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Polysiloxane Inks for Multimaterial 3d Printing of
High-Permittivity Dielectric Elastomers

Patrick M. Danner, Tazio Pleij, Gilberto Siqueira, Alexandra V. Bayles,
Thulasinath Raman Venkatesan, Jan Vermant,* and Dorina M. Opris*

Dielectric elastomer transducers (DET) are promising candidates for
electrically-driven soft robotics. However, the high viscosity and low yield
stress of DET formulations prohibit 3D printing, the most common
manufacturing method for designer soft actuators. DET inks optimized for
direct ink writing (DIW) produce elastomers with high stiffness and
mechanical losses, diminishing the utility of DET actuators. To address the
antagonistic nature of processing and performance constraints, principles of
capillary suspensions are used to engineer DIW DET inks. By blending two
immiscible polysiloxane liquids with a filler, a capillary ink suspension is
obtained, in which the ink rheology can be tuned independently of the
elastomer electromechanical properties. Rheometry is performed to measure
and optimize processibility as a function of filler and secondary liquid fraction.
Including polar polysiloxanes as the secondary liquid produces a printed
elastomer exhibiting a four-fold permittivity increase over commercial
polydimethylsiloxane. The characterization and multimaterial printing into
layered DET devices demonstrates that the immiscible capillary suspension
improves the processability of the inks and enhances the properties of the
elastomers, enabling actuation of the devices at comparatively low voltages. It
is anticipated that this formulation approach will allow soft robotics to
harness the full potential of DETs.

1. Introduction

Recent advances in 3D printing have expanded the materials,
types, sizes, and shapes of soft actuators. Magnetic, pneumatic,
pH, and light-induced actuators have been successfully printed in
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various configurations by extrusion-based
processes, such as direct ink writing
(DIW).[1–5] Yet, despite intense research,
successful examples of printed electrically-
driven dielectric elastomer actuators (DEA)
remain rare.[6,7] While hydraulically ampli-
fied actuators can be 3D printed by inkjet
printing, the ink requirements imposed
by DIW create a significant challenge
for DEA.[8] So far, DIW DEA have been
manufactured by printing the electrode
ink and filling in the dielectric liquid in
a post-processing step or by co-extrusion
of core-shell or helical fibers.[9–11] While
these examples are promising, the design
freedom is significantly restricted. In the
former, structures that allow for post-filling
are required, and in the latter, the capacitor
layout is fixed to fiber structures. Addition-
ally, voltages of up to 10 kV are needed to
achieve significant actuation. One reason
for the few examples of direct ink-writing
DEAs is the mismatch in processing and
elastomer rheological requirements. Addi-
tionally, the dielectric layers in DEAs must
be thin (< 100 μm) and uniform for reliable
operation, whereas DIW structures tend to

have rough surfaces with relatively large line thicknesses (100 μm
up to few mm). The high thickness and the low dielectric per-
mittivity of dielectric elastomer films necessitates high driv-
ing voltages for actuation. Additionally, the trade-offs between
ink requirements for processing and cross-linked elastomer
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parameters impact the device actuation performance. There-
fore, novel inks are required to enable fully DIW-printed DEA
with performance comparable to conventionally manufactured
devices.

One solution is to increase the dielectric permittivity of
the dielectric film. Strategies that increase the permittivity of
elastomers and subsequently decrease the driving voltage in-
clude incorporating ceramic fillers, conductive fillers, ionic liq-
uids, or chemical modification with polar groups into the DEA
formulation.[12–16] Chemical modification of polysiloxanes with
different polar groups has resulted in high-permittivity polysilox-
anes with excellent actuation.[17–20] Silicones modified with cyano
groups have been shown to have among the highest permittiv-
ity of ≈18 and excellent actuator performance.[16,20,21] In prin-
ciple, these high-permittivity elastomers could compensate for
the thick structures created by direct ink-writing and produce
elastomers that actuate at practical driving voltages. However,
high-permittivity elastomers have only been processed by tra-
ditional thin-film methods such as blade casting or slot-die
coating, which require solvents for processing.[15,18–20,22] Ad-
ditionally, only a few multi-layered structures consisting of
three active layers have been reported for polar polysiloxanes
(PP), demonstrating the additional processing challenges this
new class of materials faces even on well-established thin-film
techniques.[19,21,23–26]

As with polar polysiloxane inks, conventional polydimethyl-
siloxane (PDMS) inks require significant modification to be pro-
cessable by DIW. Reliable extrusion requires that DIW inks meet
certain rheological criteria. Generally, ink formulations must ex-
hibit a high degree of shear thinning, G’ higher than a few kPa,
G’ exceeding G″ in the linear viscoelastic regime, recovery of vis-
cosity within seconds after exiting the nozzle and yield stress at
rest on the order of few 100 Pa.[7,27,28] While these benchmarks
are used throughout 3D printing literature and are helpful for
practitioners to find the right ink formulation window, it should
be noted that all values are rough guidelines. In fact, some of
these metrics encompass similar and dependent information,
such as the elastic response, which is here defined by both G’
and the yield stress separately. DIW printability of PDMS-based
inks is generally achieved through dense packing of stiff inor-
ganic fillers, such as fumed silica. Percolated filler networks ex-
hibit sufficient shear thinning and yield stress and subsequently
print with high fidelity.[28] However, high filler fractions in ink
produce elastomers with relatively high stiffness (>1 MPa) and
mechanical losses (tan(𝛿) > 0.1).[10,29] In contrast, elastomers for-
mulated for DEA applications and generally processed by thin
film techniques are soft (<1 MPa), possess low mechanical losses
with tan(𝛿) < 0.1 and low Mullins and Payne effects, while re-
taining high permittivity.[19,25] Decreasing Young’s modulus of
DIW printed structures containing a high amount of fillers can
thus only be achieved through partial cross-linking of the matrix,
which increases mechanical losses. This trade-off was described
in-depth by Chortos et al., who carefully tuned the composition
to reach DIW printable inks with acceptable Young’s moduli of
750 kPa of the cross-linked elastomer, however, the mechanical
losses are still rather high with a tan(𝛿) of 0.155.[10] To achieve
soft (< 1 MPa) elastomers with good elasticity (tan(𝛿) ≤ 0.05), not
only the filler fraction should be low, but the molar mass between
cross-links should be large. This requires high molar mass poly-

mers, which are difficult to process due to their high viscosity and
resulting pressure requirements during extrusion. Thus, the ink
and final elastomer properties are interlinked and cannot be sepa-
rated, leading to unfavorable trade-offs between ink rheology and
elastomer electromechanical properties.[9]

To address these trade-offs in PDMS-based inks, different
strategies have been applied, such as printing into support baths,
adding wax particles, thiols, PEG, glycerol, cross-linked PDMS
microspheres instead of inorganic fillers, commercial thixotropic
additives, or complex custom-made additives.[3,29–35] However,
thus far, none of these strategies has been employed for DIW
of DETs. While some of these strategies might work for DET
applications, liquid additives and solvents are often attributed
to negatively affecting the electrical breakdown field or to in-
crease aging effects, such as the leaking of liquids from the cross-
linked elastomer.[15,35,36] Additives that are removed from the
cross-linked elastomer after processing, such as wax particles, ul-
timately create porous structures, which are also not suitable for
DEA applications due to the low dielectric breakdown strength of
air (≈3 Vμm−1). Besides removing a solid additive (e.g., wax), liq-
uid additives are sometimes removed from the printed structure.
This is often the case in capillary suspension inks.

Capillary suspensions allow manipulation of ink rheology in-
dependently of specific elastomer chemistry, which dictates the
final elastomer properties.[36] Instead of using dense filler pack-
ings to generate network structures, a secondary immiscible fluid
is added to the primary fluid-particle dispersion to create capil-
lary bridges in either a pendular or a capillary state. The bridges
can generate strong gels that can be readily printed. This ap-
proach has been explored before for DIW printing of PDMS,
however, the secondary immiscible fluid was removed in a post-
processing step, leading to the previously mentioned detrimen-
tal performance if it were applied to DET applications.[37–40]

Notably, immiscible polysiloxane-water suspensions with cross-
linked PDMS microbeads as filler have been DIW printed.[1,32]

The water removal after cross-linking created porous elastomers
with a dielectric breakdown field that is too low for DEA appli-
cations. Thus, developing a capillary suspension, where the pri-
mary and secondary liquid remain in the cross-linked elastomer,
would help achieve 3D printable, low-filler, continuous compos-
ites.

Here, we formulate a two-phase capillary suspension using po-
lar and non-polar polysiloxane. In contrast to previously reported
capillary suspension inks, both fluids remain in the network af-
ter printing and cross-linking, leading to non-porous, solid elas-
tomers. The polar polysiloxane (PP) additive brings several func-
tionalities simultaneously: it improves ink printability while in-
creasing the elastomer’s permittivity and elasticity and while de-
creasing Young’s modulus and Payne and Mullins effects. The
synergistic improvements of printability and electromechanical
properties lead to 3D printable DET with improved device per-
formance, significantly reducing the operating electric field. This
novel dielectric ink, combined with multimaterial printing of di-
electric and electrode, opens new and simple routes to realize
complex 3D structures of electrically actuated soft robots. In the
following, we describe how to systematically formulate the ink by
optimizing the rheology for DIW and then optimizing the elec-
tromechanical properties to ultimately achieve functional DEA
devices.
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Figure 1. Overview of the process from synthesis to 3D printed stack dielectric elastomer actuators. a) Polymer synthesis starting from PP, non-polar
silanol-terminated PDMS, and hydrophobic fumed silica. b) Ink preparation to achieve DIW printable capillary suspension. From left to right: Three-phase
contact angle measurement, a droplet of PP in PDMS on a hydrophobic fumed silica surface. Flowing and spreading of a PDMS containing 12.4 vol%
fumed silica. DIW printable ink with 12.4 vol% fumed silica, PDMS, and 30 vol% PP. c) Multimaterial printing of a conductive ink and high-permittivity
capillary suspension ink to create a stack DET. From left to right: Printing the first interdigitated electrode ink and the last dielectric ink layer. Finished
printed but uncross-linked 23 layers stack dielectric elastomer actuator with dielectric and electrode thicknesses of 200 and 120 μm, respectively. d) Final
printed and cross-linked soft and deformable elastomer actuator connected to Al wires as well as its compress and stretchability.

2. Results and Discussion

2.1. Ink Based on Polar and Non-Polar Polysiloxane Suspension

Preparing a DIW-printed, stack DET involved synthesizing high-
permittivity polar polysiloxane fluids, optimization of the dielec-
tric and conductive inks to meet the rheological properties re-
quired for multimaterial printing as well as adjusting elastomer
electromechanical properties after cross-linking, and finally, use

the developed inks to manufacture stack DET (Figure 1). The
selection of the ink components and their composition is cru-
cial for reconciling printability with the electromechanical elas-
tomer properties. The primary liquid of the capillary suspen-
sion is a silanol-terminated PDMS of low molecular weight of
2–3.5 kg·mol−1, or an average of 27–47 repeat units per chain
(Figure 1a). The low molecular weight PDMS has a low kinematic
viscosity (45–85 cSt), which facilitates processing, as polysilox-
ane chains with a molecular weight of 12 kg mol−1 and above
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entangle.[41] Chain entanglements lead to undesired pressure
gradients during processing, the occurrence of elastic recoil, and
the formation of threads at the nozzle due to increased elonga-
tional viscosity. Moreover, high-viscosity polymers require higher
pressures during printing than low-viscosity ones at equal flow
rates, which engenders practical challenges for pumps, tubing, or
the possibility of nozzle failure, often limiting the minimum noz-
zle diameter. The better processing conditions of low-viscosity
PDMS inks are combined with lower mechanical losses in the
final elastomer, making it the logical choice, provided the ink sta-
bility after deposition is maintained.

The low molecular weight PDMS has fewer entanglements
and inter-chain interactions, leading to the low viscosity of 44–
82 mPa s, and hence would typically require large amounts of
filler to achieve yield stresses in the order of few 100 Pa, suffi-
cient for DIW. However, such high solids loading is detrimen-
tal to the final elastomer’s electromechanical performance. We
avoided high filler loading by creating a capillary suspension us-
ing a lower volume fraction of particles (as low as 6.3 vol%) and
a second PDMS-immiscible fluid, polar cyanopropyl-modified
polysiloxane (PP). The PP behaves like a Newtonian fluid, typical
for polysiloxanes, with a viscosity of 6.65 ± 0.08 Pa s (Figure S1,
Supporting Information, G″ consistently exceeds G’ and the vis-
cosity is constant for shear rates between 0.1–100 s−1). The three-
phase contact angle of the PP with silica in the presence of PDMS
was as high as 150.3° (Figure 1b; Figure S2, Supporting Informa-
tion). Three-phase contact angles between 90°–151.2° promote
the formation of capillary suspensions, with smaller angles lead-
ing to wetting of the particles and larger angles leading to com-
plete dewetting.[42,43] The difference in polarity between the two
liquids causes phase separation of the two polysiloxanes even
while subjected to heating or strong, prolonged mixing. The po-
larity difference can be described by the difference in dielectric
permittivity, where the PDMS has a relative permittivity of 2.75
and the PP a relative permittivity of 18.16 ± 1.50 (at AC fields be-
tween 5·105–5·104 Hz, Figure S3, Supporting Information), lead-
ing to a polarity difference of Δ𝜖’ of 15.41 ± 1.50.

An ink formulation consisting of 12.4 vol% fumed silica filler
in the short chain PDMS flows and readily spreads on any sub-
strate, as the volume fraction is below the percolation threshold.
Such formulations are unsuitable for printing as they spread af-
ter extrusion due to insufficient yield stresses significantly below
100 Pa. The 12.4 vol% silica is approximately half the silica vol-
ume needed to achieve a printable ink by creating a percolated
network through dense packing of the particles. Instead of dense
packing, a capillary network is created by adding a small amount
of the second immiscible liquid to the base formulation (in the
order of a few vol%). After the PP is added as the third compo-
nent, an ink with an appreciable yield stress is formed, as is qual-
itatively visible in Figure 1b. Thus, the three components (silica
particles, PDMS, and PP) create printable inks with suitable rhe-
ological properties for DIW, as mentioned earlier, with a high de-
gree of shear thinning, G’ higher than a few kPa, G’ exceeding
G″ in the linear viscoelastic regime, recovery of viscosity within
seconds after exiting the nozzle and a yield stress at rest in the
order of few 100 Pa.[7,27,28]

Two non-polar components are added to the ink to cross-
link the printed structures into an elastomer. A (25%–35%
methylhydrosiloxane-co-dimethylsiloxane) polymer serves as a

PDMS-miscible cross-linker and has a low viscosity of 25–35 cSt.
Lastly, the addition of dibutyltin dilaurate is needed as it cat-
alyzes the condensation reaction. The suspension can then be
printed directly using DIW into arbitrary structures such as hol-
low cones, hollow cubes, or multilayer grids. In combination
with a printable electrode ink, multimaterial printing enables the
facile creation of a stack DET consisting of alternating electrode
and dielectric elastomer layers (Figure 1c). The cross-linked stack
DET devices are stretchable, deformable, and soft and can subse-
quently function as tactile sensors or actuators (Figure 1d).

To quantify the impact of the secondary liquid on the ink com-
position, the effect of different volume fractions of the three-
component system on the rheological properties was studied sys-
tematically (Figure 2). Capillary suspensions are generally ob-
tained by a marginal addition of a secondary fluid, which strongly
affects the rheological behaviour.[36] This is indeed the case for
our system. For instance, adding 1 vol% PP to PDMS containing
12.4 vol% fumed silica creates an ink with G’ exceeding G″ in the
linear viscoelastic regime (LVE) and a self-supporting yield stress
(Figure 2a,b). The volume of PP relates to the liquid volume of
PDMS and PP:(

vol %PP =
VPP

VPDMS + VPP

)
(1)

while the silica volume relates to the overall volume(
vol %SiO2

=
VSiO2

VPDMS + VPP + VSiO2

)
(2)

In contrast, an ink without the PP behaves predominantly as a
liquid with G″ large than G’ within the LVE (Figure 2a,c).

An ideal rheological profile for DIW inks includes significant
elasticity, as characterized by the value of the modulus or yield
stress (characterized by amplitude sweep and shear rate sweeps),
significant shear thinning (characterized by index n of Herschel-
Bulkley fit), and fast thixotropic recovery (characterized by 3iTT).
These effects were investigated for inks with PP content rang-
ing from 1 to 40 vol% (Figure 2a–g). The shifts in rheological be-
haviour are significant, with a change of up to four orders of mag-
nitude, e.g. the plateau storage modulus (Figure 2a) increases
from 0.008 ± 0.001 kPa with no PP, over 0.626 ± 0.011 kPa
(1 vol.% PP), 4.900 ± 0.152 kPa (15 vol.% PP) and 37.107 ±
1.147 kPa (30 vol.% PP) up to 82.872 ± 1.142 kPa (40 vol.%
PP). The increase in elasticity is important for supporting the
weight of the new lines deposited on top of the previous structure
during DIW 3D printing.[28] Generally, a plateau storage modu-
lus of 10 kPa and above is targeted for sufficient stability.[7,27,28]

The increase in elastic response, G’ and the yield stress can
also be observed in the rise in static yield-stress (Figure 2b).
The fitted lines in Figure 2b and static yield-stress values were
obtained by a Herschel-Bulkley (HB) fit 𝜏 = 𝜏0 + k ⋅ ẏn, where
𝜏 is the shear stress, 𝜏0 is the static yield stress, k is the con-
sistency index, ẏ is the shear rate and n is the flow index for
the inks with PP. Whereas, linear region of inks without PP
where fitted with a power-law fit 𝜏 = k ⋅ ẏn. The wall slip affected
region (crossed-out data points in Figure 2b) is omitted from
the fit, as well as data that shows fracturing or possibly, shear
banding (empty data points in Figure 2b). The wall slip affected
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 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202313167 by Paul Scherrer Institut PSI, W
iley O

nline L
ibrary on [08/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 2. Rheological properties of the inks at varying silica and PP volume fractions. a) Stress-controlled amplitude sweep at 10 rad s−1; b) Shear rate
sweeps and Herschel-Bulkley & power-law fit (dotted lines), wall slip affected region indicated by crossed-out symbols and shear banding by empty
symbols; c) Image of 12.4 vol% silica in PDMS; d) Three-interval thixotropy test (3-iTT) at intervals of at 0.1, 10, and 0.1 s−1; e) Stress controlled
amplitude sweep at 10 rad s−1 of varying silica and PP concentration; f) Image of 12.4 vol% silica in PDMS with 15 vol% PP; g) Image of 12.4 vol% silica
in PDMS with 30 vol% PP; h) Shear rate sweeps of inks with 6.3 vol% silica and varying PP concentrations; i) Shear rate sweeps and Herschel-Bulkley
& power law fits of ink with no PPs and 12.4 vol% silica, 12.4 vol% silica and 15 vol% PP and 6.3 vol% silica with 50 vol% PPs; j) Extrusion through a
200 μm nozzle of the ink containing 6.3 vol% silica and 50 vol% PP.

region was identified by performing shear rate sweeps with two
differently hatched cone rheometer geometries (Figure S4a, Sup-
porting Information). While sample fracturing can lead to sim-
ilar drops in shear stress at shear rates above 1 s−1, it is likely
that the drop is a result of shear banding as the measurements
were repeatable (Figure S4b, Supporting Information). Through

the addition of PP the inks turn from a liquid with no static
yield stress (no PP, power-law fit, G″ > G’ (LVE)) to weak gels
with a static yield stress of 28.9 ± 2.4 Pa (1 vol.% PP, HB fit,
G″ > G″ (LVE)), 53.8 ± 1.3 Pa (15 vol.% PP, HB fit, G″ > G′ (LVE),
Figure 2f) and strong gels with 124.3 ± 31.1 Pa (30 vol.% PP, HB
fit, G″ > G″ (LVE), Figure 2g) and 209.9 ± 20.5 Pa (40 vol.% PP,

Adv. Funct. Mater. 2023, 2313167 2313167 (5 of 15) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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HB fit, G″ > G″ (LVE)). The dynamic yield stresses, more pre-
cisely the perturbative yield stress, calculated as the shear stress
value corresponding to when G’ reaches 90% of G’ at LVE, fol-
low the same trend as the static yield stresses. While the ink with
12.4 vol% silica and no PP does neither possess a static nor a dy-
namic yield-stress, the inks with PP have a dynamic yield stress
of 7.8 ± 0.4 Pa, (1 vol% PP), 16.7 ± 1.1 Pa (15 vol% PP), 64.3 ±
5.2 Pa (30 vol% PP) and 102.9 ± 5.1 Pa (40 vol% PP). While the
trend is the same, the dynamic yield stress values are consistently
lower than the static ones. A detailed overview of the fitted data
and all resulting rheological values can be seen in Tables S1–S3
(Supporting Information). The yield stress is important to retain
the shape after extrusion from the nozzle and is generally tar-
geted for DIW to be above 100 Pa.[7,27,28] While our inks roughly
reach these values, our calculations and difference between the
dynamic and static yield-stresses show these values are a prac-
tical guide to simplify ink formulations, but printable inks can
possess lower yield-stresses.

The recovery behavior after shearing is also relevant for DIW,
as a fast recovery of the original modulus is needed for the de-
posited filament to contain its desired shape after exiting the noz-
zle. A three-interval thixotropy test (3iTT), mimicking the print-
ing process by shearing at the first low shear interval with 0.1 s−1

for 120 s, second a high shear interval with 10 s−1 for 5 s, and
the third low shear interval at 0.1 s−1 for 360 s, shows that the
recovery speed in the third zone increases by increasing the PP
concentration (Figure 2d). While the ink without PP takes 235 s
to recover 90% of the viscosity, the ink with 1 vol% PP requires
less time of 159 s and the ink with 15 vol% PP requires only
47 s; however, this time is still not fast enough for DIW. The ink
with 30 vol% PP recovers 100% of its initial viscosity immedi-
ately (first measured data point, <1 s) and is ideal for DIW. Con-
trolling the thixotropy is important for many printing processes,
such as screen-printing, to achieve a high-resolution print.[44,45]

Hence, the three-phase formulation can not only be used for DIW
printing but is easily transferred to other printing and processing
techniques where the ability to adjust both the particle and PP
concentration provides a simple way to achieve a wide range of
desired rheological properties.

While the ink filled with 12.4 vol% silica and 30 vol% PP is
readily printable, the degree of shear thinning for all four inks
with 12.4 vol% silica and various fractions of PP is not very high
with a HB index n between 0.61–0.73. Stronger shear-thinning
inks build up less pressure and can be more easily extruded
through thinner nozzles and channels. By decreasing the fraction
of silica, the degree of shear thinning can be increased, however,
the elastic response decreases as well. Decreasing the silica con-
centration by half, from 12.4 to 6.3 vol.% at 40 vol.% PP reduces
the plateau storage modulus (Figure 2e) from 82.87 ± 11.42 to
3.61 ± 0.02 kPa, respectively. The static yield stress (Figure 2b,h)
decreases in line from 209.9 ± 20.5 Pa (12.4 vol.% silica, 40 vol%
PP) to 72.82 ± 0.02 Pa (6.3 vol% silica, 40 vol% PP). As the dy-
namic yield stress and storage modulus are on the lower limit of
suitability for DIW, an increase of the PP to 50 vol.% increases
the storage modulus and the yield stress to 21.29 ± 0.12 kPa and
331.1 ± 42.9 Pa, respectively (Figure 2e,h; Video S1, Supporting
Information). A further increase in PP to 60 vol.% led to an un-
stable suspension (Figure 2e,h; Figure S5, Supporting Informa-
tion) that formed aggregates during shearing. Similar behavior

has been reported for various other capillary systems and is at-
tributed to the point where the secondary liquid becomes the
dominant liquid, leading to a network rearrangement from a cap-
illary to a pendular state.[46]

The range of printable suspensions was thus identified. While
the further increase in PP leads to unstable suspensions, a fur-
ther decrease in silica leads to an elastic response that is too low
to be used for complex 3D structures created by DIW. A mini-
mal silica concentration of 6.3 vol% is the lowest silica concen-
tration needed to create strong enough gels for DIW. The filler
loading is lower than most previously reported DIW printable
capillary suspensions, where filler loadings with >10 vol% are
usually employed.[32,36,38,47] The fact that such a low silica loading
is sufficient to reach a printable percolating network stems from
an interplay between multiple effects, specifically the degree of
the immiscibility of the liquids, the affinity of the liquids to the
filler, and the resulting contact angle. The surface roughness and
available surface area of the particles as well as the viscosity of
the two fluids, also play a role.[46]

Lastly, the overall advantages of adding PP to increase process-
ability can be seen in Figure 2i. The addition of PP leads to an
increase in elastic response, while the degree of shear thinning
can be optimized by simultaneously decreasing the silica filler
concentration to 6.3 vol% (Figure 2f,h,i). This ink showed a very
high degree of shear thinning with a power law index n = 0.28
± 0.05 combined with an elastic response high enough for DIW
printing. The static yield stress and the degree of shear thinning
are higher for this formulation (Figure 2i) than an ink containing
12.4 vol% silica, 12.4 vol% silica, and 15 vol% PP but also higher
than for an ink with 22.5 vol% silica and no PP (Figure S6, Sup-
porting Information). Additionally, an ink with 6.3 vol% silica and
100 vol% PP exhibits a lower static yield-stress of 66.7 ± 0.7 Pa
and significantly lower degree of shear-thinning of n = 0.72 ±
0.00 (Figure S7, Supporting Information) compared to the ink
with 6.3 vol% silica and 50 vol% PP. This showcases that through
the polar-non-polar phase separation, rheological properties can
be achieved that cannot be obtained through a single-phase sys-
tem at these low filler concentrations. Consequently, adding PP
reduces over 70% of silica in the formulation while giving more
freedom in designing the ink compositions.

Capillary suspensions with immiscible polysiloxanes enable
easy tuning of ink rheology parameters. By tuning silica and PP
concentrations, a wide range of inks with varied shear thinning,
viscosity, and elastic properties (yield stress and moduli) can be
achieved. This flexibility in the ink design allows for the prepa-
ration of inks with tailored rheological behavior suitable for vari-
ous printing techniques. Higher concentrations of silica and PPs
have a similar, but not identical, impact on rheology, with the
potential for the PP phase to become dominant. Moreover, the
method developed here can easily be transposed to other formu-
lations, e.g., commercially available silicone formulations, and
adjusted to suit other processing techniques. We tested multi-
ple commercially available formulations, such as Elastosil 604
RT, Sylgard 184, Sylgard 186, and Ecoflex 10. Strong rheologi-
cal shifts could be observed for all formulations by adding PP
(Figure S8, Supporting Information). DIW printable inks can
be created solely by adding PP, removing the need to add fur-
ther filler to these widely used formulations, as the fillers already
present in the formulation are sufficient to achieve printable inks.

Adv. Funct. Mater. 2023, 2313167 2313167 (6 of 15) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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2.2. Elastomer Electromechanical Properties

The addition of PPs to a PDMS matrix offers a range of ben-
efits beyond tunable ink rheology and enhanced processability.
As mentioned previously, thermosets suitable for direct ink writ-
ing (DIW) typically exhibit high moduli (> 1 MPa) and signif-
icant viscous losses (> 0.1 tan(𝛿)), along with pronounced fre-
quency and strain-dependent behavior due to the Mullins and
Payne effects. These elastomer properties are unfavorable for ap-
plications requiring DETs. However, incorporating PP through a
capillary suspension addresses these issues while also improving
the mechanical and dielectric characteristics of the cross-linked
elastomer. The greatest impact results from the reduced amount
of silica compared to other printable polysiloxanes. Fillers re-
inforce the matrix and create a higher Young’s moduli and,
unfortunately, also increase mechanical losses, since fillers are
non-elastic and convert mechanical energy into thermal energy
through friction with each other and the elastomeric network.
This loss is undesired, especially in repeated fast cyclic opera-
tions such as in DET, where the conversion of mechanical into
thermal energy can heat the device. Generated heat deteriorates
the electrical properties, such as the dielectric breakdown field,
leading to accelerated aging. Consequently, a low amount of filler
is desired for soft and highly elastic elastomers with low mechan-
ical losses. To illustrate the impact of the silica in the formula-
tions, three printable inks with optimized rheological behaviors
are compared (Figure 3). The first has 1 vol% PP and 17.1 vol%
silica, the second contains 30 vol% PP and 12.4 vol% silica, and
the last has the highest PP content of 50 vol% and the lowest silica
content of 6.3 vol%.

By decreasing the silica content while simultaneously increas-
ing the PP content, the Young’s modulus (Y10%) of the cross-
linked elastomer decreases from 2.381 ± 0.01 MPa, over 1.275
± 0.014 MPa, to 0.502 ± 0.004 MPa (Figure 3a,b). The cyclic
stress-strain curves also show that Mullins effect and the hystere-
sis loop between each cycle are reduced by decreasing the silica
concentration (Figure 3a,b). The elastomer containing 6.3 vol%
silica and 50 vol% PP shows a significantly reduced Mullins ef-
fect and no noticeable hysteresis loops between cycles, which is
unusual for polysiloxane elastomers processed by DIW. Besides,
the Payne effect is significantly lower, as seen in the strain ampli-
tude sweep measurement (Figure 3c). The reversible strain soft-
ening is mainly attributed to filler-filler interactions, which are
decreased at higher strains. As a result, a lower silica content de-
creases the interactions in the elastomer. This leads to an obvious
decrease in the storage modulus at higher strains, as observed in
all samples (Figure 3c). The Payne effect causes a significant vari-
ation in tan(𝛿) across the measured strain and frequency ranges,
particularly for high silica concentrations (17.1 and 12.4 vol%)
(Figure S9, Supporting Information). However, the ink contain-
ing 50 vol% PP and 6.3 vol% silica shows small variations of the
tan(𝛿) of only ± 0.01. Reducing the silica fraction decreases the
modulus, hysteresis loop, and the Mullins and Payne effects and
substantially decreases the mechanical loss modulus across all
strain and frequency ranges. The mechanical losses for the sam-
ple with 17.1 vol% silica and 1 vol% PP are between tan(𝛿) of
0.09-0.12 are almost double the losses of the sample with only
6.3 vol% silica with a tan(𝛿) between 0.05–0.06. The sample with
12.4 vol% silica and 30 vol% PP is between the two with a tan(𝛿)

range of 0.075-0.11. In contrast to the strain amplitude sweep, the
frequency sweep (Figure S10, Supporting Information) shows a
typical stiffening effect of elastomers with increased frequency.
Again, the mechanical losses remain rather constant for the low-
est silica concentration with values of 0.05 ± 0.01 (Figure S9,
Supporting Information), where the losses decrease significantly
with higher frequencies for the elastomers with higher silica
loadings. At higher frequencies, the increase in stiffness of the
polymer chains leads to decreased losses. While this could be ad-
vantageous in reducing losses in DET applications, the strong in-
crease in modulus would significantly change the operation con-
ditions. The storage modulus of the elastomers with the highest
silica concentrations increased from 0.05 to 10 Hz by 1.4 MPa
(≈45% increase). The elastomer with 12.4 vol% silica concentra-
tion showed an increase in storage modulus of 0.6 MPa (≈50% in-
crease), while the elastomer with the lowest silica concentration
showed an increase in storage modulus of only 0.13 MPa (≈25%
increase) over the same frequency range. We further optimized
the elastomer with the lowest silica content by varying the cross-
linker concentration (Figure 3d,e,f). With a higher cross-linker
concentration, the modulus was increased to 917 kPa, while the
loss factor stayed almost constant (Figure 3f). By decreasing the
cross-linker concentration, Young’s modulus dropped to 265 kPa,
however, the elastomer’s losses are increased to a tan(𝛿) of ≈0.1
(Figure 3f). While the tan(𝛿) increase is not desirable, it is lower
than other printable elastomers, especially considering the low
modulus of the elastomer.[10] Swelling experiments with THF
(20 mL g−1) showed that a large part of the PP remains as a soft-
ener in the elastomer. About 58.01 ± 0.40 wt.% remained in the
network, while 41.99 ± 0.40 wt.% were extracted. This is compa-
rable to similarly soft commercially available formulations such
as Ecoflex 50, 30, or 10. NMR analysis showed that ≈9% of the
leached fraction was PDMS, and the main part with 91% was
PP (Figure S11, Supporting Information). Assuming no parti-
cles could be extracted, only ≈17 % of the total PP remained in
the elastomer after extraction. This suggests some PP cross-links
within the elastomer, but most do not. It appears likely that only
the interfaces between PP and PDMS cross-link as the non-polar
crosslinker is not soluble in the PP phase and only comes in con-
tact on the interfaces with the crosslinker. Reducing the sol frac-
tion would consequently require the use of an additional, polar
miscible cross-linker.

The strain at break increases from 100% to 170% maximum
strain in line with the losses and decreasing cross-linker concen-
tration. As a result, the elastomer with the lowest silica content
and moderate crosslinker amount exhibits a distinct combina-
tion of DIW printability, softness, low mechanical losses, mini-
mal Mullins and Payne effects, and low hysteresis. Remarkably,
as shown in Figure 3a, this elastomer achieves the desired ranges
for all the mechanical parameters outlined for DEAs by Madsen
et al.[25] This achievement is noteworthy, considering the chal-
lenge of simultaneously achieving these parameters, even for
elastomers that are not DIW printable. Besides the mechanical
properties, adding PP also increases the dielectric permittivity of
the cross-linked elastomer, as PP has a relative permittivity of
18.16 ± 1.50 (Figure S3, Supporting Information). The relative
permittivity increases from 3.43 ± 0.02 (1 vol% PP), over 6.72
± 0.10 (30 vol% PP), to 11.39 ± 0.36 (50 vol% PP) at 100 Hz
(Figure 4). The increase in permittivity is due to the orientation
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Figure 3. Mechanical analysis of elastomers with similar DIW printability but three different silica and PP concentrations. a) Impact on simultaneously
changing silica and PP concentrations on mechanical parameters such as modulus, tan (𝛿), Payne & Mullins effect. b) Cyclic stress-strain curves of
samples with different silica and PP content. c) DMA storage modulus of strain sweep. d) Cyclic stress-strain curve of elastomers with the lowest silica
concentration and varying cross-linker content. e) DMA storage and loss modulus of strain sweep of elastomers with the lowest silica concentration
and varying cross-linker content. f) Loss tangent of the storage and loss modulus of strain sweep of elastomers with the lowest silica concentration and
varying cross-linker content.

polarization of the nitrile groups, which occurs at frequencies
up to 1 MHz. The conductivity increases along the permittivity,
which is a well-reported phenomenon.[17] Nonetheless, the ion
conductivity is still between 10−13–10−11 S cm−1 and is thus in a
typical range of dielectric insulators.

The dielectric losses increase with permittivity and are
frequency-dependent. At AC frequencies below 100 Hz, the
losses due to electrode polarization are similar for all samples.
The losses are rather small at frequencies between 1 and 100 Hz,
which is the most interesting window for the operations of DEA.
At higher frequencies (102–104 Hz), the dielectric losses increase
again. The relaxation times follow a VFT-fit with a Tg of−52.40 °C
(Figures S12 and S13, Supporting Information). This suggests

that the process results from the dipole alignment of the polar
phase present at the interfaces. Significant differences in the di-
electric losses of different elastomers can be observed at frequen-
cies ≈1 kHz. However, most DET applications will not be used
at frequencies above 1 kHz. Since real capacitors always consist
of a resistive and capacitive part, the phase angle is a measure
to determine if the elastomer predominantly acts as a capaci-
tor (ϕ = −90°) or resistor (ϕ = 0°). All three elastomers ex-
hibit the behavior of good capacitors with low resistive losses and
phase angles (ϕ < −88°) until electrode polarization sets in at
frequencies below 1 Hz. Surprisingly, all three elastomers have
similar phase angles over the whole frequency range, except for
the dipole alignment process predominantly occurring between

Adv. Funct. Mater. 2023, 2313167 2313167 (8 of 15) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Dielectric characterization a) Dielectric spectroscopy investigations of dielectrics with varying PP and silica concentrations. b) Lateral actuation
of a single-layer elastomer actuator with 50 vol% PP and 6.3 vol% silica at 1 Hz. c) Breakdown field probability of an elastomer with 50 vol% PP and
6.3 vol% silica d) Actuation of an elastomer with 50 vol% PP and 6.3 vol% silica at frequencies of 0.1, 1, and 10 Hz. The data points for 10 Hz are not
smooth due to the optical camera system’s maximum sampling frequency of 30 Hz, resulting in only three data points per cycle.
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1 and 10 kHz. This contrasts previous works on PP, where in-
creased PP often leads to higher capacitive losses.[21,26] Creating
a discontinuous phase through the capillary suspension might
be responsible for decreasing capacitive losses. This approach
could have far-reaching implications, as most polar polymers suf-
fer from high capacitive losses, which might be significantly im-
proved by adding a small amount of silica and PDMS and creat-
ing capillary suspensions.

Due to the high permittivity and the low modulus, the single-
layer actuator responds at a low electric field: actuation is observ-
able between 11–22 V μm−1 (Figure 4b). The major drawback
of high-permittivity polymers is the reduced dielectric break-
down field, which is significantly lower than commercial PDMS
with ≈50–70 V μm−1 (Figure 4c).[18,21,22,26] The critical breakdown
strength of the new elastomer is lower than PDMS, but higher
compared to previously reported polysiloxane composites with
similar high permittivity.[48] The electrical breakdown field was
21.93 ± 1.57 V μm−1 with a Weibull form factor of 6.80. High-
permittivity polysiloxanes lead to actuation at lower electric fields,
but suffer early dielectric breakdown. While the lower breakdown
field adversely impacts the energy density, the increased permit-
tivity improves the energy density. We note that the probability
of a breakdown highly depends upon measurement conditions
such as humidity, temperature, and processing.[49] Therefore, di-
rect comparisons with other elastomers must be made cautiously.
The low viscous losses and elasticity of the dielectric were further
confirmed by the actuation strain, which was independent of the
actuation frequency (Figure 4d). At 21 V μm−1 the dielectric has
a lateral actuation strain of 5%, that stays constant at 0.1, 1, and
10 Hz.

The unmatched formulation of DIW printable inks enables the
creation of soft elastomers with remarkable properties: high di-
electric permittivity and low mechanical losses. What is very re-
markable is that these superior characteristics can be achieved
by simply blending three different components. One of these
components, PP, serves multiple purposes, acting as a high-
permittivity thixotropic softener. As we proceed, it is worth noting
that both the ink and cross-linked elastomer consist of 50 vol%
PP, 6.3 vol% silica, and 5 wt.% cross-linker. These specific ratios
have been carefully selected to ensure optimal rheological ink and
electromechanical elastomer properties, which are crucial for the
success of DIW and subsequent device operation.

2.3. DIW of Capillary Ink and Multimaterial Printing

To demonstrate the utility of the capillary formulations witop-
timized rheological and electromechanical properties, we 3D
printed the inks into various arbitrary structures, created a com-
pliant electrode ink, and used multimaterial printing to achieve
layered dielectric elastomer actuators (Figure 5). The capillary ink
was used to print complex structures, including hollow cylin-
ders, layered grid structures, hollow cones, and hollow cubes
(Figure 5a). Due to the high degree of shear thinning, the ink
was printed with a comparatively low pressure of 0.7 bar and
22 mm−1 s with a nozzle of 400 μm. The image of the nozzle dur-
ing and after printing shows that the ink readily flows through
the nozzle and the flow can be stopped without leaving threads
at the nozzle. As described previously, the strong shear thinning

behavior of the ink allows easy and accurate printing and process
control. The printed and cured structures possess excellent de-
formability in all three dimensions due to their softness. These
elastomer structures regain their original shape after the applied
stress is removed, owing to their remarkable elasticity and mini-
mal mechanical losses. This combination of properties allows for
printing structures with overhangs and unsupported designs, as
exemplified by the hollow cone and grid structures (Figure 5a).

An electrode ink is also needed to create stack DEA by multi-
material 3D printing. The electrode ink was prepared with dif-
ferent weight ratios of carbon black in PDMS from 10 wt.%–
15 wt.%. All three inks show strong shear thinning (Figure 5c),
and the static yield stress of 12.5 wt.% CB ink is 364.2 ± 4.2 Pa
(Figure S14, Supporting Information). This is commonly ob-
served for carbon black, as the high surface roughness of carbon
black (CB) particles can cause them to interlock and form strong
gels.[9,10,50] The ink selected for multimaterial printing consists of
a medium filler loading of 12.5 wt.% CB in PDMS, which readily
holds its shape after extrusion (Figure 5b). The electrode ink is
cross-linked in a post-processing step into an elastomer with the
same crosslinking chemistry as the dielectric, whereby delamina-
tion of the printed structure during operation is prevented by the
covalent bonds at the electrode/dielectric interfaces. The conduc-
tivity of the electrode is 3.02 10−4 ± 3.8 10−5 S m−1 (Figure S15,
Supporting Information). The electrode elastomer has a storage
modulus E’ of 1.58 ± 0.06 MPa and a low tan(𝛿) of 0.029 ± 0.002
(Figure S16, Supporting Information, 0.05 to 10 Hz at 2% strain).
While the low tan(𝛿) is favorable for DEA operations, the high
modulus is not, as the electrode is passive and restricts the actu-
ator movement.

The multimaterial printhead alternates between the electrode
ink (12.5 wt.% CB) and the capillary suspension dielectric ink
(Figure 5c). To decrease defects during printing due to unstable
flows at the start (pre-flow) and the end of the extrusion (post-
flow), the printing path was designed to have the start and end
points in inactive regions outside the stack. The first layer is the
electrode, the second is the dielectric active layer, and the third
is the electrode. The images (Figure 5c) show the printing pro-
cess of the first three layers. The electrode, dielectric, and op-
posite electrode printing steps can be repeated multiple times
to build up a stack DEA with a different number of active lay-
ers (Figures S17 and S18, Supporting Information). The whole
printing process can be seen in Video S2 (Supporting Informa-
tion). Every other electrode layer is connected on the side of the
stack. On all sides, the stack actuator has inactive parts that pre-
vent the oppositely charged electrodes from contacting (left and
right sides of the stack) and avoid dielectric breakdowns through
the air (front and back sides of the stack). On the side, every other
electrode layer is printed so that an electrical connection is en-
sured. An image of the printing of the 23rd layer can be seen in
Figure 5d, while the final, yet uncured 23-layer stack dielectric
elastomer actuator is depicted in Figure 5e. After printing, the
stacks were cross-linked at 80 °C for 16 and allowed to rest for at
least two weeks before testing (Figure 5f).

The cross-linked stack was cut and imaged using an SEM and
optical microscope (Figure 5g,h). Relatively consistent layers, no
delamination, no voids, and a good, printed layers connection can
be seen. By printing the lines close together and slightly over ex-
trusion, the printed lines merge, making it impossible to identify
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Figure 5. Printing of capillary inks, creation of electrode ink, multimaterial printing process and printed layered devices. a) Images of 3D printing of
the capillary ink containing 50 vol% PP, 6.3 vol% silica, and 5 wt.% cross-linker, printed and cross-linked structures and their deformability from top
to bottom: hollow cylinder, 20 layer grid, hollow cubes and hollow cones. b) Rheological characterization of the electrode inks shear rate sweeps, inset
image of extruded ink. c) Printing paths and process for the electrode (grey) and dielectric (yellow) inks with images of the printing process. d) Last
printing line of a 23-layer DEA. e) Image of a printed interdigitated stack dielectric elastomer actuator made from 23 layers in the uncured stade and f)
the cured stade connected to Al electrodes. g) SEM image of a cut stack, the darker lines are the electrode layers while the bottom part is the passive
dielectric area. h) Optical image of a printed, cured and cut 23-layer DEA with a dielectric breakdown at the 5th electrode. i) Zoom in on the whole stack
to show four electrodes and five dielectric layers.

the single printing lines. The final printed stack’s dimensions
are 1 cm × 1 cm with a total height of 3.6 mm. The 23 layers
consist of two insulating layers on the bottom and top and alter-
nating dielectric/electrode layers. This configuration forms ten
active capacitive layers. The active area of each capacitor is 8 mm
× 6.8 mm. The stacks respond at relatively low voltages consider-
ing the thickness of the dielectric films of 210 μm, which is a con-
straint of the printing process (Figure 6). The contractile displace-
ment in Figure 6a shows that the layered actuator follows the
classical analytical model of quadratic dependence on the elec-
tric field. This is true independent of frequency at 1 and 100 Hz.

The high bandwidth and low elastic losses of polysiloxane-based
actuators enable the actuation even at 100 Hz. In fact, a reso-
nance frequency close to 100 Hz leads to an increase in actua-
tion compared to 1 Hz. The first actuation at 1 Hz could be mea-
sured at 2.3 kV, corresponding to 11 V μm−1 (Figure 6b). This
value is in line with the single-layer actuator, where the actuation
onset at 1 Hz is also at 11 V μm−1 (Figure 4c). These voltages
and electric fields are lower than those reported for DIW printed
actuators in the literature (4–12 kV or 26–58 V μm−1).[10] An
overview of previously printed DET is given in Table S4 (Support-
ing Information). These low electric fields are possible due to the
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Figure 6. Actuation characterization of a fully printed 23 layers dielectric elastomer actuator with a high-permittivity dielectric. a) Absolute and relative
contractile displacement as a function of voltage and electric field at 1 and 100 Hz with their respective quadratic fit functions. b) Voltage-dependent
displacement at 1 Hz at 2.3, 2.5, 3.0, 3.2 and 3.5 kV. c) Actuation at 10 Hz and 3.5 kV d) Actuation at 50 Hz and 3.5 kV. e) Actuation at 100 Hz and 3.2 kV.
f) Normalized and relative displacement as a function of frequency at 3.2 kV. g) SEM of a 23-layer printed dielectric elastomer actuator after an electrical
breakdown. h) SEM image enlargement of an electrical breakdown.

combination of high permittivity and low elastic modulus of the
dielectric caused by the addition of the PP. With increasing volt-
ages, the actuation can be increased up to a displacement of
75 μm at 3.5 kV, equivalent to ≈17 V μm−1 at 1 Hz, correspond-
ing to ≈2% actuation strain (Video S3, Supporting Information).
The actuation is consistent and repeatable. Due to the high elas-
ticity, increasing the actuation frequency leads to only a small de-
crease in actuation performance at 10 Hz (Figure 6c), with a dis-
placement of 70 μm marginally lower, and immediately follows
the applied square wave of the electric field (Video S4, Support-
ing Information). At 50 Hz (Figure 6d), the actuation drops to
50 μm (Video S5, Supporting Information) and the actuator re-
quires ≈10 ms (or half the time the voltage is on to reach full
actuation) and stays the other half of the time in the maximum
actuation state. After switching off the voltage, the time needed to
reach the fully discharged state is about the same as for achieving
the full actuation. If the frequency is further increased to 100 Hz
(Figure 6e), the time to reach the maximum actuation is 10 ms,
the same as when the electrical field is turned on. Even though
the actuator stays only for less than 1 ms in the maximum actu-

ated state, the maximum strain increases significantly compared
to lower frequencies. For example, at 3.2 kV and 100 Hz the to-
tal displacement reaches 123 μm or a relative displacement of
3.42 % compared to a total displacement of only 52 μm or 1.44 %
at 3.2 kV and 1 Hz (Figure 6f). The actuation between frequen-
cies from 0.1–50 Hz varies only slightly before it hits a resonance
band at 100 Hz and increases again. The actuators where sub-
jected to one million cycles at 3.5 kV and 100 Hz. The actuation
strain reduced from 3.5% to 2.7% during the one million cycles
(Figure S19, Supporting Information). At ≈3.8 kV the actuator ex-
periences an electrical breakdown (Figure 6g,h). The first break-
down occurs at ≈18 V μm−1, which is only 4 V μm−1 lower than
the breakdown in a single layer. While the variation in dielec-
tric film thickness of ± 10 μm may be responsible for the ear-
lier breakdown, the stiffening effect of the electrode, due to the
rather high thickness (110 μm) and modulus (1.58 ± 0.06 MPa),
might also play a role. Additionally, defects between the layers
may be created during the printing process and the switching
between the two inks. Most breakdowns were observed close
to the edges of the active layers. The printed layers tend to be
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uneven and have defects at the start and end of printing paths
as well as on the transition parts between the two inks, which
can be observed in the slight upward fold of the electrode in the
microscope image of Figure 5i. This inaccuracy is an inherent is-
sue of the printing technique, which can only be overcome by co-
extrusion processes.[4,10,11] The breakdown occurred at the edge
of one of the middle layers of the printed structure. Typical for
carbon black-based electrodes, the electrical discharge burns the
surrounding dielectric.

3. Conclusion

We developed a straightforward and adaptable approach to for-
mulate solvent-free capillary inks. The inks consist of polar and
non-polar polysiloxane liquids with a small amount of silica filler
and can be cross-linked into elastomers. The ink rheology and
final elastomer properties can be more freely adjusted than for
non-capillary polysiloxane suspensions. After printing, the two
immiscible fluids are cross-linked to form elastomer networks.
In contrast to conventional capillary inks, where at least one fluid
evaporates post-printing, our approach uses two immiscible flu-
ids that remain within the final printed structure. The cross-
linking reaction chemically connects the different phases to form
elastic networks with easily tunable properties. We achieve rheo-
logical properties ideal for DIW with a volume fraction of filler
significantly lower than traditional inks. The minimally filled
inks can be printed in different structures and shapes and then
cross-linked into elastomers with a low Young’s modulus and
very low tan(𝛿) = 0.05. While the capillary ink formulation strat-
egy allowed for printable soft elastomers, the PP content syn-
ergistically increased the dielectric permittivity of the compos-
ite. The ink exhibited good printability and was used to print
fully layered dielectric elastomer actuators. After cross-linking,
the printed structures actuated at rather low applied voltages,
thus validating their potential for creating printed dielectric elas-
tomer actuators. The durability of the printed actuator was proven
through an extensive long-term cyclic load test, wherein a stack
actuator underwent testing at 3.5 kV and 100 Hz for one million
cycles. Therefore, we anticipate that this capillary ink strategy can
be readily extended to incorporate other components. Since the
secondary fluid serves as both a rheological modifier and an ac-
tive ingredient in the final elastomer, we have significantly broad-
ened the design space for capillary suspensions, opening new
pathways to develop innovative functional materials and devices.

4. Experimental Section
Materials: 3-Cyanopropylmethyldichlorsilane, silanol-terminated

PDMS (45–85 cSt), and (25%–35% methylhydrosiloxane-co-
dimethylsiloxane) polymer (25 cSt), hexamethyldisilazane treated
silicon dioxide (Figure S20, Supporting Information), and dibutyltin
dilaurate (DBTL) were purchased from ABCR. NaHCO3 was purchased
from Sigma–Aldrich. Toluene and dichloromethane were purchased from
VWR Chemicals. Carbon black 100% compressed from acetylene was
purchased from Gelest. All reagents were used without further purification
unless otherwise stated.

Synthesis of Polar Polysiloxane (PP): 3-Cyanopropylmethyldichlorsilane
(120 mL, 138.05 g, 0.76 mol, 1 eq.) was added dropwise to a dispersion of
NaHCO3 (223 g, 2.65 mol, 3 eq.) in 1 L toluene. After the addition, the mix-
ture was stirred at 110 °C for 12 h while removing water under azeotropic

distillation. The reaction was filtered and washed with dichloromethane.
The organic phase was washed with water three times, and the solvent
was removed. After drying at 110 °C under vacuum, a yellowish, viscous
liquid was obtained with a yield of 93%. 1H NMR (400 MHz, CDCl3) 𝛿:
2.42 (m, 2H, CH2-CN), 1.70 (m, 2H, CH2-CH2-CN), 0.75 (m, 2H, Si-CH2),
0.15 ppm (m, 3H, Si-CH3) (Figure S21, Supporting Information); 13C NMR
(100 MHz, CDCl3) 𝛿: 119.75 (CN), 20.55 (CH2-CN), 19.82 (CH2-CH2-CN),
16.95 (Si-CH2), −0.18 ppm (Si-CH3) (Figure S22, Supporting Informa-
tion). TGA (Δ = 1.5 wt.%) = 319.70°C (Figure S23, Supporting Informa-
tion). Mn = 9.34 kDa; Mw = 14.10 kDa, PDI: 1.51. (Figure S24, Supporting
Information); Tg = −59.27°C (Figure S25, Supporting Information); rela-
tive permittivity (1 V AC, 5·105 to 5·104 Hz): 18.16 ± 1.50 (20 °C), 7.39
± 1.15 (−60 °C). Netownian fluid with a viscosity of 6.65 ± 0.08 Pa s
(Figure S1, Supporting Information).

Capillary Ink Preparation: The silanol-terminated PDMS (45–85 cSt)
(15 g) was mixed with surface functionalized hydrophobic silica (5 g) in
a SpeedMixer for five minutes at 3500 rpm. In the next step, (25%–35%
methylhydrosiloxane-co-dimethylsiloxane) polymer (0.675 g) with a vis-
cosity of 25–35 cSt was added and mixed for 1 min at 3500 rpm in a
SpeedMixer. Polar polysiloxane (17.45 g) was added and mixed for another
5 min at 3500 rpm in the SpeedMixer. Lastly, 200 μL of dibutyltin dilaurate
(DBTL) was added and, for one more minute, mixed in the SpeedMixer
at 3500 rpm. The ink was loaded into 30 cc syringes and trapped air was
removed in a centrifuge at 6000 rcf for 10 min.

Conductive Ink: For the conductive ink, carbon black (5.7 g) was added
to silanol-terminated PDMS (45–85 cSt) (38.4 g) and 5 min SpeedMixed at
3500 rpm. (25%-35% methylhydrosiloxane-co-dimethylsiloxane) polymer
(1.6 g) was added to the ink and mixed for one minute at 3500 rpm. Lastly,
DBTL (400 μL) was added and mixed in for one more minute at 3500 rpm
in the SpeedMixer. The ink was three-roll milled five times and loaded into
a 30 cc syringe. The syringe was centrifuged at 3000 rcf for 10 min.

Multimaterial Printing: Electrode and dielectric layered devices were
manufactured with a direct ink writing printer (3D-Bioplotter “Manufac-
turer Series,” EnvisionTEC, Germany). The ink was pneumatically extruded
with pressures ranging between 0.3 and 1 bar, through conical nozzles with
an inner diameter of 0.2 and 0.4 mm. The print head switched automati-
cally between the two inks after completing each layer. The filaments were
deposited on glass slides at speeds ranging between 10 and 25 mm s−1.
After printing, the produced parts were cured at 80 °C for 16 h and rested
for at least two weeks before mechanical or electrical characterization and
testing. For our stacks (23 layers, 10 × 10 mm), a total path length of
≈640 mm per layer was re-quired, resulting in a theoretical printing time
per layer between 64 to 25.6 s and a total of 24.5 to 9.81 min print time
for the complete stack. However, the 3D printer used is not ideal for multi-
material printing. The printer has only one print head and must repeatedly
switch between the cartridges. Essentially, the switching time of the inks
due to the printer layout became a major time constraint of the printing
process. The real printing time took 40 min for a stack consisting of 23 lay-
ers, mostly due to the very slow switching between electrode and dielectric
inks, which is the default setting of the printer. This could be significantly
reduced without sacrificing accuracy if a second print head would be in-
stalled into the printer.

Rheological Characterization: Shear rate sweeps and three-interval
thixotropy tests (3ITTs) of the different inks were performed on a MCR
502 rheometer furnished with a second (bottom unit) motor. This twin
drive setup allows for performing rheological measurements with two
torque transducers and two drive units at once. The measurements were
performed in SMT (Separate Motor Transducer) mode: we employed a
hatched, 4°, 25 mm diameter cone as the bottom driving geometry and
a cross-hatched 25 mm outer diameter, 8 mm measuring diameter, par-
titioned plate as the upper measuring geometry. The partitioned plate
geometry was employed to eliminate (or at least greatly reduce) the im-
pact of edge fracture effects on the rheological measurements, as this can
often impact measurements of high yield stress fluids at large deforma-
tions/rates. Rough geometries were utilized to diminish the effect of wall
slip during the measurements. These measurements were conducted in
a CTD 600 (Convection Temperature Device) at room temperature. Shear
rate sweeps from 0.01 to 100 s−1 were conducted in logarithmically spaced
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steps (7 points/decade) with durations ranging from 200 to 10 s to guar-
antee that the samples were in a steady state during data acquisition. De-
spite the use of rough geometries, wall slip-related artifacts can be ob-
served at low shear rates (≈0.01 to 0.5 s−1), in this region, the measured
shear stress is strongly underestimated and departs from the Herschel-
Bulkley and power law fits. To confirm that these are wall slip artifacts, we
repeated shear rate sweeps on the 12.4 SiO2 vol%, 40 polar poly-siloxane
vol% ink with a hatched, 8.5°, 25 mm diameter cone (Figure S2a, Sup-
porting Information): the wall slip affected region of the data is lesser
when using a higher degree cone (analogously to using higher measur-
ing gap in plate-plate measurements.[51] Moreover, data collected at very
low shear rates should be excluded from the analysis, as the samples did
not reach a steady state in the waiting time for shear stress data acquisi-
tion, as shown in the flow start-up measurements (Figure S26, Support-
ing Information). This portion of data was hence excluded from the fits.
The shear rate sweeps of samples that showed G’>G’’ in the LVE (Lin-
ear Viscoelastic Regime) in amplitude sweep measurements were fit to
the Herschel-Bulkley model: 𝜏 = 𝜏y + K · 𝛾 ˙n (with 𝜏: shear stress [Pa],
𝜏y: yield stress [Pa], K: consistency index [Pa·sn], 𝛾 ˙: shear rate [s−1] and
n: flow index [-]). The two samples (6.3 SiO2 vol%, no polar poly-siloxane
vol% and 12.4 SiO2 vol%, no polar poly-siloxane vol%) that showed G″

>G’ in the LVE in amplitude sweep measurements were instead modeled
as simple power law fluids: 𝜏 = K · 𝛾 ˙n (with 𝜏: shear stress [Pa], K: flow
consistency index [Pa·sn], 𝛾 :̇ shear rate [s−1] and n: flow behavior index [-]).
Fits, models’ R2 values and standard deviation of parameters were com-
puted on MATLAB. Three Interval Thixotropy Tests (3ITTs) were performed
with the following protocol: first, the samples were sheared at 0.1 s−1 for
120 s, then immediately at 10 s−1 for 5 s and then at 0.1 s−1 for 360 s
(data acquisition: 1 pt s−1). Recovery of the viscosity after high shear rate
interval was tracked and the time to recover 90% and 100% of the equilib-
rium viscosity (viscosity at the end of the first low shear rate interval) was
extrapolated.

Amplitude sweeps and flow start-ups were performed on a single mo-
tor, stress-controlled, MCR 502 rheometer coupled with a Peltier temper-
ature control unit set at 25 °C. For these measurements, we employed
a hatched, 4°, 25 mm diameter cone geometry and a 25 mm diameter
hatched bottom plate (fastened to the Peltier unit). Amplitude sweeps
were performed at an angular frequency of 10 rad s−1, shear stress was
ramped in logarithmically spaced steps (15 points/decade) from 0.1 to
500 Pa. The dynamic yield stress 𝜏y,dyn was extrapolated by taking the shear
stress value corresponding to when the measured storage modulus drops
below 90% of its LVE (Linear Viscoelastic Regime) plateau value.[52] Flow
start-ups were performed on 6.3 SiO2 vol%, 50 polar poly-siloxane vol%
and 12.4 SiO2 vol%, 1 polar poly-siloxane vol% inks. The samples were
sheared at a constant shear rate of 0.01 s−1 (the lowest shear rate value
in shear rate sweeps) for 1 h, and the shear stress was measured to ob-
serve when the samples reached a steady–state (Figure S26, Supporting
Information).

Tensile Measurements: Tensile measurements were performed with a
Zwick Z010 tensile test machine with a 50 mm min−1 speed using dog-
bone-shaped samples of 18 mm length and 2 mm width. The Young’s
moduli were determined from the linear fit slope of the stress–strain
curves from 0 ≤ 10%.

Dynamic Mechanical Analysis: Dynamic mechanical analysis (DMA)
was carried out on an RSA 3 DMA from TA Instruments in the tensile
mode. Stripes of samples with rectangular geometry (10 mm by 30 mm)
were measured under a dynamic load of 2 g. Data in the frequency sweeps
were obtained by applying 2% strain in the frequency range of 0.05–10 Hz.
The amplitude scans were performed at 0.1 Hz from 0.05% to 10% strain.

Broadband Dielectric Spectroscopy: Temperature-dependent dielectric
properties were evaluated using a Novocontrol Alpha-A Frequency An-
alyzer equipped with quatro cryosystem temperature control. Dielectric
spectra were recorded by applying an external voltage of 1 V in an AC fre-
quency range of 0.01 Hz to 1 MHz at RT and between −155 and +110 °C.

Dielectric Breakdown Measurement: A 12.5 kV DC high voltage power
supply system (HCL 35–12500 pos, FUG electronic GmbH, Germany) was
used for all measurements. Samples were sandwiched between two metal
electrodes with 1 mm2 area embedded in an epoxy resin. The applied volt-

age was linearly increased until failure voltage was recorded on several
samples. Statistical analysis was employed to evaluate the dielectric break-
down field, commonly following the Weibull probability model.

Actuation Tests: Electromechanical tests were performed with circular
membrane actuators. The polymer films were fixed between two circular
frames after applying a biaxial pre-stretch of 7.4%. The pre-stretch was
used not to reach a specific strain level in the material but rather to fix the
film reliably between the rigid frame to prevent it from buckling or sagging.
We thereby aim to have a low pre-stretch to be as close as possible to a
free-standing, unstrained film but still be able to measure the strain level
with the optical camera accurately. Carbon black powder was applied on
each side of the film with a brush as circular electrodes. The electrodes
were connected to a FUG HCL-35-12500 HV power supply with aluminum
foil. The actuation strain was determined optically with a digital camera
detecting the edge between the black electrode and the light silicone film,
thus measuring the extension of the electrode diameter. The extension was
measured at two different positions and the values were averaged. The
stack actuators were tested with the same voltage source as the single-
layer actuators at frequencies between 0.1 to 100 Hz and Voltages between
0 to 5.6 kV. The change in the thickness of the stack was followed by a laser
measuring the distance from the laser to the top of the stack.

NMR Spectroscopy: 1H and 13C NMR spectra were recorded at 298 K
on a Bruker Avance 400 NMR spectrometer using a 5 mm broadband
inverse probe at 400.13 and 100.61 MHz, respectively. Chemical shifts
(𝛿) in ppm are calibrated to residual solvent peaks (CDCl3: 𝛿 = 7.26 and
77.16 ppm)

Gel Permeation Chromatography: Gel permeation chromatograms
(GPC) were recorded using an Agilent 1100 Series HPLC (columns: se-
rial coupled PSS SDV 5 m, 100 Å and PSS SDV 5 m, 1000 Å, detector:
DAD, 235 and 360 nm; refractive index), where THF was the mobile phase.
Poly(methyl methacrylate) (PMMA) was used as standard.

Differential Scanning Calorimetry: Differential scanning calorimetry
(DSC) investigations were undertaken on a PerkinElmer Pyris Diamond
instrument under a nitrogen flow (50 mL min−1) in aluminum crucibles,
which were shut with pierced lids and contained ≈10 mg sample mass.
Two heating and one cooling steps with a heating and cooling rate of
20 K min−1 were conducted per measurement under a nitrogen flow
(50 mL min−1). The second heating step was considered for the evalu-
ation of the Tg.

Thermalgravimetric Analysis: Thermalgravimetric Analysis (TGA) was
performed with a Netzsch TG 209-F1 with vacuum-tight thermo-
microbalance. Samples were measured in an Al2O3 crucible at a heating
rate of 20 K min−1 under air flow.

Scanning Electron Microscopy: Scanning electron microscopy (SEM)
images were recorded on a FEI Quanta 650 ESEM. Images were taken in
secondary electrons-topography mode using Everhart–Thornley Detector
at 20 kV acceleration voltage.

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