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1. Introduction

Soft machines consist of distributed and interconnected actua-
tors, sensors, logic elements, and ideally a power supply,
integrated in a stretchable body. Their intrinsic compliance
makes them interesting for a wide array of applications, from
soft robotics[1] to organs on a chip.[2] The field has seen rapid

growth, in view of the versatility of soft
machines,[3] their ability to replicate
animal-like motion,[4–7] their intrinsic
safety for human interactions,[1] resil-
ience,[8–10] and the ability to use material
compliance and elasticity as a means to
both simplify control and add function.[11]

Given the highly integrated nature of
complex soft machines, and the need for
many different materials for functional
and structural elements, additive
manufacturing is an appealing method
both to create soft machines with multiple
independent actuators and to rapidly tailor
dimensions, material properties, and
device functions to different tasks.[12,13]

As a fully printed soft machine requires
no assembly, circuits and systems too com-
plex for manual fabrication and assembly
become possible. Printing has allowed
complex soft structures with advanced
materials,[14] but the focus to date has been
mostly on pneumatic structures (i.e.,
printed chambers) and strain sensors for
soft robot end effectors.[12,15] With a few

exceptions such as the Octobot,[16] liquid-crystal artificial cilia,[17]

or ionic electroactive polymers,[18–20] nearly all printed actuators
are pneumatically driven fluidic elastomer actuator (FEAs)
devices requiring external air pressure connections to inflate
or deflate the bladders.[1,21] Fluidic actuation requires
elastomers with well-defined channels but needs no electrical
elements. In contrast, including electrically operated actuators
embeds the electromechanical conversion into the device and
reduces the number of external components. However, it adds
important requirements, such as printing magnetic materials
or metal coils for electromagnetic actuation, resistive tracks
for Joule heating, or dielectrics with a high electrical breakdown,
absence of pin holes, and the need for high thickness uniformity
if electrostatic actuation is used. Actuators with embedded elec-
trical actuation have been realized using printing processes,
either partially printed in combination with additional fabrication
methods or fully printed. The first category includes ionic electro-
active polymers actuators, with printed polymer layers, but metal-
lic electrodes deposited by other methods.[18,20] The second
category includes hybrid pneumatic and shape memory polymer
actuators with integrated Joule heating[22] or fully printed ionic
microactuators.[19]

In this work, we use inkjet printing to produce complex soft
machines with integrated electrostatic zipping actuators in a
single process. We use a three-material printing process which
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A multimaterial inkjet printing method for integrated soft multifunctional
machines is reported, combining dense arrays of electrostatic actuators, multi-
layer electrical routing, and complex networks of microfluidic channels in one
printing process. Most additive manufacturing methods for soft robots are
developed for devices driven by external fluidic pressure sources and are not
suited to fabricate soft electrically driven actuators. To integrate electrostatic
zipping actuators and microfluidics in stretchable soft machines without any rigid
components, inks for sacrificial layers, dielectric elastomers, and compliant
electrodes are developed herein, along with a unified printing process to print
multilayer structures. Printed 2.5D stacks are transformed into fully functional 3D
soft machines by inflating thin elastomer channels. Two demonstrators are
reported, each consisting of seven printed layers: a flexible peristaltic pump and a
compliant slug drive, inspired by the locomotion of slugs. The peristaltic pump
has six integrated actuators, whereas the slug drive has 28 integrated actuators,
generating a travelling wave used to transport objects. These soft devices
demonstrate how inkjet printing produces densely packed high-voltage actuators,
including vias for electrical routing. Sensors and logic may be printed in the future
to produce more complex autonomous soft machines.
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enables complex interconnected structures comprising soft and
stretchable elastomer parts, multilevel fluidic channels, and com-
pliant electrodes. This makes it possible to fabricate entirely soft
and stretchable functional devices, such as a peristaltic pump and
a “slug” drive (Figure 1). One of the keys to developing compact
and versatile soft machines is integrating the means of actuation
in the structure of the device, instead of relying on external com-
ponents, such as pumps or compressors.

Several paths to the untethered operation of soft fluidically
driven devices without using compressors have been reported,
including the use of chemical reactions to generate gas,[16]

hydrolysis,[23] or electrohydrodynamic pumps.[24] Soft electro-
static actuators, such as dielectric elastomer actuators (DEAs),
represent interesting alternatives for embedding electrically
controlled actuation in a soft structure while providing large
actuation pressure and a high response speed.[25] In their
simplest configuration, they consist of a stack of three layers
in which a soft elastomeric membrane is sandwiched between
two compliant electrodes. The application of a high electric field
(80–100 V μm�1) leads to the compression of the elastomer
membrane, which decreases in thickness and increases in area.
DEAs can be used to move liquids and have been demonstrated
as actuation means for soft pumps[26,27] or tunable liquid
lenses.[28] A specific DEA-like configuration, electrostatic zipping
devices, in which a dielectric fluid is introduced in the structure
to form a pocket, is well suited to displacing liquids, obtaining a
larger volume displacement compared with DEAs.[29] The fluid-
filled dielectric layer deforms more easily than a pure elastomer
layer, and the motion of liquid in the soft structure can be used
for pumping or the generation of travelling waves. Although

zipping actuation has been used for micro-electromechanical sys-
tems since the 1990s, its application to soft materials is more
recent[30] and gained much traction in 2018, following a seminal
article[29] in science from the Keplinger group, which demon-
strated how zipping actuation can be applied to soft materials
and liquid dielectrics to generate large displacements and forces.
A higher performance with zipping geometries was achieved
by Kellaris et al. with peano-HASEL devices[31,32] and by
Taghavi et al. with electroribbon actuators.[33] The latter devices
reach energy densities in the range of 105–106 J m�3 using inex-
tensible polymers that can sustain very high electric fields.
Zipping actuators with a liquid dielectric have been applied to
different fields, such as microfluidics,[34] energy harvesting,[35]

or haptic feedback,[36] thanks to their high displacement and
force. Soft electrostatic zipping actuators are therefore interest-
ing candidates to provide embedded electrically controlled
deformation and liquid displacement for the actuation of soft
machines, and developing a fabrication technique to seamlessly
integrate these actuators into soft structures would enable the
design of complex multi-degrees-of-freedom devices.

3D printing techniques are widely used to produce pneumatic-
driven actuators for soft robots. Given the several millimetre
thickness of most of these structures, bioprinters, extrusion,
and direct ink write (DIW) printers have been used to directly
obtain the desired chambers and channels, for instance, using
the embedded 3D (EMB3D) approach.[15] However, for high-
density electrostatic actuators, for which micrometre-thick layers
of high-quality dielectric films with sub-millimetre printing
of electrodes are required, layer-by-layer methods such as
lamination,[37] blade casting,[38] dip coating,[39] spin coating,[40,41]

Figure 1. Complex soft machines fabricated by inkjet printing. a) A fluidic system with an integrated peristaltic pump and two separate fluidic networks.
The channels have been filled with dyed fluids to make them visible. In operation the yellow channel contains a dielectric fluid and the pink channel
contains the fluid to be pumped. ① Ground electrode, ② High-voltage electrodes, ③ dielectric channel, ④ aqueous channel. b) The stretchable soft
machines are inkjet printed using multiple layers of electrode, silicone elastomer, and sacrificial material to create electrostatic zipping actuators
and multilevel fluidic channels. c) The slug drive is a printed soft machine which mimics the travelling wave locomotion strategy of slugs, with
14 channels and 28 soft actuators. ① High-voltage phases (�3), ② ground electrode, ③ meandering dielectric channel, ④ liquid-filled cushion.
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or pad printing[38,42] are preferred. In contrast to printed pneu-
matic actuators, printed electrostatic soft actuators not only
depend on the mechanical properties of the printed layers, but
also on their electrical properties, such as dielectric constant
and elongation at break. To work with a reasonable actuation
voltage (<5 kV), the dielectric layer thickness must be kept below
50 μm with good thickness uniformity to avoid dielectric break-
down in zones where the layer is locally thinner, and electrodes
should be as thin as possible (typically <5 μm) and very
compliant.[43] These requirements are beyond what can currently
be achieved with 3D printing techniques, although there are
some reports on 3D printed elastomeric membranes for
DEAs. For example, Gonzales et al. used fused filament fabrica-
tion to print membranes from thermoplastic polyurethane that
was subsequently prestretched to reduce their thickness,[44]

and Rossiter et al. used a commercial Eden 350 V printer to print
a photopolymer used as a dielectric membrane that was then
mechanically biased out of plane to form a double-cone
actuator.[45] For these two examples, the electrodes were manu-
ally applied due to the difficulty of depositing a very thin layer
with a 3D printing process.

In this work, we use inkjet printing to create dense arrays of
soft actuators in stretchable machines, combining the advantages
of additive manufacturing with those of electrostatic actuation.
Originally developed for printing text and images on paper, inkjet
printing is now widely used to print functional materials and
organic electronics. These materials are often flexible[46,47]

but very rarely stretchable.[48] In theory, any substance can be
patterned by inkjet printing, as long as it can be dissolved in
a solvent or made into a liquid suspension (e.g., to print metals).
The ability to dilute materials makes it possible to print very thin
layers, often in the 100 nm range, of particular interest for low-
ering the voltage of electrostatic actuators and making it possible
to deposit the very thin compliant electrodes required for soft
electrostatic actuators. Inkjet printers with multiple print heads
make it possible to print multilayer and multimaterial
structures,[49] with higher spatial resolution than DIW methods.
In practice, however, inkjet printing is a complex process in
which the rheological properties of ink play a central role in
determining the print quality. The challenges for inkjet (or more
generally drop-on-demand) printing for integrated soft machines
are 1) the development of printable inks to produce high-
performance conductors, insulators, and sacrificial layers,
2) developing a unified process in which all materials are
compatible with each other in terms of surface chemistry and
solvents, 3) obtaining a 3D structure from a process that intrin-
sically generates thin 2.5D structures.

Although the potential of inkjet printing for the fabrication of
DEAs has been identified by previous contributions, to date, the
method has only been used as a tool to fabricate parts of
the actuators (dielectric membranes or compliant electrodes).
This is mainly due to the complexity of printing the different
required materials together, as discussed in detail in
Section 2.1. Regarding the printing of the dielectric membrane,
we previously showed that silicone can be inkjet printed and
produced micrometre-thick dielectric elastomer membranes.[50]

The actuation performance of the printed films, to which com-
pliant electrodes were added using pad printing, was comparable
with the performance obtained on membranes that were created

by casting. Regarding the printing of the compliant electrodes,
inks for very soft stretchable electrodes have been developed.
For example, Beachler et al. prepared the dispersion of multi-
walled carbon nanotubes that were inkjet printed onto precast
silicone membranes.[51] The electrodes were extremely thin
(�50 nm), yet maintained a high conductivity up to 25% stretch.
Cabuk et al. developed a printable ink for DEA electrodes by
diluting a commercial conductive carbon-loaded silicone.[52] As
an example of multimaterial printing of dielectric elastomer
transducers, Wilkinson et al. recently reported multilayer printed
sensors using electrohydrodynamic printing for silicone layers
and aerosol jet printing of a commercial graphene platelet ink
for the electrodes.[53] Although Wilkinson et al. demonstrated
the printing of the two main components (electrodes and
membrane) of a dielectric elastomer transducer, the pressure
sensor application used in the study is less demanding compared
with actuators, as it doesn’t require the layers to withstand high
voltage or the electrodes to stretch more than a few percent. In
addition, the elastomeric layer is a continuous layer and does not
take advantage of the high-resolution patterning offered by the
printing process. These examples show that the patterning of
the primary components of a DEA by inkjet printing is possible.
However, these materials have never been combined to print a
complete actuator or a complex system integrating arrays of
actuators, let alone fluidics. To produce more advanced soft
machines, we must develop a compatible set of materials to pro-
duce complex multilayer structures.

In this work we report materials and methods to inkjet print
complex soft machines. The stretchable materials include a
carbon black-based electrode, a silicone-based dielectric, and a
sacrificial polymer to define fluidic channels. We layer these
materials to form multilayer DEAs, with embedded fluidic cavi-
ties and channels, as well as electrical interconnects. To illustrate
the complexity and performance of soft systems printed with this
process we demonstrate two devices, as shown in Figure 1.
The first is a stretchable peristaltic pump, which uses integrated
zipping actuators to pump aqueous liquids around a circuit.
More complex fluidic systems may be fabricated by integrating
additional pumps and valves. The second soft machine is the
“slug drive,” a conveyor inspired by the motion of slugs. The slug
drive has 28 actuators integrated into a soft robot to mimic the
travelling wave motion of the slug. It also shows how features
printed in 2D can then be inflated to produce completely soft
bodies. The two demonstrators show how inkjet printing may
be used to build soft machines with densely integrated actuators
and overlapping fluidic channels.

2. Results and Discussion

2.1. Inkjet-Printable Materials for Electrostatic Zipping
Actuators

To inkjet print stretchable electrostatic zipping actuators, at least
three materials are required: 1) a compliant electrode material,
2) an insulating elastomer with both structural and electrical
properties, and 3) a sacrificial material that is used to produce
fluidic channels. The materials must not only have the required
properties to serve their function (e.g., conductivity or electrical
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breakdown field), but must be compatible with multilayer print-
ing. The latter constraint is a major challenge, as inks must be
developed that not only provide high-performance functional
materials when printed on several other materials, but must
retain their properties despite solvent swelling from the layers
printed above them.

While a range of conductive and insulating materials are com-
mercially available as inks for drop-on-demand printers, they do
not have the properties required for soft DEAs, principally very
low stiffness (MPa range) and high elongation at break (>100%).
Inkjet-printable conductive materials include dispersions of
metals such silver and copper[54] and conductive polymers such
as polyaniline (PANI), polypyrrole (PPY), and poly(3,4-ethylene
diox-ythiophene) (PEDOT).[55] These materials are either brittle
or too stiff to act as compliant electrodes for DEAs. Progress is
being made on printable solutions of stretchable conductive pol-
ymers, but these still require solvents or chemical modification
before use to tune viscosity and surface tension.[56] A number of
groups have developed carbon-based inks for DEAs with good
electrical properties,[51,57] but those materials have not been
shown to be compatible with a fully printed approach, the electro-
des were inkjet printed but not the dielectric ones, and there were
no fluidic channels.

Given the paucity of suitable materials for inkjet-printed soft
machines we have formulated a custom set of materials.
Developing custom materials for inkjet-printed zipping
elastomer devices is challenging because many factors must
be considered. First the materials must be formulated to pass
through the inkjet nozzle. In this work, a Jetlab 4 XL printer with
50 μm- or 80 μm-diameter piezoelectric nozzles is used. The pie-
zoelectric nozzles can jet substances with a particle size less than
5% of the nozzle diameter and a viscosity between 0.5 and 40 cp.
To achieve these fluid properties, a carrier solvent is used to put
the powdered substances in suspension or to dilute soluble
polymers. The volatility of this solvent must also be considered,
as highly volatile solvents result in build-up and clogging of the
nozzles, whereas solvents with a low volatility make it difficult to
dry the printed layer.

Second, the interaction of inkjet-printed droplets with the
underlying material must be considered. In inkjet printing, indi-
vidual droplets are arranged on the previous layer to form lines
and planes. These must be continuous and uniform to produce
functional materials with predictable properties. However, low-
viscosity droplets tend to coalesce. This occurs when the surface
tension is high compared with the surface energy of the printing
surface.[58] The surface tension may be reduced by adding sur-
factants and the energy of the printing surface may be increased
with plasma or corona treatment. Another way to prevent drop-
lets from coalescing is to rapidly evaporate the carrier solvent.
This is a good approach to use for multilayer structures because
it reduces the amount of time the solvent is present on the sur-
face. If solvents are present for too long, they may redissolve
materials printed earlier or swell the underlying polymers.[59]

Swelling is undesirable because it causes the distortion of the
printed layer and leads to a deformation of the printed geometry.
Solvents with high volatility are therefore desirable, which
conflict with the jetting requirements. In practice, a trade-off will
be made between material build-up at the nozzle and the rate of
drying of the printed layer. The plate and nozzle temperatures

must thus be carefully selected. Rapid drying may amplify the
coffee stain effect[60] and thus produce nonuniform layers.
Extremely high temperatures may also cause the print head to
heat up, resulting in erratic jetting or clogging of the nozzle.

Third, the materials must be converted from a liquid ink into a
solid film. This may be accomplished by evaporating the solvents
at ambient temperature or at elevated temperatures, by chemical
curing, by photocuring, or by flash sintering. Problems may arise
when the curing method for one material is incompatible with
another. For example, heating an ink may cause the underlying
materials to melt, degrade, or crack. Certain materials may also
interfere with the curing process of others. For example, silicone
addition curing can be poisoned by common materials such as
vinyl plastics, chlorine-containing materials, certain epoxies, and
vulcanized rubbers.[61] The interplay of different materials must
therefore be carefully considered when printing multilayer and
multimaterial structures.

In the remainder of this section, we describe the design of
three inkjet-printable materials and associated printing methods
that address the three aforementioned challenges to enable print-
ing soft machines, as shown in Figure 1.

2.1.1. Thin Compliant Electrodes

Our optimized electrode mixture consists of 3 wt% carbon black
powder, 26 wt% silicone polyglucoside dispersant, and a siloxane
solvent. The dispersant is a nonionic surfactant consisting of
20% silicone polyglucoside in a cyclopentasiloxane solvent and
helps put carbon black in suspension in the nonpolar siloxane
solvent. The silicone polyglucoside behaves like a viscous gel
once the solvents have evaporated, which helps to loosely bind
carbon black together and prevent it from flaking off. The rheo-
logical properties of the electrode mixture are shown in Table 1.
The mixture may be printed directly onto silicone without any
pretreatment. The siloxane solvent penetrates into cured silicone,
effectively increasing the surface energy of the silicone.

Figure 2a shows how the electrode mixture is patterned on
silicone. A 50 μm nozzle is used to achieve high-resolution con-
ductors and electrodes. On the Jetlab 4 XL system, the material
may be patterned in one of the two modes: vector and raster.
Vector mode is the continuous jetting of droplets while the noz-
zle follows a defined path and is used for long narrow
electrical connections. Raster printing is the traditional

Table 1. Rheological properties of the solutions for compliant electrodes,
dielectric elastomer, and sacrificial layer directly after preparation,
measured at 25 �C. The storage modulus and loss modulus are given
for an oscillation torque of 307 μNm, corresponding to a shear stress
of �1 Pa. Additional details on the rheological properties, such as
viscoelastic properties as a function of shear stress, can be found in
Supporting Information.

Ink Density
[g ml�1]

Surface
tension

[mNm�1]

Viscosity
[mPa s]

Storage
modulus
[mPa]

Loss
modulus
[mPa]

Compliant electrodes 0.82 16.19� 0.04 1.95� 0.06 10.3� 3.0 21.5� 0.7

Dielectric elastomer 0.83 16.19� 0.06 3.67� 0.19 17.6� 1.2 38.4� 3.7

Sacrificial layer 0.79 23.17� 0.15 2.77� 0.22 12.6� 0.6 28.3� 0.8
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drop-on-demand mode, where the nozzle scans the surface and
deposits drops where needed. It is used to print large-area elec-
trodes from a bitmap file. The printing plate is heated to accel-
erate the evaporation of the solvent. The print head is cooled with
chilled water to 10 �C to reduce the rate of build-up and possible
clogging of the nozzle. The vector traces and the raster electrodes
are less than 5 μm thick after drying and show a sheet resistance
of 11 and 3 kΩ sq�1. With the printing plate at 40 �C, the line
width of the vector trace is �580 μm. The line width can be
reduced below 200 μm by increasing the printing plate tempera-
ture to 80 �C and droplet spacing to 100 μm (Figure S2,
Supporting Information).

2.1.2. Dielectric Layers

Our printable silicone mixture consists of 20 wt% silicone
elastomer (Sylgard 184, Dow), parts A and B, mixed as recom-
mended by the manufacturer and dissolved in a siloxane solvent.
The solvent is added for two reasons: although Sylgard 184 is a
low-viscosity silicone (3500 cp), it is still 90 times more viscous
than the viscosity limit specified by the printer manufacturer.
The solvent reduces the viscosity of the mixture below 40 cp.
Second, the solvent makes it possible to print sub-μm-thick
dielectric layers, as 80% of the dielectric mixture is the solvent

and evaporates on the printing plate. We opted to print layers
�6 μm thick. The rheological properties of the dielectric mixture
are shown in Table 1. The viscosity of the solution, given imme-
diately following preparation in the table, exhibits no noticeable
change over an 8 h period, even though the silicone base, cross-
linker, and catalyst are mixed together. About 24 h postmixing,
viscosity increases by 1mPa s, with a further increase of 1 mPa s
after 48 h. The time dependence of viscosity and viscoelastic
properties of silicone ink are given in Supporting Information
(Figure S7 and S8, Supporting Information).

Printing ink with a high solvent content is challenging when
the substrate does not absorb the solvent in a spatially uniform
manner. We developed a special printing procedure to obtain
uniform silicone thickness when printing on a layer consisting
of different materials (e.g., printing over cured silicone, elec-
trode, and sacrificial regions). When the elastomer ink is printed
on cured silicone, the solvent from the ink is readily absorbed by
the underlying silicone. However, on other materials (electrode
and sacrificial material) the solvent is absorbed more slowly. The
difference in solvent absorption leads to solvent concentration
gradients in the ink, causing undesired flows of the ink.
The flows normally occur near material transitions producing
thin and thick silicone regions after curing. The thin regions
are mechanically and electrically weak and should be avoided.
A method to deposit the material in five passes with varying

Figure 2. Materials developed for inkjet-printed multilayer soft machines. a) Carbon-based electrode material. b) Silicone-based dielectric material.
c) Ethyl cellulose-based sacrificial material for printing channels. The first row shows the chemical make-up of materials. The second row shows
how the materials are patterned. The last row shows the height profile of the printed materials.
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offsets was developed to reduce solvent flows. The principle
behind the five-pass method is to deposit material gradually
and allow the solvent to evaporate. Figure 2b shows how the drop-
lets are arranged on the printing plate. On the first pass line spac-
ing was set to 500 μm and an offset of 0 μm. On the second pass
line spacing remains at 500 μm but the lines are offset by 250 μm
to fill in the valleys of the first pass. On subsequent passes the line
spacing and the offsets are halved. The droplet spacing is fixed at
50 μm for all passes. The first pass is most susceptible to solvent
flows, but given that only a small proportion of the material has
been deposited, it does not have a large impact on uniformity.
Later passes deposit more material but are buffered by a viscous
layer of silicone and are less impacted by the underlyingmaterials.

Figure 2b (bottom) shows the cross section of the edge of a
dielectric layer printed with the five-pass method. The uniformity
of the printed dielectric layer improves as the number of passes
increases. The result is a uniform dielectric layer with a thickness
of �30 μm. The breakdown strength of the printed dielectric
material was measured to be 68 V μm�1 (see Figure S1,
Supporting Information).

2.1.3. Sacrificial Channels

In microfluidics, channels are generally fabricated by moulding
against a silicon or polymer master and have a well-defined and
roughly circular or rectangular cross section. Although some
additive manufacturing techniques such as DIW can directly
print channels with circular or rectangular cross sections, inkjet
printing is not well suited for this. Inkjet-printed layers are
extremely thin. Fabricating channels with a rectangular or
circular cross section would require hundreds of passes and thus
an overly long printing process.

A faster approach, which we developed here, is to print a thin
sacrificial channel, a few μm thick, whose material acts as a
separator, keeping subsequently printed silicone layers apart.
Using sacrificial materials which do not adhere to silicone, it is
possible to open the channels by inflating the channel after the
entire device is printed. The process to open a thin sacrificial chan-
nel by peeling and inflating is shown in Figure S3, Supporting
Information. The compliance of the soft machine allows these
channels to be opened into a semi-circular cross section. The thin
sacrificial channel approach is not only faster to print but produ-
ces channels which are faster to open, compared with having to
dissolve the full channel height of sacrificial material.

The sacrificial mixture is a polymer (ethyl cellulose) dissolved
in ethyl alcohol. Ethyl cellulose was chosen because it is readily
soluble in ethanol, has good wetting properties on silicone, and a
high volatility. In addition, it is not soluble in the silicone solvent
that composes the elastomer and electrode inks, thus ensuring
that the printed sacrificial layer remains unaffected when the
subsequent layers are printed on top of it. A small amount of
plasticizer, 10% of the weight of ethyl cellulose, is added to
reduce cracking of the sacrificial layer.[62] The rheological prop-
erties of the sacrificial mixture are shown in Table 1.

Figure 2c shows how the sacrificial material is patterned on
silicone. The sacrificial material was patterned unidirectionally
and in two passes using the raster printing mode.
Unidirectional printing ensures that each line has dried

sufficiently before printing the next. Printing a second pass of
the sacrificial channel ensures that there is full coverage. If a
droplet misfires and leaves a hole it may not be possible to open
the channel. The typical channel width is 2 mm, although chan-
nels down to 170 μm may be patterned in vector mode
(Figure S2, Supporting Information).

Figure 2c shows a photograph and the profile of a printed sac-
rificial channel. The channel is 2 mm wide and passes vertically
across the photograph. The profile of the channel is shown to the
right of the photograph. The printed channel is less than 3 μm
thick. This thin channel is transformed into a channel with a
mm-scale cross section by peeling the layers apart, using air
or fluid pressure. The absence of the vertical or steep channel
wall also makes these types of channels better suited for zipping
actuators (see the next section).

2.2. Design of Electrostatic Zipping Actuators

Figure 3 shows the design of a basic ink-jet-printed electrostatic
zipping actuator. On the left of the figure are the top view, cross
section, and exploded view of the actuator when printed
(i.e., prior to filling the fluid channels). This actuator is fabricated
by printing five layers, which form a capacitive structure, as shown
in Figure 3b. After printing, the thin sacrificial channel is dis-
solved and replaced with a dielectric liquid. The process to open
the channel is covered in more detail in Figure S3, Supporting
Information. The schematic cross section of the filled but unactu-
ated channel is shown in Figure 3d. When a voltage is applied the
Maxwell stress is greatest where the electrodes are closest together.
This point is shown in Figure 3d as the zipping origin. The electro-
des are pulled together with a zip-like action, displacing the
dielectric liquid toward the right-hand side of the channel. To
ensure that zipping starts at one end of the channel, the high-
voltage electrode is printed as a narrow track at the centre of
the channel. If the high-voltage electrode had the same width
as the channel and the ground electrode, zipping would occur
from all sides, trapping dielectric fluid. The pressure generated
by the actuator may be used to deform a channel or chamber
to interact with other parts of the soft machine, as shown by
the demonstrators later.

2.3. Inkjet-Printed Peristaltic Pump for Fluidic Systems

In this section inkjet printing is used to print a complex fluidic
network with an integrated peristaltic pump. The ability to
produce complex fluidic networks and accurately control the flow
of liquids is essential in the fields of microfluidics and lab-on-a-
chip devices (LOCs).[63,64] Microfluidic and LOCs typically
require external pumps and pressure sources to actively pump
liquids. Integrating actuators can reduce or eliminate the need
for large and bulky external equipment.

The electrostatic zipping actuators presented in the previous
section (section 2.2) can only pump dielectric fluids. Microfluidic
and LOCs usually require pumping of aqueous liquids and elec-
trolytes. We have therefore developed a coupled pumping
scheme based on two independent fluidic circuits, one for the
dielectric fluid and one for the liquid of interest for the LOC.
A top view of the peristaltic pump is shown in Figure 4a.
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Figure 3. Design and working principle of inkjet-printed electrostatic zipping actuators. a) Top view of actuator. b) Cross section of actuator. c) Layered
make-up of actuator. ① ground electrode, ② silicone dielectric layer, ③ sacrificial channel, ④ silicone dielectric layer, ⑤ high-voltage zipping electrode.
d) Cross section of the zipping actuator when filled with a dielectric fluid. The zipping origin (red dot) shows where the electric field is initially highest and
where the electrostatic zipping begins. e) Cross section of the zipping actuator when filled and actuated. Zipping begins on the left and displaces the
dielectric liquid to the right.

Figure 4. Design and function of the inkjet-printed peristaltic pump. a) Top view of the peristaltic pump. Two pumps are printed on a square 5 cm base
layer. The pump consists of two independent fluid circuits, one containing a dielectric fluid (yellow) and the other an aqueous liquid (pink). The width of
the fluidic channels is 2 mm. b) The aqueous liquid moves indirectly with a pair of electrostatic zipping actuators. c) Overlapping channels transfer the
pressure from the dielectric channel to the aqueous channel. d) The layered structure of the peristaltic pump. The structure consists of a cast base layer
and seven inkjet-printed layers. The approximate thickness of each of the layers is indicated.
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Two pumps may be patterned on a 5 cm� 5 cm base layer. Each
pump consists of two independent channel layers with a width of
2mm, increasing to 4mm at the edge of the device to enable
connection with external tubing. The aqueous channel (pink)
is printed first. The dielectric channel (yellow) is printed second.
We used pairs of actuators, as shown in Figure 4b, to displace the
dielectric fluid and deform the channel in the region where the
channels overlap. When the pressure of the dielectric channel
exceeds the pressure of the aqueous channel it causes the mem-
brane to deflect and displace liquid in the aqueous channel
(Figure 4c). Three actuator pairs have been patterned along
the aqueous channel to produce a peristaltic pump capable of
generating a net flow in the aqueous channel.

Figure 4d shows schematically how the peristaltic pump is
fabricated. The pump consists of a thick base layer and seven
printed layers. The thick base layer was prepared by casting a
0.6mm-thick layer of silicone (Sylgard 184, Dow) on a sheet
of glass coated with a polyvinylpyrrolidone release layer. Once
cured, the 0.6mm-thick layer of silicone was peeled off and
divided into 5 cm squares. The squares were placed on a rigid
glass plate, which provides a convenient way to handle and align
the soft machine during fabrication. The printing process is not
fully automated, with the silicone layers cured in an external
oven, although it is possible to cure the silicone layers in situ
on the printing plate, which can be heated up to 120 �C. In the
interest of printing multiple samples in parallel, this was not
implemented. The total printing time for a pair of peristaltic
pumps is �4 h, excluding curing. The Jetlab 4 XL system is a
research and development system with a single active nozzle.
A machine for production with multinozzle printheads could
produce devices more quickly.

The final step in pump fabrication is adding the fluid connec-
tions. The pumps are separated and trimmed to expose the chan-
nels on the edges. The protocol to attach the tubes and open the
channels is shown in Figure S3, Supporting Information.

Figure 5a shows a photograph of the pump. The aqueous cir-
cuit is filled with deionized water, although any fluid compatible
with silicone can be used. The dielectric channel is filled with a

low-viscosity dielectric fluid. A pressure regulator is used to set
the pressure of both channels to 25mbar. Once the pressure is
equalized, the channels are blocked with mechanical clamps to
remove the pressure regulator from the circuit. On the figure, we
have kept external tubing for the purpose of experimentation and
characterization. In normal operation, the channels would be
closed at the edge of the device, and the external tubing removed,
as shown on Figure 5a with ⊗, thus not requiring any external
fluidic connection to function.

We characterized the flow of the pump by forcing the pumped
liquid through an external circuit and measured the flow with a
flow meter (see Experimental section). This was achieved by
keeping the external tubing for the aqueous circuit (pink) and
connecting it to a flowmeter. On the device, the aqueous channel
was clamped between the two inlets (i.e., opposite overlap zone
B) to force the flow in the external circuit and through the flow
meter. A three-channel high-voltage power supply was used to
control the actuators.[65] The power supply applies a square wave
with an amplitude of 3.8 kV and a phase lag of 120� to produce
the peristaltic pumping sequence.

Figure 5c shows the pumped volume versus time of the peri-
staltic pump. The pulse flow typical of peristaltic pumps is
observed. The rate of pulsation increases with frequency and
the amplitude of pulsation decreases with frequency. A linear
trendline is fitted to the first 20 s of these curves to calculate
the flow rate. The pump produces flow rates of 6, 6.6, 11.4, 9,
and 13.8 μLmin�1 at 0.2, 0.4, 0.6, 0.8, and 1.0 Hz, respectively.
Due to the large fluidic impedance of the system, when external
tubing to the flowmeter is added (about 600mm of tubing) and to
the low pressure of the dielectric fluid circuit that only provides a
low restoring force and therefore long unzipping time, the
mechanical bandwidth of the pump is limited to about 0.2 Hz.
As shown in Figure 5c, the amplitude of each pumping stroke
decreases with increasing frequency, which leads to a pumping
flow rate that is not proportional to frequency. Optimization of
the pump design would improve the performance, although the
measured flow rate (13.8 μLmin�1 at 1 Hz) is already comparable
with other elastomeric pumps driven by DEAs[26,27] and is

Figure 5. Printed stretchable peristaltic pump. a) A photograph of the peristaltic pump filled with coloured liquids for visibility. The regions where the
channels overlap are denoted with ‘A’, ‘B’, and ‘C’. Arrows show the direction of flow of the pink aqueous liquid. Note that the flow may be reversed by
reversing the pumping sequence. Symbols (⊗) show where tubes would be cut and closed after filling the channel, to use the pump. For testing purposes,
the external tubes are kept, which make it possible to adjust the pressure in each circuit. b) Peristaltic sequence used to pump the pink fluid by displacing
the yellow dielectric fluid. c) Flow rate of the peristaltic pump through an external circuit, measured at five frequencies.
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currently limited by the slow unzipping of the actuators, which
limits the actuation frequency. The dynamics of zipping actua-
tors with liquid dielectric is complex[66] and depends on many
parameters, including the viscosity of the liquid, the geometry
of the actuator, the impedance of the fluidic circuit, and the pres-
sure in the two fluidic circuits.

The printed pump demonstrates that our multimaterial print-
ing process enables the fabrication of flexible and stretchable
functional devices without any rigid components. All parts of
the pump are printed, including the actuation mechanism for
the pump and two coupled fluidic circuits, leading to a device
that only requires an external power supply. It highlights how
inkjet printing can be used to realize multifunctional soft
machines that are compact, integrated, and self-contained.

2.4. Inkjet-Printed Slug Drive for Soft Robots

The slug drive is a conveyor inspired by the locomotion of slugs
and snails. Slugs and snails move by creating a travelling wave of

deformation.[67] This unique form of locomotion allows them to
travel over many different types of surfaces. Imitating the motion
of invertebrate animals may give soft robots the ability to traverse
difficult terrain.[68] The slug drive can also be used as a conveyor
system if the actuators face upwards.

Our printed slug drive (Figure 6, 7 and 8) replicates key
aspects of the motion of slugs using a soft surface of parallel
channels that are inflated and deflated in sequence to create a
travelling wave. Because the system is made of elastomers,
the spacing between the channels can change depending on
which channels are inflated. The relative motion between chan-
nels and the changes in channel come in contact with the ground
or an object enables locomotion or object transportation
(Figure S4, Supporting Information).

The slug drive consists of a series of parallel channels, with a
zipping actuator at each end. By activating the two actuators at
the ends of a channel, the dielectric fluid is displaced, roughly
doubling the volume in the central part of the channel, thus
inflating it. To allow the channels to move freely, we pattern a

Figure 6. Design and actuation principle of the slug drive. a) Top view of a complete 14-channel slug drive. The lowest of the 14 parallel channels is
highlighted with a dashed red line. b) Top view of one channel, and cross-section views showing how the dielectric channel (yellow) deforms when voltage
is applied. c) The slug drive consists of a cast base layer and seven inkjet-printed layers. The yellow layer is filled with dielectric fluid for the zipping
actuators. The pink layer (“cushion”) is filled with air or with deionised water to lift the channels above the base layer, allowing the channel to move both in
plane and out of plane.
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large cavity (the pink layer in Figure 6) under the central regions
of the channel that can be filled with air or liquid, raising the
channels above the base layer. The 28 actuators are grouped in
3 phases that are actuated sequentially (Figure S4, Supporting
Information), leading to a travelling wave that can be used to
move an object.

The parallel channels are produced initially as a single
1.8mm-wide serpentine channel that changes direction
14 times, with a spacing between straight channels of 0.4mm.
A close up of one of the channels is shown in Figure 6b.
The electrodes over the long middle part of the channel serve only
to simplify electrical interconnects. The electrostatic zipping
occurs only where the top electrodes (on the channels) overlap
with the two larger lower electrodes, which are at ground potential.

Printed interconnects link the 14 top actuator electrodes to the
three phases to reduce the number of external electrical connec-
tions. Power buses run along the edges of the device on the lower
electrode level, with vias used to connect the top electrodes to the
correct phase (easily seen in Figure 7a). Although power buses
have been added on both sides of the device, only one side needs
to be connected, thanks to the top electrodes extending over the
whole width of the device. Consequently, the 28 actuators only
require 4 external electrical connections. The vias are formed
by leaving 1.6mm square holes in the printed dielectric layers.
The edges of the holes are not perfectly vertical. The dielectric
layer around holes is tapered and takes �2mm to reach full
thickness (Figure 7b and Figure S6, Supporting Information,
for height profile). For this reason the power buses were spaced
by 2mm. If this distance is not respected the dielectric layer
between the power buses and the high-voltage zipping electrodes
may be less than the designed 30 μm and thus lead to premature
breakdown.

The ability to print multilayer structures makes it possible to
print encapsulation layers (Figure 7c), which allows for densely

integrated high-voltage actuators. High-voltage conductors with a
voltage difference of 3.5 kV would typically have to be spaced by
at least 3.5mm to prevent breakdown in air. The encapsulation
layer has a much higher breakdown strength than air, thus
making it possible to reduce the spacing from 3.5mm down
to 50 μm. The encapsulation layers therefore provide a means
to place high-voltage conductors and electrodes closer together,
leading to more efficient integration.

The fabrication procedure for the slug drive is similar to the
peristaltic pump. The slug drive consists of a thick (0.6 mm) sili-
cone base layer prepared by casting and seven inkjet-printed
layers. A single 14-channel slug drive is manufactured on a
5 cm� 5 cm square base layer. The inkjet-printed layers are
printed in the order, as shown in Figure 6c, and it takes 4.5 h
to print the slug drive on our single-nozzle printer.

The cushion layer is filled with deionized water and set to a
pressure of �3mbar. This pressure is sufficient to lift the chan-
nels off the base layer without kinking and blocking the dielectric
channel. The channel is filled with a dielectric fluid and the pres-
sure is set to 43mbar. This pressure maximizes the channel
cross section while permitting complete zipping. Spherical mag-
nets are used to make electrical connections and fasten the slug
drive to the testing platform. A three-phase high-voltage power
supply provides the actuation waveform.[65]

A completed slug drive is shown in Figure 8a, with Figure 8b
showing the channel deformation during actuation. The profile
measurements in Figure 8d show the shape change as different
phases are activated. The height of the actuated channel is
�100 μm higher than the surrounding channels. The schematic
diagram in Figure 8c shows how, in the actuated state, the chan-
nel is narrower and taller and applies tension to the neighbour-
ing channels.

We validate the concept of the printed slug drive by conveying
a small hexagonal plastic object (Nylon hex standoff, 15mm

Figure 7. Inkjet-printed features enabling the dense integration of actuators. a) Microscope image of the slug drive as printed. b) Close-up and cross
section of electrical vias. The ability to print holes enables dense multilayer routing. c) Close up and cross section of high-voltage zipping electrodes.
The ability to print thin encapsulation layers enables closely spaced high-voltage conductors.
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long). The area in contact with the slug drive is 3.2 mm� 15mm,
and the mass of the object is 0.26 g. It is placed on the apex of the
slug drive, and a square wave with an amplitude of 3.5 kV and a
phase offset of 120� between the three phases is applied to the
device. At 0.1 Hz the object moves with a speed of 3.6 μm s�1.
At 0.2 Hz the speed of the object increases to 6.1 μm s�1.
The speed of the slug drive may be improved by optimizing the
electrostatic zipping actuators to displace more volume.
The speed of the object is dependent on the rate and magnitude
of deformation. The rate of deformation is governed by the fluid
properties and channel dimensions. A lower viscosity fluid and a
shorter wider channel would therefore improve the performance
of the slug drive. The magnitude of deformation is dependent on
the actuation pressure, which can be increased using dielectric
materials with a higher breakdown strength and a higher dielec-
tric constant. We made a pneumatic proof-of-concept device
slug drive to test different inflation conditions and achieved

speeds up to 50 μm s�1 (Figure S5, Supporting Information).
Changing materials and optimizing actuator geometry would
allow for locomotion.

Our printed slug drive demonstrates how inkjet printing can
produce densely packed high-voltage actuators, by patterning
each layer, including the dielectric elastomer layer. This makes
it possible to create vertical vias that enables multilevel electrical
routing. Our demonstrator shows how a printed 2.5D stack can
be transformed into a fully functional 3D soft machine by infla-
tion of thin elastomer channels.

3. Conclusion

We developed a multimaterial inkjet printing method that allows
the direct integration of soft actuators into multifunctional
machines by fabricating electrical routing, electrostatic actuators,

Figure 8. Photograph of the completed slug drive and profile measurements when actuated. a) Slug drive, with phase one active. b) The 3D surface scan
of a corner of a slug drive with one phase active. c) Schematic illustration of the change of channel shape when actuated. The increase in pressure causes
the channel to reduce in width and increase in height. The shape change applies tension to the neighbouring channels. d) Measured profile of the
channels on the apex of the slug drive when different phases are activated. e) Conveying an object on the slug drive. A displacement of 1.83 mm
is observed after 500 s (6.1 μm s�1).
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crossing, and coupled microfluidic channels in one process.
This enables one to take advantage of the high resolution of
the inkjet printing process to produce dense arrays of actuators,
while circumventing the limitation of the technique for the fab-
rication of 3D structures by fabricating inflatable structures.

DEAs and zipping devices are typically produced from sheet
material. Consequently, most soft machines using electrostatic
actuators have been planar devices with limited signal or fluidic
routing and few actuators. The peristaltic pump and the slug
drive show how inkjet printing may be used to densely integrate
many actuators into stretchable machines. The slug drive has an
area of 25 cm2 and contains 28 integrated actuators, each with an
area of 0.126mm2. Integrating many soft and high-voltage actua-
tors into a small area was made possible by multimaterial and
multilayer inkjet printing. Electrical and fluidic vias to route
conductors or fluidic channels through different layers are
straightforward to obtain when printing compared with other
methods, as accurate holes in dielectric layers can be well defined
as part of printing. This enables complex integrated electrical
interconnections within the device and reduces the number con-
tact pads, a key point for more complex machines with an even
larger number of transducers.

To fabricate complex soft machines, we developed printable
materials that are compatible with—and enable—a layering strat-
egy. The materials include an electrode material based on carbon
black, a dielectric material based on silicone, and a soluble
sacrificial material based on ethyl cellulose to print channels.
The electrode material and the dielectric material contain a non-
polar solvent, making it possible to layer the materials without
any surface pretreatment. A novel method to produce channels
in soft structures was presented, in which we print a 2 μm-thick
sacrificial polymer between dielectric layers and then open the
channels to 2mm diameter by peeling and inflating.

The pump shows how electrostatic actuators may be used to
control the flow of liquids. A similar approach may be used
to create complex LOC devices with many pumps and valves.
The soft machines presented here feature conductor traces
and channels with a width of 0.5 and 2mm. In the vector printing
mode, our printer (JetLab4) can produce conductor traces and
channels down to 180 μm wide (Figure S2, Supporting
Information), approaching the scale of microfluidic circuits,
but with a far higher density of actuators than in microfluidic
chips. Aerosol jet printing would allow for even finer features.

The slug drive is a soft robot inspired by the motion of inver-
tebrate animals. It demonstrates how inkjet printing may be used
to produce soft robots with many densely integrated actuators.
By further developing techniques to also print sensors and
logic,[69,70] it will be possible to print smart soft machines.

4. Experimental Section

Electrode Ink: The electrode mixture was prepared by milling 5 g carbon
black (Ketjenblack EC-300J, Akzo Nobel) with 45 g dispersant (Belsil
SPG 128 VP, Wacker Chemie AG) in a three-roll mill (Exakt 50i, EXAKT
Advanced Technologies GmbH). Here, the dispersant doubled as a grind-
ing medium. The gap size was set to the minimum giving particles with a
diameter below 10 μm. The resulting paste was combined with 20 g of
silicone solvent (Dowsil OS-2 Silicone Cleaner and Surface Prep Solvent,
Dow) and sonicated for 10min. The mixture was rested for 10min and

decanted before use. The mixture was printed with a 50 μm nozzle
(MJ-AT-01-50, MicroFab Technologies, Inc.). The printing parameters
are shown in Figure 2a.

Silicone Ink: The silicone mixture was prepared in three steps. First, the
base and initiator of silicone (Sylgard 184, Dow) were combined in a plan-
etary mixer (Thinky ARE-250) in a 10:1 weight ratio—according to the man-
ufacturer recommendation. The premixed silicone was added to the
siloxane solvent (Dowsil OS-2 Silicone Cleaner and Surface Prep
Solvent, Dow) in a 1:4 weight ratio and agitated to combine. The mixture
was rested for 10min and decanted before use. The dielectric mixture was
deposited with an 80 μm nozzle (MJ-AT-01-80 from MicroFab
Technologies, Inc.). The printing plate was set to 80 �C and the nozzle
was cooled to 10 �C. The printing parameters are shown in Figure 2b.
Printing was conducted in the raster mode, using five different bitmap
images to accommodate the different line spacings and offsets. The
printed layers were cured in an oven at 80 �C for 35min. We measured
the profile of the printed dielectric layers with an optical profilometer
(Wyko NT1100, Veeco Instruments Inc.).

Sacrificial Ink: The sacrificial mixture was produced by dissolving ethyl
cellulose (sigma Aldrich 200689 10 cp 48% ethoxyl) in ethyl alcohol in a
1:64 weight ratio. The plasticizer (Dibutyl Sebacate, Sigma Aldrich 84840
97%) was added to the mixture with a weight ratio of one part for nine
parts of ethyl cellulose. We printed the sacrificial channels in raster mode
with an 80 μm piezoelectric nozzle (MJ-AT-01-80, MicroFab Technologies
Inc.). The printing plate temperature was set to 40 �C and the print head
was cooled to 10 �C. A droplet and line spacing of 100 μm and a speed of
50mm s�1 produced a sacrificial layer with good coverage and a thickness
of about 2 μm. The printing parameters are shown in Figure 2c.

Rheological Properties: Surface tension measurements are carried out
through the pendant drop method (OCA 25, Dataphysics). A disposable
1mL syringe with a PTFE-coated dispensing tip (Nordson, gauge 25) was
filled with the liquid under test. An automated piston acted on top of the
syringe, enabling controlled dosing (≤0.1 μL s�1). A video of the falling
droplet was captured (16 frames s�1), and evaluation of surface tension
was conducted using the last frame before the fall. Three droplets were
analyzed for each liquid under test. Viscosity measurements were carried
out with a hybrid rheometer (Discovery HR-2, TA Instruments) at 25 �C
using 25mm Peltier parallel plates with a gap of 50 μm and at a shear
rate of 2500 s�1. The data were sampled at 1 Hz for 1 min, and each
ink formulation was tested six times. The measurement of the viscoelastic
properties was carried out on the same setup as for viscosity. The storage
and loss modulus were measured at different shear stress values by
applying oscillatory motion of the plate (10 rad s�1) with an increasing
amplitude (0.01–10 Pa). A resolution of three points per decade was used
for the silicone mixture and one point per decade for the two other inks,
with each measurement repeated three times. To study the time evolution
of the siliconemixture, viscosity and viscoelastic properties measurements
were repeated every 2 h for the first 8 h following preparation and then
after 24 and 48 h.

Fabrication and Testing of the Pump: The seven layers of the pump were
printed using the parameters for ink, silicone, and sacrificial layer
described earlier. Two pumps were printed in parallel on the same sub-
strate and were separated with a sharp razor blade. External silicone tubes
were connected to the channels, as shown in Figure S3, Supporting
Information. We used ‘T’-shaped connectors to connect an external flow
sensor (flow unit L, Fluigent). The aqueous liquid was forced through the
flow sensor by blocking the internal circuit with a magnetic clamp (‘X’ in
Figure 5a). The aqueous circuit was filled with deionized water and the
dielectric channel was filled with a low-viscosity dielectric fluid
(Fluorinert electronic liquid FC-40, 3M). A pressure regulator was used
to set the pressure of both channels to 25mbar, before closing the chan-
nels with a magnetic clamp. The flow rate was measured for a voltage of
3.8 kV, applied with a multichannel high-voltage power supply (Peta-
pico-Voltron).[65]

Printing the Slug Drive: The fabrication procedure for the slug drive was
similar to the process for the peristaltic pump. The cushion layer was filled
with deionized water at a pressure of �3mbar. The dielectric channel was
filled with a dielectric fluid (Fluorinert electronic liquid FC-40, 3M) at a
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pressure of 43 mbar. Spherical magnets were used to make electrical
connections and fasten the slug drive to the testing platform. A confocal
microscope (3D Laser Scanning Confocal Microscope VK-X1100, Keyence
AG) was used to measure channel deformation during actuation. A voltage
of 3.5 kV was applied to each phase in sequence with a multichannel
high-voltage power supply (Peta-pico-Voltron).

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