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Figure 1: Electrohydraulic actuators offer a silent, rapid, compact and low-cost alternative for developing shape-changing interfaces. Here, we show example application prototypes as (A) Tangible animation integrated in a book, (B) physical character
animation and (C) a software tool to facilitate prototyping, (D) application prototype for actuating origami creases.

ABSTRACT
We present Electriflow: a new class of soft electrohydraulic actuators as building blocks for prototyping shape-changing interfaces.
These actuators are silent and fast in operation and can be fabricated
with commodity materials. Electriflow generates an immediate hydraulic force upon electrostatic activation without an external fluid
supply source, enabling a simple and compact self-contained design. This paper describes the materials and mechanisms of these
shape-changing building blocks, as well as the underlying fabrication process, which includes a software tool that assists in their
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design, shape visualization and construction. Finally, we explore
four classes of application prototypes: tangible animation, actuating
origami creases, shape-changing phone, and shape-changing bowl.
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INTRODUCTION

Electrohydraulic mechanisms are ubiquitous in the biological world.
Beyond the complex chemical and biological function of cells [18],
and vital organs (like human heart and lungs) [24], nature prefers
electrohydraulic phenomena to drive shape change [28]. The compactness, immediate actuation and silent operation of these mechanisms enrich the ability of living organisms to convey information
or perform desired actions. For example, a pufferfish threatens a
predator by filling its elastic stomach with fluid (air or water) under
electrohydraulic effects [8]. Plants like Venus Flytrap catch their
prey through leaf closure employing electrohydraulic forces [11, 43].
The drastic shape transformation in certain species of octopus is
also a result of electrohydraulic phenomena [3, 4]. Electrohydraulic
processes drive shape change in plants and animals, and augment
their ability to communicate and interact.
Communication and interaction through shape change is an
emerging area of research in the field of Human-Computer Interaction (HCI). Such interactive systems, known as shape-changing
interfaces, physically transform their shape to render digital information and provide dynamic affordances depending on the user and
context [33]. Though bio-inspired systems for prototyping shapechanging interfaces is an active area of research [13, 44, 45], the
current techniques suffer from limitations like being slow, noisy
and bulky [2]. A better prototyping technology for such interfaces
would enable immediate actuation, noiseless operation and compact
integration akin to electrohydraulic shape-changing mechanisms
found in nature. In this work, we present Electriflow: soft electrohydraulic actuators as building blocks for prototyping interactive
systems through shape-change. Electriflow offers numerous advantages as a silent, fast, soft, and self-contained technology.
Despite previous attempts to build soft electrohydraulic actuators [1, 19], to the best of our knowledge, such building blocks
are yet to be developed for shape-changing interfaces. Electriflow
building blocks are novel bendable actuators capable of sharp hingelike and smooth-curve type folds when activated by electric fields.
We present three novel actuator geometries which operate by the
interplay of the electrostatic and hydraulic forces. Although a DC
electric voltage drives the activation of Electriflow, it is the redistribution of the working fluid that causes a shape change. We envision
these electrohydraulic building blocks can be leveraged by designers and other Human-Computer Interaction (HCI) researchers who
require high actuation speeds, noiseless operation and compact
integration for prototyping shape-changing interfaces. The core
contributions of this work are as follows:
• Three novel actuator geometries—hinge-bending, crescent,
quarter-moon—as building blocks for prototyping shapechanging interfaces, capable of producing sharp-hinge and
smooth-curve bends.
• A software tool to aid the design, visualization and fabrication of shape-changing interfaces prototyped through Electriflow.
• Application prototypes that demonstrate how Electriflow enriches the interaction design possibilities for shape-changing
interfaces, including tangible animation, actuating origami
creases, shape-changing phone, and shape-changing bowl.
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RELATED WORK

Our work builds on previous developments in bioinspired shapechanging interfaces and electrohydraulic actuators. We discuss both
these types, critically looking at the current field with respect to
the speed of actuation, portability and noise of operation.

2.1

Bioinspired Shape-Changing Interfaces

Bioinspired Shape-Changing Interfaces take inspiration from natural world by employing soft actuation elements, which are driven
by developments in soft robotics and materials science [32]. For example, bioLogic integrates hygromorphic Natto cells into biohybrid
shape-changing materials such as sweat-responsive garments or
steam-triggered tea leaves [45]. Transformative appetite employs
hydrogels derieved from seaweed to produce edible and shapechanging materials [41]. Printed Paper Actuator [40], Thermorph
[5] and UniMorph [16] use heat to activate shape change in composite materials. These actuators generate mechanical force by
coupling two materials with differential expansion rates under various stimuli. Despite being compact and silent in operation, their
actuation modes are limited by slow response times.

Figure 2: A comparison of various types of prototyping technologies for bio-inspired shape-changing interfaces.

Pneumatics offer an alternative method for prototyping bioinspired shape-changing interfaces. Pneumatic actuators have been
used for transformable phones and lights [44], origami-inspired
shape change [27, 29], haptic jackets [10], and shape-change garments [31]. Despite their popularity, pneumatic actuators require
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Figure 3: Three types of electrohydraulic actuators as building blocks for prototyping shape change. (A) Shows the main
components of the Hinge-Bending Actuator and its actuation states along with the actuator images in OFF and ON state. (B)
shows the main components of the Crescent actuator along with actuation states as voltage is applied while (C) shows the
same for Quarter-moon actuator.
an external fluid source for inflation and deflation, so they must be
tethered through tubing to rigid, noisy, bulky pumps and valves, limiting their speed, noise level, and portability. Pumping alternatives
such as chemical reactions have been explored [42] for pneumatic
inflation, but these options lead to slower response times with irreversible shape change. Similar to pneumatics, actuators which use
liquids as working fluids have also been proposed like hydraulic
actuators [22] or phase-change actuators [26]. However, they are
also slow in response time.
A silent and rapid actuating technology, recently explored for
prototyping bioinspired shape-changing interfaces are Dielectric
Elastomer Actuators (DEA).
DEAs are activated by electrostatic voltage, are rapid and silent
in actuation. They have been explored for applications in the domain of haptics [46], handheld shape-changing devices [35], and
responsive environments [14]. However, they are limited in availability due to their high cost of the material and specific know-how
of fabrication [13]. Figure 2 highlights the advantages of Electriflow
over comparable prototyping technologies for bioinspired shapechanging interfaces.

2.2

Electrohydraulic Actuators

To address the demand for high-speed silent actuation and portability, electrohydraulic actuators have been proposed for various
applications in design and engineering. These actuators exploit the
advantages of conventional hydraulic systems as well as directdrive electrical actuators [15]. Traditionally, such actuators have
been constructed from rigid electromechanical components [12],
but recently soft versions have also been introduced [1]. While

1282

soft hydraulic actuation has been investigated for its basic working
principle [1, 38] and for robotic applications [19, 38], its application
to human-machine interfaces has been limited to haptic devices
[21, 37]. There is a need to bridge the gap between material science
technology and user-centered design practices for these actuators,
just as previous HCI work has done for hygromorphic bacteria
[9, 45], or triboelectric nanogenerators [6, 7, 17, 47].
In the following section, we present the detailed design, construction, and operating principle of Electriflow for shape-changing
interfaces. Electriflow is inspired by the electrical characteristics
of hydraulically amplified self-healing electrostatic (HASEL) actuators, [1, 19] which operate by displacing fluid inside of flexible
pouches, and can be fabricated through inexpensive tools and commodity materials [25]. We also present a software tool to facilitate
the design and fabrication process in order to streamline the prototyping workflow for shape-changing interfaces.

3

ELECTRIFLOW: ELECTROHYDRAULIC
BUILDING BLOCKS

Electriflow utilizes a combination of electrostatic and hydraulic
phenomena to constrain the flow of a working fluid contained in
flexible pouches. Based on this working mechanism, we introduce
three novel bending actuators as building blocks for prototyping
shape-changing interfaces: a Hinge Bending actuator, a Crescent actuator, and a Quarter Moon actuator shown in figure
3A, 3B, and 3C respectively.
These compact, silent actuators produce immediate and rapid
shape change. In this section, we first present the generalized design
of an actuator using the Hinge Bending actuator as an example.
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Figure 4: Working principle of electrohydraulic actuators for prototyping shape change. (A) Shows the main components of
the Hinge-Bending Actuator and its actuation states. These components represent the most generic construction of Electriflow.
(B) Shows the principle of electrohydraulic actuation with electrode zipping as voltage is applied.

Afterwards, we discuss the operating principle and specific actuator
geometries.

3.1

Actuator Construction

Our general electrohydraulic actuator consists of four main parts
as follows:
• a pouch that is non-stretchable and compliant (figure 4B(i))
• flexible electrodes covering parts of the pouch (shown in
purple in figure 4A)
• a rigid strain limiting layer attached to one side of the
pouch (shown in dark grey in figure 4A)
• a thin insulating layer between the electrodes and the
strain limiting layer (shown in light grey in figure 4A )
Note that the strain-limiting layer and the thin insulating
layer may be absent in appropriately designed actuators such as
the Crescent (figure 3B) and the Quarter-moon (figure 3C) and
still produce bending behavior. The pouch is filled with a dielectric
liquid (silicone oil in this case) and is divided into two regions: a
supply region (purple in figure 4A and figure 3), and a swelling
region (blue in figure 4A and figure 3). The supply region is covered
with opposing flexible electrodes on both sides. The combination of
supply and swelling geometry and the ‘strain limiting layer’ (when
present) gives rise to different shape outputs for the actuators (see
figure 3).

3.2

Operation Principle

The operation principle is illustrated in figure 4 B. When the electrodes on the supply region are oppositely charged by a highvoltage input (10 kV in this case), the electrostatic force drives
the electrodes progressively toward each other in a zipping motion
(figure 4 B (ii)). This zipping motion displaces the dielectric fluid
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in the supply region into the swelling region. This process continues with increasing applied voltage until equilibrium is reached
between the electrostatic forces between electrodes and restoring
hydraulic pressure (see figure 4 B(iii)). The local pressure increase
causes the swelling region to inflate, and the cross-section of the
pouch changes from a thin ellipse to a thick ellipse (see figure 4
B(iii)). This shape change in the pouch results in angular deflection
of the actuator. In the case of Hinge-bending actuator, it is supplemented by the rigidity of the strain-limiting layer. The Crescent
and the Quarter-moon actuators produce bending behavior due
to asymmetric position of supplying region and swelling region.
All three kinds of actuators in ON and OFF states are illustrated in
figure 3.

3.3

Building Blocks for Shape Change

We introduce three novel actuators with bending behavior as shapechanging building blocks: a Hinge Bending actuator, a Crescent
actuator, and a Quarter Moon actuator.
The Hinge Bending actuator, obtained by attaching a strainlimiting layer to a rectangular pouch, produces sharp bends (figure
3 and 4 ).
The Crescent actuator has a circular fluid-filled region and
a non-concentric elliptical electrode, resulting in an asymmetric
swelling region that drives a smooth-curve bending behavior (figure 3).
Building upon the same principles, the circular fluid-filled pouch
of the Quarter Moon Actuator is bisected by the line that divides
the symmetrical semicircles defining its supply and swelling regions.
This actuator geometry results in a sharp bending behavior, as
shown in figure 3C.

Electriflow: Soft Electrohydraulic Building Blocks for Prototyping Shape-changing Interfaces

3.4

Technical Evaluation

We evaluated the shape-changing behavior of our actuators for
bending angle, response time and strength. The bending angle is
plotted against applied voltage in figure 5). A Crescent actuator
can produce an smooth organic bend with a maximal bending angle
of around 60o while the Quarter Moon actuator produces sharp
bends with bending angle of around 40o .
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be attached to existing objects to actuate them (see application
prototypes of actuating origami creases or the shape-changing
bowl). The Crescent actuator produces smooth curve-like folds
and the Quarter Moon actuator produce sharp folds without the
semi-rigid ‘strain-limiting layer’ which makes them suitable for
applications where softness of the actuator is important (see application prototypes of actuating butterfly in figure 11 and character
animation in figure 12).

Figure 6: The Electriflow building blocks can be arranged
in different configurations depending on applications. (A)
Show two Crescent actuators side-bu-side facing opposite to
each other; (B) or in an equilateral triangle facing outward;
(C) four hinge bending actuators arranged around the edges
of a square.
Figure 5: Dependance of bending angle on activation voltage
for Crescent actuator and Quarter-moon actuator and the
Hinge-bending actuator.
The actuation speed of all the building blocks was consistent
with the maximum frequency of stimulation at 25 Hz (see video for
details). For the Hinge-bending actuator the maximum weight lifted
without reduction in bending angle was 13 grams (for a pouch with
dimension 2cm x 4cm and liquid volume of 3ml).

3.5

Materials

The construction of electrohydraulic actuators is highly dependent
on the materials used for their components. The outer pouch that
is non-stretchable and compliant is constructed out of heat sealable
PET (polyethylene terephthalate; thickness, 22 µm) sheets. The
dielectric fluid used in this work was silicone oil (Super Lube, 100
cSt). The flexible electrodes were painted using conductive carbon
paint (Ted Pella, ELECTRODAG T-502, 30G). The strain limiting
layer has two types: one constructed from transparency sheets
(C-Line 60837) and the other using rigid acrylic blocks (thickness
6mm). The thin insulating layer between the electrodes and the
strain limiting layer are constructed out of transparency sheets
(C-Line 60837).
An electrostatic control system (see Fig. 8B) drives the electrohydraulic actuators. This modular power supply unit was based on
the open source power supply developed by PetaPicoVoltron [36].

4

ELECTRIFLOW FOR PROTOTYPING
INTERACTIVE SYSTEMS

Electriflow actuators act as a building blocks for prototyping shapechanging interfaces. The Hinge Bending actuator uses a strainlimiting layer to produce sharp fold-like shape change and can
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Electriflow building blocks can also be combined in different orientations to produce shape-changing structures that are more complex in shape geometry and output. For instance, we demonstrate
the utility of the Crescent actuators as building blocks by grouping them in different configurations. These assemblies become the
secondary primitives for other shape-changing objects. Figure 6A
shows two Crescent actuators arranged side-by-side facing opposite
to each other. This arrangement becomes the bending primitive for
the constructing a butterfly (see Prototyping Application section
and figure 11). Figure 6B shows three Crescent actuators arranged
at the corners of an equilateral triangle. This arrangement becomes
the bending primitive for the flower petal (see Prototyping Application section and figure 13). Similarly a group of Hinge-bending
actuators can be arranged at the sides of a square (figure 6C) to
form the basis of a shape-changing bowl (figure 17).

5

SOFTWARE TOOL

To supplement the Electriflow building blocks, we developed a
software design tool to enable designers and HCI practitioners to
prototype their own shape-changing interfaces by visualizing the
design, simulating actuation, and aiding the fabrication of specific
shape-changing structures. The main motivation for the software
tool is to streamline a user workflow from real-time visualization
of iterative designs to the fabrication process. We built the tool in
the Rhinoceros 3D environment with Grasshopper plug-in. Users
can import their own pouch and electrode geometries, visualize the
shape output of their actuator, and export the files that direct the
fabrication process—for example, heat-sealing the outer polymeric
shell, fluid volume, and electrode outlines. The tool enables the
following user workflow:

DIS ’21, June 28-July 2, 2021, Virtual Event, USA
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Figure 8: Electrohydraulic actuators are a hybrid of fluiddriven actuators and EAPs. They can be fabricated by (A)
Custom Heat-Sealing Tool and (B) powered by a DC high
voltage power supply [36]

6

FABRICATION PIPELINE

The current fabrication process for the electrohydraulic actuators
involves automated as well as manual processes. The software tool
helps in each of the following fabrication steps.

6.1

Heat-sealing outer shell

The software tool generates ’g-code’ for the path defining the outer
edges of the pouch to be heat sealed. This g-code file is directly
accepted by a customized heat-sealing CNC.

Figure 7: Software Design and Visualization tool built in
Rhinoceros 3D with Grasshopper environment. (A) The user
can play import custom geometry as SVG file. (B) They can
also visualize the shape change and export fabrication files.

5.1

Design

A user begins by defining the geometry of the shape-changing
actuator to be visualized and fabricated. This geometry is defined by
planar curves that outline the edges of the fluid region (pouch) and
the electrodes. To define these curves the user can import the base
geometry of the pouch as an SVG file. The user can further define the
electrode area by importing another SVG for the electrode outline.
When a geometry is imported, the user-defined shape-changing
object is automatically generated and displayed on the design view.

5.2

Visualize Shape

To display the shape output, the user remains in the Visualization
window and presses the ’Visualize’ button.

5.3

Export Fabrication Files

After the shape visualization, the user can view or export a series
of files that facilitate actuator construction as described below in
the Fabrication Pipeline section.
Figure 9 illustrates the step-by-step design, visualization and
fabrication workflow for an example prototype involving character
animation [see the Prototyping Application section below for more
details]. In Figure 7 we show the relevant sections of our software
tool.
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Figure 9: CAD Design Tool assisted fabrication pipeline for
electrohydraulic shape-changing interfaces.
To fabricate the pouch’s polymeric shell, two sheets of thin-film
polymer are placed on top of a thick soldering mat and beneath a
thin teflon sheet. The polymer films are bonded together by the
heat sealing head of the CNC machine as it traces the edges of the
pouch. The soldering mat facilitates smooth sealing by cushioning

Electriflow: Soft Electrohydraulic Building Blocks for Prototyping Shape-changing Interfaces
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Figure 10: Summary of applications prototyped, emphasizing on their design rationale, type of actuator used and their properties. All application prototypes are described in detail in the Prototyping Applications Section.
the downward pressure applied by the heat sealing tip, while the
teflon sheet prevents damage to the pouch by reducing friction and
avoiding direct contact between the hot tip and the thin plastic
sheets. The heat-sealing head is a custom modified extrusion head
of a 3D printer. The heat sealed curve is not closed, leaving open a
small input port to fill with working fluid.

6.2

book), mock-up of a shape-changing phone, and a shape-changing
bowl. We present their summary along with their design rationale
in figure 10.

Filling liquid dielectric

The software tool automatically calculates the volume of the working fluid to be filled inside the actuator. This liquid (in our case
silicone oil) is filled manually in the heat-sealed pouch by syringe.
Care must be taken to ensure that no air bubbles form inside the
pouch, since the compressibility of air can lead to unpredictable
volume change. After liquid filling, the input port is manually heat
sealed with a soldering iron or an impulse sealer.

6.3

Adding Electrodes

The software tool guides the shape of the electrode to be added by
providing the geometry. A user can export SVG or gcode files to
fabricate an electrode stencil with manual or digital tools, respectively. The flexible electrodes can be painted with a commercially
available conductive ink or other forms of flexible electrodes. Since
the circuit is capacitive for electrohydraulic actuators, the electrostatic activation has low sensitivity to electrode resistance. We
typically apply hand-painted conductive carbon paint for our leads
and electrodes.

6.4

Cutting and leaving "skirt"

7.1

Finally, the excess plastic is cut from the outer shell, leaving an
insulating "skirt" around the edges that ensures a minimum throughair distance between electrodes to prevent arcing. The software can
automatically compute the skirt dimensions based on the dielectric
breakdown strength of air (3 kV/mm), and allow the user to export
the skirt geometry as SVG or g-code files.

7

Figure 11: An actuating butterfly for tangible animation. (A)
State when the voltage is OFF, (B) state when the voltage is
ON, (C) the top view and (D) the actuator layout consisting
of two crescent actuators facing opposite to each other.

PROTOTYPING APPLICATIONS

The high speed, compact size, and silent actuation abilities of Electriflow combined with the simplified fabrication pipeline enabled
by the software tool makes it a powerful technology for prototyping
shape-changing interfaces. To highlight these features, we propose
a number of application prototypes like tangible animation (a soft
butterfly robot, physical animation of characters embedded in a
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Tangible Animation

7.1.1 Soft Biomimmetic Butterfly Robot. Butterflies are fascinating
organisms given their ability to rapidly actuate their wings. The
typical butterfly wings can actuate at a frequency of around 10
Hz but for certain species of moths, it can go up to 26.1 Hz [39].
Electroflow actuators can be a great prototyping technology for
the design of a bioinspired butterfly soft robot given their compact
design and high frequency of actuation. Here, we show an example prototype of a butterfly, composed of two Crescent actuators
embedded in the wings that can actuate up to a frequency of 25
Hz that is comparable to the ones found in nature. The electrode
geometry has been modified according to the shape of butterfly
wings. At an activation voltage of 10 kV, the fluid contained in the
wings is displaced toward the body of the butterfly, resulting in
flapping motion (see Fig. 11).
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equilateral triangle) become the fundamental unit of the flower. The
flower blooms when the voltage is applied as shown in Figure 13.
The compact design of the actuators and the power supply enables embedding these soft objects into a variety of form-factors.
We also integrated the butterfly and the flower petal into a prototype for a book which could provide the tangible animation (see
figure 14). The power supply is also embedded inside the book.

Figure 14: Tangible animation integrated in the prototype of
a book.

Figure 12: Embedded Crescent actuator on thin film sheets
for character animation with Voltage OFF (A,C); and Voltage
ON (B,D). Each of the ears has an actuator underneath.

Figure 15: Example of a shape-changing display mockup
based on the Quarter Moon Actuator

7.2

Figure 13: Crescent actuator used as a Curling Flower Petal
with Voltage OFF (A,C); and Voltage ON (B,D).

7.1.2 Physical character animation. The compact design of Crescent actuators ensures they can be embedded on thin-film sheets
for character animation . For instance they can actuate physical
characters as shown in figure 12. Here, each of the ears has an
actuator underneath.
7.1.3 Curling Flower Petal. Crescent Actuators can be combined
in wide variety of numbers and configurations, depending upon
the need of prototyping. For example, a group of crescent actuators
forms the basis of a flower that blooms (see figure 13). Each Crescent
actuator acts as a petal of the flower. A collection of three Crescent
actuators arranged in a triangular lattice (at the vertices of an
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Shape-Changing Display

Flexible displays enable new opportunities for interaction with
mobile devices [20]. Adding shape-changing abilities adds a new
output dimension for haptic notifications and information display [30, 35, 44]. To explore a thin form factor flexible display, we
prototyped a shape-changing mockup with an embedded bending
quarter moon actuator (see figure 15). The quarter moon actuator
ensures a sharp bend for the display, without needing an strain
limiting layer. We hope in the future, Electriflow may act as the
basis for actuating such a flexible display. We imagine a scenario
when a phone with such a display is placed on the table and a
notification arrives, the phone bends upwards to silently alert the
user. This bending behaviour can also pulse at different frequencies
to convey urgency.

7.3

Actuating Origami

Our hinge bending electrohydraulic actuators have been designed
to turn the creases of origami folds into active hinges. Some example prototypes based on this approach are shown in Fig. 16. A
single sheet is folded into an origami crane, and the actuators are
attached to the creases of the wings to move them. Likewise, a sheet
folded into a box is augmented with actuators that open and close
its lid. In both cases, the actuator transforms a static object into a
kinetic sculpture. Numerous further origami designs exist that can

Electriflow: Soft Electrohydraulic Building Blocks for Prototyping Shape-changing Interfaces
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LIMITATIONS AND FUTURE WORK

Electriflow presents a compact, fast and silent method of actuating
everyday objects and prototyping shape-changing interfaces. While
it augments the design of interactive systems, in course of prototyping applications we also came across a number of limitations.
We plan to address them in future work.

8.1

Figure 16: Using electrohydraulic actuators to actuate
origami. (A) An origami crane with Voltage OFF, (B) with
Voltage ON; (C) a box flap with Voltage OFF, (D) with Voltage ON.

be augmented through this technique in a calm, silent and unobtrusive matter. We envision applications for such kinetic origami
in areas such as art, information physicalization, and tangible user
interfaces.

7.4

At present the stimulation of our electrohydraulic actuators still
occurs at high voltages (6-10 kV) which offers many challenges for
day-to-day use and safety. Though the control electronics ensures
these actuators are non-lethal if touched, there is still plenty of
room for improvement such that the users are able to touch them.
An active area of research in this direction is developing actuators
which operate at lower voltages which can be achieved with a different combination of pouch material and dielectric liquid [34]. These
improved actuators would also simplify the control electronics as
switching high voltage circuits require special components.
Another way to address this challenge is by providing a suitable
layer, as proposed in related work on haptics [21, 37]. An important
point to note here is that, the activation voltage in such systems is
significantly lower ( 1-2 kV), making insulation easy in comparison
to the activation voltage of actuators.

8.2

Shape-Changing Bowl

Hinge bending actuator requires a strain limiting layer to produce
sharp bends. Consequently, it can be attached to existing objects
and rigid hinges to actuate them. A group of such actuators can be
arranged to form a prototype of a shape-changing fruit bowl that
transforms between a deep and shallow shape on demand (Fig. 17).
The bowl is made of transparent acrylic panels that are connected
to each other through electrohydraulic hinges. When small fruits
are placed inside the bowl, the actuators lift the acrylic side panels
to form a deeper bowl. When a large fruit is placed in the bowl, it
transforms to a large, shallow shape by lowering the side panels.
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Lack of Interactivity

In this work, we primarily focused on prototyping the output of
shape-changing interfaces and less on sensing user input. Adding
input sensing modalities such as embedded touch sensing would
greatly increase the interactive capabilities. For future work, incorporating the sensing methods proposed by [23, 44] (e.g., acoustic,
capacitive, and pressure sensing) should be explored to improve the
interactivity of the current prototype. The inherent design of electrohydraulic actuators with capacitive electrodes offer possibilities
for self sensing [23]. However, we have not yet explored the sensing
capabilities in electrohydraulic actuators due to the high voltage,
which requires custom sensing electronics. We are also interested
in using a dynamic appearance (e.g., using colored working liquid
in the electrohydraulic actuators) to provide different affordances.

8.3

Figure 17: Example of shape-changing bowl

Voltage of Actuation

User Evaluation

All of our application prototypes has been created by ourselves
and we have not formally evaluated them with a user study. We
also understand the need for the user evaluation of the software
tool. As a next step, we plan a workshop with HCI researchers and
designers to explore and prototype, similar to related work [13, 14].
We expect a formal evaluation to provide insights into how these
building blocks support design ideation.

8.4

Extension of Shape-changing Behaviors

Our software visualization tool enables HCI researchers to explore
further types of shape-changing behaviors. A broader and systematic exploration of shape-changing building blocks could increase
use cases in the design of future user interfaces. For example, topological change, including creating holes on surfaces, can give interesting affordances for interaction. Locomotion as a bio-inspired
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mechanism can be achieved with programmable constraints in the
material structure.

8.5

Programmable Shape-changing Interfaces

The current fabrication and insulation process allows the interfaces
to morph between two shapes. It is still desired that the interface
can have multiple shape-changing states that can be dynamically
controlled in real-time. One way to achieve it could be by introducing other active stimuli. Multiple actuating states has the potential
to become one of the major advantages of the of electrohydraulic actuators. The electrohydraulic mode of activation opens up scope for
multiple types of stimuli (different signals and voltages) to achieve
active, fully programmable shape change. Another opportunity is
to increase the number and resolution of the actuators. A bottleneck
for high-resolution actuator configurations is a flexible insulation
of electrodes as they suffer from arcing at high voltages when they
are placed close to each other. We hope that with a better conformal
insulating layer we will move a step closer towards programmable,
dynamically controllable, shape-changing interfaces.

9

CONCLUSION

We have presented Electriflow, electrohydraulic actuators as building blocks for prototyping shape-changing user interfaces. Based
on our novel shape-changing actuators, we demonstrate how these
building blocks can enable new types of human computer interfaces. We also proposed a software tool to aid the design, visualization, and fabrication of shape-changing objects. To demonstrate
the application space enabled by electrohydraulic actuators, we
presented prototypes for tangible animation integrated in a book,
shape-changing mobile devices and bowl, and origami actuation.
We envision these electrohydraulic building blocks can be leveraged
by designers and other HCI researchers and open new possibilities
for prototyping shape-changing interfaces.
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