact with water droplet, they can wrap around
the surface of the droplet by forming a micrococoon similar to
“capillary origami,”*>>% as shown in Figure 4b and Movie S1 in
the Supporting Information. This example illustrates that the
surface capillary forces are comparable to the elastic forces into
the 3D printed structures. Given that the later can be prepro-
gramed by the 3D printed topological structure as well as by the
properties of the “ink” (i.e., elastomer concertation and type,
capillary suspension volume fraction, particle size, and even
shape), this offers an unpreceded capability of designing new
ultrasoft metamaterials.

The high elastic modulus and static yield stress of the PDMS
capillary ink enable the extrusion of printed structures with
excellent shape retention ability, which in turn facilitates rapid
3D printing in the z-direction. In Figure 4a, we illustrate the
sculpting of a multilayered spiral structure consisting of PDMS
MBs with 25% LP (dynamically shown in Movie S2 in the Sup-
porting Information). It retained its as-printed shape with high
precision. Another illustration of the 3D stability of deposited
structures is presented in Figure 4d, where a 4.2 cm high tet-
rahedral frame composed of six filaments was extruded from a
410 um diameter nozzle.

Owing to the biocompatibility and elasticity of silicone, its
3D printed objects can be essential for numerous biomedical
applications.['#22 Our PDMS capillary ink has the remarkable
ability to be 3D printed directly in water, in biological media,
and potentially even into live tissue. We simulated this environ-
ment by printing inside phosphate-buffered saline (PBS) solu-
tion and crosslinking the structures. Figure 4e and Movie S3
in the Supporting Information show a “cage” of PDMS ink
(MB/LP = 7/3) printed in situ around an N-isopropylacryla-
mide (NIPAAm) hydrogel block (green color) immersed in a
PBS solution. NIPAAm gel was chosen as the block substrate

preserve their shape even after ejection and crosslinking at 85 °C and their
diameter illustrates the current resolution of the method (inset scale bar =
50 um). c) A photograph of extension of a PDMS slab with 10% of liquid
precursor and extensional tensile stress versus strain at increasing amount
of initial LP precursor. The slope (Young’s modulus) and maximum strain
at break increase with larger amounts of the added precursor.
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ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

Figure 4. Examples of 3D printed ultraflexible PDMS structures made after curing of capillary-bridged bead suspensions. a) Elastin-like structure with
high size extensivity and flexibility (scale bars = 10 and 5 mm, respectively). b) Wrapping and encapsulation of a single water droplet by an ultrasoft
hydrophobic mesh (scale bar = 5.0 mm). c) Printing of multilayered spiral structure (scale bar = 1.0 mm). d) A snapshot of the process of printing of
tetrahedral frame (scale bar = 1.0 mm). The ejected uncured structure is self-standing. €) PDMS ink printing under PBS solution around a NIPAAm
hydrogel body (left). After crosslinking in water, the filaments of the printed “cage” could be highly stretched by temperature-triggered expansion of

NIPAAmM hydrogel body (right, top, and bottom, scale bar = 5.0 mm).

because it rapidly changes volume at its lower critical solu-
tion temperature (=34 °C),’"2 which further allows to test the
elasticity of the printed cage. The NIPAAm hydrogel block was
made by procedures reported previously.’?l We printed crossed
cage filaments on the top of the NIPPAm hydrogel block, which
were connected to a filaments frame printed on the underlying
PDMS film (Figure 4e, left and Movie S3, Supporting Informa-
tion). After crosslinking the printed filaments cage, we gradu-
ally decreased the temperature below the NIPAAm critical
point. As the hydrogel block gradually expanded, the cage fila-
ments stretched without breaking. This result points out that
the capillarity based PDMS inks are printable and curable in
situ under water, without loss of elasticity. Such printing can
potentially be performed directly in contact with live tissue if
light- or body-temperature triggered initiators are used.

In summary, we present a 3D printable multi-phase ink
consisting of water and two silicone-based components. It con-
tains crosslinked PDMS microbeads and liquid non-crosslinked
PDMS phase. Owing to the capillary binding of the micro-
beads, suspensions containing certain fractions of PDMS liquid
precursor behaved like pastes, which are flowable at high shear
stress and possess high storage moduli and yield stresses that
are needed for direct ink writing. These PDMS suspension
pastes are directly extruded with air pressure and shaped on a
3D printer. Due to their mechanical stability, structures such
as multilayered spirals and free-standing filaments could be
printed. The liquid PDMS bridges were thermally crosslinked
after printing. The crosslinked PDMS material exhibited excel-
lent elasticity and stretchability. Its porosity and mechanical
properties, such as tensile modulus, could be controlled by
the fraction of liquid precursor in the original paste. Moreover,
self-standing, elastic, and cohesive structures could be made by
printing and curing the ink under aqueous solutions. As this
ink is made of porous, biocompatible silicone it can be used
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in 3D printed biomedical products, or in applications such as
direct printing of bioscaffolds on live tissue. The high softness,
elasticity, and resilience of these 3D printed structures may also
open new opportunities in soft robotics and stimuli-responsive
materials.

Experimental Section

Synthesis of PDMS Microbeads: The synthesis of PDMS microbeads
was performed in two steps: (1) emulsification of PDMS precursors
(Sylgard 184, Dow corning) and (2) crosslinking of the emulsified PDMS
precursor droplets. 10:1 mixtures of PDMS precursors and curing agents
were mixed and degassed in a desiccator under vacuum. Aliquots of
6 mL of PDMS precursors were preemulsified in a 50 mL centrifuge tube
containing 30 mL of 14 wt% polyvinyl alcohol (Mowiol 18-88, Sigma-
Aldrich) aqueous solution on a vortex mixer (Vortex Genie 2, Scientific
Industry, USA). The preemulsified PDMS emulsions were then further
emulsified with a Servodyne electronic mixer (Cole-Parmer, Model
# 50003, USA) at 3000 rpm. After emulsification, the PDMS emulsions
were poured and stirred in deionized water at 85 °C for 2 h. The crosslinked
PDMS microbeads were then rinsed ten times with 50 mL of aqueous
solution of Polysorbate 20 (0.1 wt%, Sigma-Aldrich) for further use.

Preparation of PDMS Inks: As-prepared MBs in water suspension were
thoroughly blended with liquid PDMS precursor (10/1 precursor/curing
agent mixture). The postmixing step was facilitated by a vortex mixer
and the suspension was further mixed with the Servodyne electronic
mixer at 6000 rpm for 10 min. The resulting materials exhibited gel-
like behaviors and were thoroughly blended using a mortar and pestle
to obtain homogeneous mixtures. The multiphase dispersion has well-
distributed PDMS liquid precursor forming uniform capillary bridges
between the PDMS microbeads (Figure S6, Supporting Information).
The final ink also contains =5%-40% water as an external run-off phase
that makes possible the capillary binding and printing, but as the ratio
between microbeads and water is not a system control parameter it was
not varied further.

Characterization of PDMS Inks: For the rheological analysis of PDMS
capillary suspensions, a plate-plate geometry (diameter: 25 mm) was
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used for both dynamic shear measurements with 1.0 mm gap size (AR
2000, TA instrument). Sand paper circles were attached to the plates to
prevent wall slip. For the PDMS MB suspension without LP, a cone and
plate geometry (diameter: 60 mm, 2°) was used. Every measurement
was performed after oscillatory preshearing at 1 rad s™' for 10 min with a
strain of 0.5 and equilibrium for 10 min and 1.0 Hz for reproducible data.
The small amplitude oscillatory measurement was conducted within
the linear viscoelastic regime of the materials. The linear viscoelastic
regime was determined via strain sweep test at fixed frequencies (1 and
100 rad s7"). The tensile testing of the cured PDMS capillary suspensions
was conducted after molding the suspensions into a dog-bone shape
(ASTM D412). The crosshead speed of the testing was 5.0 mm min™
(5943 Instron). Fluorescence microscopy (BX-61 microscope, Olympus)
and field emission scanning electron microscopy (Verios 460L FE-SEM,
FEI) were used to visualize and analyze the morphology of PDMS
capillary suspensions and the deposited PDMS inks. Here the PDMS
MBs were tagged in red color with Nile red dye (Sigma-Aldrich), and
the capillary bridges were colored in yellow by addition of Coumarin
6 dye (Acros organics). After each marker component was mapped by
fluorescence microscope, two color channels were merged through
Image| software.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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