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Figure 1: We propose a multistable conical actuator that can compose dynamic materials. (a) This small actuator can switch
between multiple states and can take a load passively. We demonstrate the dynamic materials of what we can use this actuator
to make, including (b) reconfigurable deployable structures, (c) deformable volumetric prototypes, and (d) self-rolling robots.

ABSTRACT
Complex actuators in a small form factor are essential for dynamic
interfaces. In this paper, we propose ConeAct, a cone-shaped ac-
tuator that can extend, contract, and bend in multiple directions
to support rich expression in dynamic materials. A key benefit of
our actuator is that it is self-contained and portable as the whole
system. We designed our actuator’s structure to be multistable to
hold its shape passively, while we control its transition between
states using active materials, i.e., shape memory alloys. We present
the design space by showcasing our actuator module as part of self-
rolling robots, reconfigurable deployable structures, volumetric
shape-changing objects and tactile displays. To assist users in de-
signing such structures, we present an interactive editor including
simulation to design such interactive capabilities.

CCS CONCEPTS
• Human-centered computing→ Human computer interac-
tion (HCI).
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1 INTRODUCTION
Dynamic physical interfaces enable expressive interactions that
are difficult to achieve with static structures alone. A dynamic
object, for instance, may change shape to better accommodate
a user, manipulate other items in its environment, or serve as a
platform for haptic feedback. To do so, such objects need to embed
actuation, which allows the interface to transition from one form
to another.

Today, many of these shape-changing interfaces are composed
of smaller, state-changing units. In some cases, these units are
electromechanical — rotary motors that form dynamic curves [44],
or linear ones that render arbitrary 2.5D shapes [17]. Fluidic, and
most often pneumatic actuation [45, 66], is particularly popular
for shape-changing interfaces, due to the large force that it can
produce while being safe for humans and allow for miniaturized
interfaces that can implement wearable tactile feedback [38], can
self-assemble into pre-programmed shapes [49], or be integrated
into textiles [32].
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A key challenge is that actuation is tricky, especially in a desired
small form factor. An emerging solution is the use of "active ma-
terials" as a method of actuating small shape-changing interfaces
[31]. Such materials include shape memory alloys, shape memory
polymers, piezoelectric materials, and liquid crystal elastomers—
all of which are popular because they can be activated using heat or
electricity (i.e., Joule heating) and therefore miniaturize very well.
Their utility for simple shape change has been demonstrated in
previous work, such as shape-changing thin film interfaces [27, 64],
or integrating shape memory alloys into clothing [34, 42].

Though many types of actuators have been developed and used
to create dynamic interfaces, an exclusive reliance on "active",
power-consuming components means that these interfaces tend
not to be portable (i.e tethered to a large compressor, or driven by
extensive machinery under-the-hood). By instead leveraging un-
powered, multistable structures and combining them with active
materials merely as "triggers" that toggle between passive states
(with theory support [26]), in this paper, we develop tangible mod-
ules that are lightweight, self-contained, and modular to enable
users to build and control custom dynamic interfaces.

1.1 ConeAct
ConeAct is a compliant, multistable module that enables the con-
struction of portable dynamic materials. The core component is a
hollow, cone-like structure — when this structure is bent, pushed,
or pulled, the module snaps into a stable position, holding its state
indefinitely without external power (Figure 1a). Critically, this state
transition can either by forced externally (i.e. by a human hand) or
triggered internally, by active elements integrated within the mod-
ule. As an actuator, the module can extend, contract, and bend in
three directions, to support rich expression in dynamic interfaces.

To achieve this actuation, our module incorporates several shape
memory alloy (SMA) wires both inside and outside the passive cone.
One coil-shaped wire in the center serves as a "contractor", com-
pressing the module when active; and three straight wires along the
perimeter serve as "extenders", allowing the module to stretch and
bend. Together, these integrated active and passive elements result
in a module that is lightweight and self-contained, enabling the
composition of these simple units into more sophisticated, dynamic
user interfaces.

1.2 Contributions
We introduce a multistable, actively-toggled module that serves as
a "unit cell" for composable shape-changing interfaces. Specifically,
we contribute:

(1) A novel combination of a compliant conical structure and
a group of SMA wires and coils to make multistable, self-
contained, programmable actuators.

(2) An interactive editor for designing dynamic materials com-
posed of our modules and previewing their motions.

(3) Unique compositions of our modules, demonstrating their
use as building blocks for shape-changing, interactive ap-
plications (deployable data physicalizations, calming tac-
tile displays, deformable design prototypes, and locomoting
robots).

(4) A guide to the geometric parameter space of a multistable
conical structure, facilitating the design of similar actuators
for alternative use cases.

In the remainder of this paper, we demonstrate how this actu-
ator module is an enabling technology for soft, reprogrammable
interfaces and materials that can be deformed through computer-
controlled actuation as well all by external forces (e.g., manually).

2 RELATEDWORK
Our work builds on high-level concepts such as programmable mat-
ter and technology such as modular actuators, dynamic materials
and multistable structures.

2.1 Dynamic Materials and Programmable
Matter

Software is malleable — pixels on a screen can transition from
one state to another with ease, enabling an incredible variety of
customized interfaces. Meanwhile, in the physical world (of atoms,
not bits [29]), researchers have begun working towards parallel
goal: a vision of "programmable matter" [20]. Though still nascent,
these physical prototypes can change their form and appearance
by orchestrating the movement of their constituent components.
Such structures have already begun to attract attention for use in
scenarios where material reuse is a high priority, such as space
exploration [53].

There is a large degree of overlap between "programmable mat-
ter" and modular robotics; as in practice, modular robots are how
most types of programmable matter are realized today [57]. To
allow for large-volume production, many of these robots are de-
signed with simplicity in mind. The thousand robots of the "kilobot"
swarm, for instance, are each equipped only with a pair of vibration
motors and a few passive bristles for locomotion [56]. Still, this
enables them to buzz around flat surfaces and form a diverse array
of two-dimensional shapes [59].

At the expense of simplicity (and as consequence, overall module
quantity), researchers have also developed modular robots with
more sophisticated moving and/or latching mechanisms. These
"self-assembling" robots are often either cube-shaped [55] or spher-
ical [36, 60], and can form 3-dimensional shapes by climbing on a
scaffold of neighboring modules.

Self-assembly is not the only method of shape-change for these
reconfigurable structures. An array of stationary "pin displays" [17]
are able to render 2.5-dimensional shapes through the vertical move-
ment of linearly-actuated columns. Others employ rotary motors to
enable chain-like structures that bend at the hinges [43]. Our work
extends this vision and achieves more complex actuation modes in
each unit in a small, portable form factor.

2.2 Modular Actuators as Building Blocks of
Dynamic Materials

A common factor among the instances of programmable matter
described above is the concept of the "unit cell" — a repeated compo-
nent that, when combined in large enough quantities, will compose
a shape-changing material. Researchers have experimented with a
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number of different actuators for these unit cells: pneumatic [23, 45,
46], fluidic [32], hydraulic [54], electro-mechanical [25, 44, 65], and
magnetic [67]; as well as "active materials" such as shape-memory
alloys [34, 42, 61]. These works show the expressiveness of materi-
als composed of modular actuators.

Most of these actuators, however, operate within a single degree
of freedom. The machine-knitted pneumatic actuators proposed by
Luo et al. [39], for example, can bend, but only in a pre-designated
direction. The motor-driven, shape display actuators presented by
Hardy et al. [25] allow for displacement, but only along one axis.

In contrast, a few other actuators (our ConeAct module included)
can exhibit movement through multiple degrees of freedom. For
example, OmniFiber [32] is a thin, fluid-driven actuator that can
extend, contract, bend, and coil. MorphIO [45] is a soft pneumatic
actuator (containing three air chambers with integrated sensors)
that can detect passive manipulation and respond through contrac-
tion, extension, and bending. This actuator is conceptually similar
to ConeAct, but requires sustained energy to hold its shape. Addi-
tionally, as with many pneumatic devices, the associated pumps,
valves, and compressors make the system difficult to miniaturize,
limiting portability. ConeAct is unique among these actuators – as
a relatively self-contained device (requiring only a small battery),
it can be used as a portable programmable interface.

An SMA is an active material that "remembers" its original shape
after deformation, and returns to its original state when heated
to a certain temperature. As a resistive element, it can be heated
by simply passing an electric current through it, which enables
relatively compact designs. In addition, when unpowered, SMAs
can be manually reconfigured into arbitrary shapes. These actua-
tors can be miniaturized, and are often integrated into other struc-
tures [24, 34, 42, 47, 61]. For example, Patch-O [34] integrates SMA
wires or coil into woven patches to achieve bending, expanding, and
shrinking for on-skin soft actuation. Springlets [24] also attaches
SMA coils into thin and flexible stickers to be worn on various
body locations for tactile perception. ClothTiles [42] adds SMA
wires into flexible 3D-printed structures that can be attached to
clothes. Moon et al. [41] proposes a method that can 3D print shape
memory polymers and conductive PLA as an actuator, which can
then be sequentially triggered with selective heating. With the slim
form factor of the SMA, some researchers developed SMA actua-
tors. For example, Ooide et al. [48] assembled three SMA wires in
a silicone tube to create “smart hair” that can bend in three direc-
tions. Torres-Jara et al. [63] proposed a unit-cell actuator with SMA
sheets activated by Joule heating. Depending on the combination of
these unit cells, the designer can control the direction of actuation,
the amount of force generated, and the expansion (stroke) of the
actuator. However, they require sustained energy to maintain their
shape and deform less precisely, especially when bending.

In this work, we use a design approach which leverages the prop-
erties of passive, multistable structure in an actuator such that can
ensure precise transitions between states and no sustained energy
is required to keep its shape. Therefore, this can be promising for
the dynamic materials that need to retain their shape for a long
time (e.g. a car prototype that should remain static after it has been
designed).

2.3 Bistable and Multistable Structures
Multistable structures, and their unique advantages, are readily
observable within a number of common objects — collapsible cups
and bendable straws, for instance, that maintain their shape af-
ter being manually unfolded or collapsed. Each segment of these
structures has at least two stable equilibrium states. The transition
from one stable equilibrium state to another, or a snap-through
action, leads to large deformations [6]. Additionally, these struc-
tures can have another stable bent state when they are partially
inverted [2]. Researchers have investigated dome-shaped struc-
tures, which only have two stable equilibrium states. For example,
Brinkmeyer et al. [3] analyzed the effect of different geometric pa-
rameters on the response of a type of dome structure to external
forces. In our work, we also explored various parameters of our
cone-shaped structure, which has a stable bent state, to understand
the influence of geometries on actuator design.

In HCI, the bistability property is attractive as the unit for phys-
ical logic system [28] and input devices [8], while its potential to
combined with active materials is less explored. Kirigami Haptic
Swatches [8] involved using the snap-through properties of bistable
kirigami structures as a touch input device to enrich the haptic ex-
perience for designers. Dementyev et al. [15] provided a bistable
display tag using which users can capture and save screenshots
from their phones. After the tag is updated, it can continue to
present information without further power input. Similarly, Chen
et al. [9] proposed a series of bistable modules to maintain the me-
chanical properties "in memory", which demonstrates the mechani-
cal re-programmability of metamaterials. Even without combining
with actuation mechanisms, many works create interesting recon-
figurable materials and multistable metamaterials by arranging
and coupling passive bistable or multistable geometries [58]. Chen
et al. [11] presented a 3D printed bistable structure, and combined
them to create tunable pop-up configurations and shape transforma-
tions from a planar surface to a 3D shape. Pan et al. [51] fabricated
3D pixel mechanical metamaterials by leveraging an array of seg-
ments from commercial flexible drink straws [18, 26]. Our work also
utilizes the snap-through mechanism of a bendy straw structures to
achieve more degrees of freedom in one unit and more dimensions,
e. g., 3D arrangement, of connecting the modules. We also realize
the bending stability through the cone shape geometry.

2.4 Active Bistable and Multistable Structures
Among roboticists, the energy-saving advantages of passive, bistable
structures have been widely recognized — but to be truly useful
in this domain, an active switching element is often incorporated
as well [6, 9, 12, 13, 68]. Chi et al. [12] review a number of these
implementations. Of particular relevance to our work are instances
of soft, bio-inspired structures, with a state-change triggered by
heating an embedded SMA element [10, 33]. A more recent example
comes from Patel et al. [52], who introduced a bistable membrane,
encapsulating SMA coils, that when actuated can serve as a means
of robotic locomotion. However, unlike these works, our modules
are explicitly designed with composability in mind — they are to be
assembled into larger, shape-changing structures.

While these active-passive structures are increasingly common
in soft robots, they are utilized less often to construct self-actuating
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materials. Still, some examples (though not always modular) do
exist: Gonzalez and Hudson [21] designed an array of electrostatic
valves to control the state changing of the bistable dome pneumati-
cally. Overvelde et al. [50] connects balloon-based bistable fluidic
soft actuators. Lee et al. [35] connected bistable actuators in chains
to make pneumatic snake robots. Faber et al. [16] presented a fam-
ily of soft sheets with a patterned array of reconfigurable bistable
domes that can be actuated pneumatically. Beyond the motion of
pop-up and down, in our work, we designed a cone-shaped struc-
ture based on the bendable straw mechanism [26] that achieves
more degrees of freedom and integrate SMA as active materials to
avoid the bulky pneumatic device and achieve portable applications,
which benefits rich expression in dynamic interfaces.

3 CONEACT MODULE DESIGN
The mechanism behind our actuator module is based on a conical
structure that can hold its shape without external energy, also
known as a multistable structure. This allows users to interact
with the module manually. In addition, we integrate shape memory
polymers to actively control the modules’ transition between their
stable states. The key benefits of this novel design is that it yields
a self-contained, small and lightweight, energy-efficient, shape-
changing module that can be interacted with passively as well
as controlled actively. In this section, we introduce the module’s
design, properties, interaction, and combination possibilities, before
we showcase its applicability in the next section.

3.1 Multistable deformation
Multistable structures can be manipulated into multiple positions
and maintain their shape even after users let go. A flexible drinking
straw [18, 26] is a popular example of an object that consists of
multistable structures. Such straws are made as a single structure
with compliant hinges allowing it to fold, stretch, or bend; and the
structure can retain its state in each of these configurations. In-
spired by the flexible straw, we designed our passive cone structure
as a soft truncated cone, sandwiched by two rigid cylinders. Our
conical actuator shown in Figure 2 can hold 5 states, i. e., extended,
contracted, or bent in 3 positions.

Figure 2: ConeAct has 5 stable states, i. e., an (a) extended
state that can snap through to its (b) contracted state, as well
as (c) three bent states.

Generally, multistable structures obtain their stable states by
embedding flexible struts within rigid walls [2, 69]. The compliant
mechanism is designed such that the flexible members are soft
enough to deform and pass through the rigid walls holding them.
We illustrate this so-called "snap-through" behavior in Figure 3b.

Figure 3: An illustration of the transitions between stable
states of our conical structure. ConeAct requires no external
force to maintain its shape in the (a) extended, (c) contracted
or (e) bent state. When a force is applied on the top of an
extended cone, its flexible struts can be curved and have a
resisting force against the rigid walls. (b) As the displace-
ment increases, it can snap through to the contracted state.
At the snap-through point, the structure starts to pull down,
rather than resist the downward force, which is shown in the
force(F)-displacement(d) graph as negative force. (d) Simi-
larly, when a force is applied on the side of an extended cone,
the flexible struts will bend asymmetrically, and (e) cause the
structure to snap to the bent state, where the flexible struts
also return to a straight shape but only partially inverted.

After the snap-through, the flexible members can expand in their
new position and reach equilibrium. In our conical design, the
center section (marked in blue or yellow lines in Figure 3) is flexible
enough to deform, while the top and bottom are held in place by
rigid cylinders. As Figure 3(d-e) shows, the flexible members can
also reach equilibrium when they are partially inverted [2].

3.2 Transitioning between states
To take advantage of our multistable module for building dynamic
materials, we add actuation that allows us to control its transition
between states. We call our conical actuator module ConeAct. To do
so, we use active materials due to their small size and potential for
miniaturization. In our prototypes, we use shape-memory alloys
(SMAs), which are metal alloys that can be deformed by an external
force, but return to their "memorized" shape when heated to their
transition temperature.

We integrate four such SMAs (here, Flexinol1) into our cone
structures to push and pull them between their multiple stable
states. As shown in Figure 4a, three SMA wires are attached to the

1Dynalloy Inc.: https://dynalloy.com

https://dynalloy.com
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outside of the cone to act as "extenders". These deform passively
when the cone collapses, but straighten out when heated to lift the
top of the the cone into its extended state. We also integrate a fourth
SMA actuator centered within the cone to act as a "contractor", as
we show in Figure 4b. This SMA actuator is a coil, which is malleable
in its cooled state, but contracts to collapse the cone when heated.

Figure 4: (a) In the extended state, the inner SMA coil is
stretched to twice its pre-trained length. When actuated,
the coil contracts, and the ConeAct module collapses. (b) In
the contracted state, the outer SMA wires ("extenders") are
tightly bent. When actuated, these wires straighten out, and
the ConeAct module extends. (c) From the contracted state,
When one of the outer SMA wires is actuated and straight-
ened out, the ConeActmodule bends in the direction opposite
to where the wire is located.

The straight SMA wires we use for our prototypes have a tran-
sition temperature of 70℃, while the SMA coil transitions at 90℃.
We heat our SMAs by running an electrical current through them
(i. e., Joule heating). Our prototype implementation of ConeAct can
hold its extended state at 25 mm in height, while it is 15 mm tall in
its contracted state. The height change (i. e., linear stroke) between
these axial stable states, corresponds to 40% of its total height. The
three bend states are equally spaced in the azimuthal direction
at 0°, 120°, and 240°. We detail the implementation and technical
evaluation of ConeAct in Section 4.

With this combination of SMA actuators, we have complete con-
trol over the state of our ConeAct module. Note that more than 3
bending states could be achieved, but would require additional SMA
actuator to control the states. We decided to limit our prototype to
three states to balance assembly complexity and degrees of freedom.
Importantly, the electric current is only required for transitioning
between the stable states of our engineered cone structure — once

actuated, the module will hold its position without drawing any
additional power. The combination of the passive multistable struc-
ture with this embedded actuation yields our self-contained, small
and lightweight, energy-efficient, shape-changing module.

3.3 Sensing user manipulation
Since ConeAct is only actuated to transition between its stable
states, but no power is provided to hold the state, it can be manipu-
lated by users safely. As Figure 5 shows, users can manually squeeze
or press ConeAct to compress it or bend or stretch the module to
assume their desired shape. This becomes especially attractive as
multiple ConeAct modules are assembled to assume dynamic inter-
faces, as we demonstrate with our example applications (Section 6).

To capture the user interaction, we augment ConeAct with sens-
ing capabilities. As we show in Figure 5, ConeAct embeds three
simple sensors on its top rim. When users push ConeAct to collapse
it, the three sensor pads contact their counterparts that are located
on the bottom rim. When ConeAct is bent, only one sensor pair is in
contact, which allows us to sense the bending direction. Conversely,
when no sensors are contacted, we know that ConeAct is extended.
This simple sensing mechanism is intended to detect user interac-
tion. In our experience during development of ConeAct, users tend
to push the cone enough to make contact with the contact pads.
To detect state changes when the module is self-actuating, thus to
enable closed-loop control, an improved sensing structure would
need to be developed in the future (e. g., using compliant elastic
structures acting as springs on the contact pads to ensure contact
is detected).

Figure 5: ConeAct can passively detect manipulation by users.
(a) ConeAct has three pairs of conductive pads, or three touch
switches. We painted the hinge of the conical structures with
conductive ink, making it a contact strip. (b-c) When any of
the switches touch the contact strip, the conductive pads are
connected so that ConeAct can send a signal of the sensed
manipulation (pressing or tilting) to the control board.

4 CONEACT IMPLEMENTATION
Designing a multistable structure requires careful choices in both
material properties and overall geometry. After an evaluation of
multiple parameters (for details, see Section 8) we arrived at the
implementation described below.

4.1 Passive Multistable Structure
To achieve multistability in our module, it’s important to preserve
the rigidity of the upper and lower cylindrical sections, allowing
only the conical surface to deform (Figure 2). We accomplish this
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through the use of a hybrid structure, embedding rigid ABS2 pieces
inside a flexible TPU3 shell (Shore 85A).

Both the TPU and ABS components are 3D-printed. The walls of
the TPU shell are 0.4 mm thick, and the two circular "hinges" (where
the snap-through behavior occurs) are slightly thinner, at 0.2 mm.
The cylindrical walls of the TPU structure are further rigidized
through the insertion of two ABS support rings (0.4 mm thick).
This combination maintains the stiffness of the cylindrical sections,
and the softness of the conical section. With a negative clearance
(-0.1 mm) between the supportive rings and compliant shell, the
components are easily, and securely, inserted together.

In its extended state, the cone measures 25 mm. When fully
collapsed, the cone is 15 mm tall. In each the three stable bent
states, the bend angle is approximately 55° (Figure 6).

Figure 6: ConeAct has 5 stable states, i. e., an (a) extended
state that can snap through to its (b) contracted state, as well
as (c-1,2,3) three bent states. The linear stroke between the
extended and contracted states of ConeAct is 10 mm, or 40%
of the total height. The three bending states actuate at 55°.

4.2 Shape Memory Alloy Actuators
We use a set of four SMA actuators (three straight "extender" wires,
and one coiled "contractor" wire) to drive the passive cone from one
stable state to another (Figure 4). The extender wires are 0.375 mm
in diameter, and approximately 25mm long. When cool (25-30°C
lower than transition temperature, which is about 60°C for wires),
they can be easily bent, allowing the ConeAct module to rest in a
variety of different positions. The contractor coil is made from a
2PolyLite PE01012
3Ninjatek 3DNF0817505

slightly thicker wire (0.381 mm), and in its retracted state, collapses
to 11 mm. Like the extender wires, it too is malleable when cool
(about 40°C), and can be stretched to roughly 22 mm (twice its
retracted length).

Figure 7 showcases the assembly process for a single ConeAct
module. First, the SMA "extender" wires are cut to 30 mm lengths,
and soldered to the bottom PCB, along with the "contractor" coil
(Figure 7a). The 3D-printed TPU cone, along with ABS stiffeners, is
fixed to the bottom PCB — a small wire is hooked through both the
PCB and the ABS stiffener (Figure 7b-c). The cone is then pushed
to a retracted, stable state, allowing access to the SMA contractor
coil (Figure 7d), which are soldered to the upper PCB (Figure 7e).
As a final step, the ABS lid of the cone is glued to the upper PCB
(Figure 7f). After the fabrication process, the SMA extenders are
approximately 25 mm long (from the lower solder joint to the upper
solder joint).

Figure 7: The fabrication process of a ConeAct module. First,
(a) SMA wires are soldered to the lower PCB, then (b,c,d) the
multistable cone is attached, and finally (e,f) the cone and
wires are attached to the upper PCB.

4.3 Electronic Control
Two custom circuit boards (16 mm in diameter) sit on the top and
bottom of our ConeAct module (Figure 8). Our SMA actuators are
soldered directly to these boards—when we run a current across
them, we trigger a shape change, and switch the ConeAct module
from one stable state to another.

The bottom circuit board houses two dual MOSFETs4, each capa-
ble of switching up to 5A (though in practice, we limit the current
draw to 2.5A). Each MOSFET drain is connected to one end of an
SMA wire. The top circuit board acts as a shared power plane, pro-
viding a path for the actuator current (a 28 AWG wire connects
the two boards, as shown in Figure 8). We drive the gates of the

4Texas Instruments CSD87502Q2
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MOSFETs with a small onboard microcontroller (ATTiny1616), op-
erating at 3.3 V. For each actuator, a watchdog timer (which can be
set and reset by an external command) will shut off the appropriate
MOSFET, to avoid overheating the SMA wire.

The onboard microcontroller responds to commands issued from
a separate "director" device (an Arduino Nano) over an I2C bus.
(These commands are simple instructions that activate an actuator
and set its corresponding timer.) From this director device, we
can address and control numerous ConeAct modules (a necessary
requirement, since we use multiple modules to compose larger
structures).

Figure 8: (Left) A simplified schematic of the sensing and
actuation circuits. The sensing circuit on the upper circuit
board detects electrical contact between conductive regions
of the cone structure, when the cone is in a compressed or
bent state. (Right) Illustration of the full ConeAct hardware
components, with sensing and actuation circuits.

4.3.1 Controlling Multiple Actuators. Our modules can be chained
together using flexible connectors that mate with the lower PCB, as
shown in Figure 9. Once connected, these modules share a power
source and I2C bus, allowing for communication with a single di-
rector device. A 3D printed plastic holder, which the modules snap
into, can also be used to constrain the actuators in a particular con-
figuration (in Figure 9b for instance, we use a square-shaped holder
with flexible hinges). Using these flexible electronic connectors and
snap-fit plastic holders, users can assemble and disassemble their
modules, therefore reuse them across different applications.

4.3.2 Detecting User Interaction. To sense user interaction with
our modules, we add a small amount of conductive material to the
top and bottom rims of the cone (Figure 5). The conductive traces on
the top rim are connected to pads on the upper printed circuit board,
and a circuit is completed when the rims touch. This connection is
sensed by three analog inputs on a separate microcontroller (also an
ATTiny1616) that resides on the top circuit board. Like the bottom
circuit board, this board mates with flexible connectors that join
the microcontroller to an I2C bus.

5 INTERACTIVE EDITOR
To assist users in creating their desired dynamic objects, we provide
a simple web-based editor. Through this interface, users can design
and iterate upon shape-changing structures, by connecting modules
together and simulating the resulting motion when actuated.

Figure 9: (a) The upper and lower circuit boards are pro-
grammed through a UPDI interface, with an Arduino Nano
microcontroller acting as a programmer. (b) Multiple mod-
ules can be linked together through a combination of flexible
electrical connectors and plastic snap-fit holders. They com-
municate with a director device (a separate Arduino Nano)
over an I2C interface.

Figure 10a demonstrates how users may model the base struc-
ture of their shape in our editor. In this example, we provide a
primitive that combines 4 actuators in a square formation, which
can be used to build auxetic structures (such as the application
example in Figure 12. Users can also import meshes in our editor,
as shown in Figure 10b. This allows them to create more complex
models and to work in computer-aided design environments they
are already familiar with. Users can import a polygon mesh in pop-
ular file formats (.3dm or .stl). Our editor converts the edges of
the imported mesh to ConeAct actuators in their contracted state.
The orientation of the placed actuators is aligned with the edge
vector, as shown in Figure 10b. The system automatically scales the
imported mesh such that only one actuator represents each edge.
Our editor expects a model with uniform meshing, i.e., where the
edge lengths are approximately the same. Many tools, especially
from the graphics community, exist that provide uniform meshing,
(e.g., OpenFlipper [40], MeshLab [14], Autodesk Fusion 360 [1]).

Figure 10: The interface of our editor. Users can (a) create or
(b) import meshes and simulate their deformation.
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Previewing Motion. Our editor supports users’ iterative design
by integrating simulation of the actuators’ motion. It can simulate
the different degrees of freedom of the module while actuated by
SMAs, i.e., extended, contracted, and the three bending directions.
After verifying their design, users can re-edit the shape or re-select
modules for actuation to facilitate design iteration before physical
fabrication. Currently, this method can dynamically simulate shape
switching, but it does not simulate the deformation of flexible struts
on the conical structure. Using the finite element method (FEM)
or faster approximation algorithms (such as discrete shells [22])
for more precise simulation presents interesting opportunities for
future work.

5.1 Software implementation
Our editor uses Cannon-es [4], a lightweight 3D physics engine, to
simulate the motion of the multistable actuators, e.g., extension,
contraction, and bending. We also use Three.js [62] to render the
scene and the module’s geometry, and use lil.gui [37] for the user
interface interactions. All the code is written in JavaScript and
tested on Google Chrome.

Single Module Simulation. We use Cannon-es’s Spring to simulate
the different types of motion actuated by SMA wires of the single
actuator in the software. We attach three springs to connect the
top and bottom sections of the cone geometry, and enable relative
movement of these two parts by adjusting the rest length of springs,
e.g., setting the rest length of one spring less than the other two
for bending motion. When the module is not actuated, the top part
and the bottom part of the geometry are joined together with a
Cone Twist Constraint [5]. This constraint works by defining a
‘cone’ of allowable rotational movement, i.e., the aperture angle of
the cone, between two rigid bodies, but also remaining a certain
distance. Meanwhile, no twist movement is assigned between the
two bodies.

Joints between Modules. To approximate the dynamic behavior
of multi-actuator materials (i.e. the structures in Figure 10), we
apply appropriate joint constraints between the constituent mod-
ules. For instance, within the square primitive that composes the
auxetic structure (Figure 12), each module is connected by a hinge
constraint and a distance constraint, which allows the two sim-
ulated actuators to rotate relative to each other while keeping a
specific distance. (This corresponds to the flexible physical connec-
tor that we use to link modules.) In addition, when the user imports
a polygon mesh, the system uses a lock constraint to fix the relative
position of each module, which benefits building a steady structure,
and the overall shape deformation is only affected by the actuation
of modules. In this case, the fabricated connector should be rigid,
as in the example we showcased in our rolling robot application
(Figure 14).

6 APPLICATIONS
Our ConeAct modules are small, self-contained actuators. A user
can assemble them into a desired base-shape, and then dynamically
change the shape and properties of the resulting object. As such,
our ConeAct module is an implementation of an atomic element
of programmable matter [19, 20]. To assemble our modules into

Figure 11: This table shows how modules are connected in
series, as a surface, as a hinged array, and as a volume. We
designed simple mechanical connectors, which clamp and
hold the modules to connect them into different structures,
lattices, or objects. These mechanical connectors, in combi-
nation with flat electronic wires for communication, allow
users to connect our modules to devise different objects.

dynamic objects, we provide simple mechanical and electronic
connectors, as we show in Figure 11.

In the following, we illustrate example applications that demon-
strate the utility of such small actuator modules. We showcase how
they are useful for remote collaboration serving as dynamic data
physicalization displays or for remote product design sessions. We
also demonstrate how they can be assembled into a locomotion
robot that can bring items to users or into a tactile display that can
convey directional information to the user’s sense of touch.

6.1 3D Data Physicalization
In the example shown in Figure 12, multiple ConeAct modules
assembled in a lattice configuration serve users as a dynamic display
for data physicalization. Figure 12a shows how users are exploring
and validating data they collected, which their physical ConeAct
display in front of them. They pull the display apart to view the data
distribution. The display emerges from a flat state into a 3D surface
with a smooth distribution. The user understands that their data
is normally distributed along the X and Y axes. After performing
transformations on the data, users pull the ConeAct display apart
again, as shown in Figure 12b. This time, the display expands in
both directions, but remains flat. The user realizes that they made
an error in their data transformation that accidentally flattened
all their data to the plane. Figure 12c shows that after they fix
their error, they reveal the correct distribution of their data on the
ConeAct display. Our ConeAct display allows users to benefit from
the spatial exploration enabled by data physicalization [30].

To achieve this 2D from 3D behavior, we utilize the concept
of deployable structures and implement them in a dynamic man-
ner through ConeAct modules. We build on Celli et al. [7], which
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Figure 12: The deployable structure for 3D data physicaliza-
tion can reconfigure to (e-f) different non-periodic patterns
so that will buckle from a flat sheet to a 3D surface. (a) It can
help users to inspect and understand the data distribution.
(b-c) Users can easily carry a roll of the sheet and carry it
with them.

showcased how such deployable structures can be created by pas-
sive laser cut sheets. In summary, if its hinged elements have the
same length in all dimensions, when manually stretched, the sheet
remains flat and extends in all directions, i. e., it behaves like an
auxetic material. When some elements are longer, this leads to
frustration within the sheet, causing it to buckle out of plane and
deploy into a 3D surface. We use this concept, which was shown
on passive pre-defined sheets and actuate our ConeAct modules to
selectively lengthen or shorten to emerge into a 3D surface. Our
modules are assembled using the connectors shown in Figure 11,
which implement the basic auxetic behavior.

6.2 Portable dynamic prototypes for design
In Figure 13, we show how ConeAct modules can assist users in
collaborative remote product design sessions, even on the go. A
product designer is traveling, but has an important deadline com-
ing up. They pack a set of ConeAct modules such that they can
participate in remote design meetings during their travel. They
connect the ConeAct modules into a volumetric car shape using the

connectors shown in Figure 11. As their team members model the
center of the car to be shorter, the prototype in the traveler’s hands
mirrors this change, enabling them to see the remote changes in
their physical prototype. The designers iterate over their design
collaboratively. Since the ConeAct modules preserve their state pas-
sively through their multistable cone geometry and only use power
to actuate transitions between states, they can run off batteries mak-
ing them portable. As Section 7.3 describes, our energy-efficient
ConeAct moudles enable users to actuate the design prototypes
with a portable phone charger.

Figure 13: ConeAct modules can be used on the go, due to
their low energy requirements. Here, product designers col-
laborate remotely on a car design. Changes in the car shape
are mirrored on the physical prototype.

6.3 Soft rolling robot
ConeAct modules can also be utilized for robotic functions. In
Figure 14, we demonstrate a rolling robot that can transport small
items to the user. We join 12 ConeAct modules together using
rigid triangular connectors, a variation of the connectors shown
in Figure 11. Six of these modules serve as extensible "spokes",
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connected to the interior of a 3D-printed, flexible wheel. (The wheel
itself is a compliant, serpentine structure, allowing for the extension
and contraction of individual ConeAct modules.)

To trigger its rolling locomotion, we extend the ConeAct module
that contacts the floor and its adjacent neighbor module on the
inside ring, as illustrated in Figure 14a, which pushes the robot
forward. This process utilizes the output force of the multistable
property. We repeat this process until the robot reaches its goal
position. At the end of its journey, the 6 ConeAct modules on the
outer perimeter are bending away from the user to “hand” them
the transported object. The robot moves calmly without disrupting
the user’s attention, yet enters the user’s field of view when it’s
time to deliver the object.

Figure 14: We demonstrate how 12 ConeAct modules are con-
nected to implement a soft rolling robot that can transport
small items to users.

6.4 Tactile display
Figure 15 illustrates how ConeAct modules can act as a calming
tactile display. In this example application, we connect 15 modules
with simple surface connectors, shown in Figure 11b. Additionally,
we add 3D printed parts with different textures on the top of each
module for variation in tactile textures. The ConeAct modules are
actuated in concert, e. g., to hide all spiky tops and only apply
gentle directional stroking on the user’s palm (Figure 15c). For
more intense tactile sensations, the spiky tops are raised, while
the round tops are lowered. The tactile sensations paired with the
continuous directional strokes and spatio-temporal patterns enable
this display to provide a variety of tactile sensations to users.

Figure 15: Our tactile display connects 15 modules on a sur-
face. Here, we augment the tops of themodules with textures,
which in concert with directional and temporal control can
provide calming sensations to users.

7 TECHNICAL EVALUATION
To understand module reliability, and to determine the average time
needed to actuate (i.e., contract and extend) a cone, we conducted
a series of tests. Since our module is actuated by SMAs, which are
thermally activated, we first measured the temperature changes of
a ConeAct module in one cycle of its contracting and extending to
get an intuition of the relationship between actuation frequency
and reliability. Then we conducted three sets of cyclic actuation
tests to measure the reliability at three different actuation frequen-
cies, as we describe in the following sections. We note that these
tests are intended to enable replicability of our research prototypes.
As is typical in research, achieving product-readiness will require
additional engineering, professional manufacturing, and quality
control.

7.1 Thermal Measurement
SMAs are actuated by Joule heating, which triggers them to switch
into their programmed form. That means that they need to cool
down to become pliable again, such that we can actuate ConeAct’s
antagonistic SMAs. For example, if ConeAct is actuated into its con-
tracted state, the contractor coil is heated. When we want to extend
it again, a heated contractor coil would withstand this antagonistic
movement. To better understand appropriate cool down times be-
tween actuations, we measured the module’s temperature changes
during the cooling process after each contraction or extension.

Figure 16 shows our results, captured with a thermal imaging
camera (ACEGMET TI256I). Our thermal measurement for mod-
ule contraction (Figure 16 top row) showed that after actuating
the coil for 4s, ConeAct switched its state. Within 40s, it cooled
down enough to allow us to run cycles repeatedly, although it
took 1:34 min (94s) to fully cool down to its original temperature.
For module extension, we performed the same test, shown in Fig-
ure 16 bottom row. Our measurements show that the extender wires
switched ConeAct’s state within 7s. As opposed to the contractor
coil, the extender wires were not enclosed and cooled down within
10s, enabling cyclic actuation. They fully cooled down after 27s in
our test.

7.2 Cyclic Actuation Test
We performed cyclic actuation tests between contracting and ex-
tending ConeAct. Since the SMAs are heated actively, the main
factor influencing ConeAct’s performance is their cooling time. To
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Figure 16: Thermal test results. Changes of the maximum
temperature within the field of view during and after module
contraction (top) and extension (bottom).

understand this better, we performed a four-step test procedure
with three cooling conditions (as illustrated in Figure 17):

1. Slow: We derived the cooling times from our aforemen-
tioned thermal test — letting the SMAs cool passively using
40s for the contractor coil and 10s for the extender wires. We
expected ConeAct to actuate reliably between its contracted
and extended state.

2. Fast: We aimed to test more extreme cases and let the con-
tractor coil cool for only 5s, while keeping extender wires at
10s cooling time. We expected ConeAct to loose reliability,
but allow faster transitions.

3. Active: We added active cooling to our experiment by plac-
ing a miniature cooling fan next to ConeAct. We allowed
a cooling time of 15s for the contractor coil and 5s for the
extender wires, which we determined empirically. With this
shorter test, we expected to verify that ConeAct can increase
its reliability using active cooling in the future.

Procedure. We performed our test using the procedure illustrated
in Figure 17): (1) We began in the extended state and triggered
the transition to the contracted state. We applied current for four
seconds through the contractor coil to transition the cone into its
contracted state. If it didn’t collapse, we kept the current on for
two more seconds. At this point, a cone that still remained upright
fails the contraction test. (2) The module was then left to cool down
according to the cooling conditions described above; i.e., 40s in
the Slow, 5s in the Fast, and 15s in the Active cooling condition.
(3) To transition from the contracted back to the extended state, we
heated each of the extender wires for one second each in a counter-
clockwise sequence for up to six seconds in total (i.e., two actuations
per extender wire). If at this point a cone remained collapsed, we
labeled it as failing the extension test. (4) To conclude one cycle, we
left the module to cool down again according to the aforementioned
cooling conditions; i.e., 10s for the Slow and Fast, and 5s for the
Active cooling condition.

Figure 17: Contraction-extension cyclic test. (a) Test condi-
tions of three repeated contraction-extension actuations of
a single ConeAct module. Specifically, three tests have the
same actuation duration, but different cooling methods and
duration. In Slow and Fast tests, we let the module cool down
at room temperature (26°C during our experiments) in the
static air, and inActive, we used an active cooling setup shown
in (b). (c-d) Results of three cyclic tests. We tested 50 cycles
under test conditions 1 and 2 to compare the reliability at
different actuation frequencies. The "X" mark on the Fast
line indicates that the module did not transition to the ex-
tended state. We ran 20 cycles for Active test to evaluate the
effectiveness of the active cooling approach.

The overall time limits (6s for contraction and extension) were
chosen to avoid overheating and damaging the module. The initial
actuation times (4s for contraction, and 1s per wire for extension)
were determined empirically through the evaluation of multiple
modules. The SMA wires were driven at 3.5V/2A (average power
consumption of 7W when heated). We performed 50 cycles each
for the Slow and Fast cooling conditions, 20 cycles for the Active
cooling. We video recorded our tests and coded time elapsed to
switch the states successfully and failure.

Results. We show our results in Figure 17. We plotted the time
it took for the module to expand or contract by calculating the
time between the start of the actuation and the module actually
switching state based on our video recordings.

In the Slow condition, the module successfully switched states
for all 50 cycles, without fail. We found that the average contraction
time was 2.8s (𝑆𝐷 = 1.09s) and the average extension time was 6.86s
(𝑆𝐷 = 1.73s). Interestingly, both contraction and extension times
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reduced with increasing number of actuation cycles, yielding a
more consistent actuation overall. Specifically, the contraction time
remained constant at 2s for the final 14 cycles, and the extension
time varied between 5s and 6s for the last 20 cycles. This might be
due to the flexible cone being "broken in", i.e., it becoming slightly
softer at its hinges, causing it to be deformed more easily by the
SMA actuators.

In the Fast cooling condition, where we allowed only a 5s cool
down phase for the contractor coil, we notice failure cases in extend-
ing themodule. On five occasions (labeled in Figure 17d), themodule
failed to extend within the 6s time limit that we pre-determined.
Moreover, as cycles increase, it takes longer to extend the cone.
Since we don’t see failure cases in module contractions, this in-
dicates that the contractor coil has residual heat inside the cone,
which is warming the contractor coil and resisting the extender
wires. This extreme test confirmed our assumptions that either long
passive cooling times or active cooling is necessary.

With the Active cooling condition, we verify that active cooling
can indeed shorten the actuation cycles to increase interaction
speed. Our results confirm that with a 15s cooling time for the
contractor coil and 5s for the extender wires, the module switches
without fail over our 20 cycles tested. We turned the cooling fan
next to the module on only during the cooling phase, not while
heating the SMAs. This shorter test confirms that there is room
for future work on integrating, e.g., Peltier cooling elements, heat
sinks, or similar, to increase the actuation frequency of our modules
for programmable matter.

7.3 Energy Consumption
During actuation, each SMA is connected to a 3.5V supply, and
draws 2A of current—a power consumption of 7W. Assuming an
"on time" of 10s for a full actuation cycle (see previous section), our
ConeAct module requires 70J (or 0.02Wh) to contract and extend.
To put this in context, using a commonly available portable phone
charger5 (e.g. 10000 mAh at 3.7V, or 37Wh) to power our system, we
can expect over 1800 actuations from our system (= 37Wh / 0.02Wh).
This level of power consumption, combined with the lightweight
nature of our ConeAct modules, makes our system an attractive
option for "on-the-go" shape-changing interfaces. As a point of
reference, a commonly sold latching solenoid6 operates at 40W, and
while the "on-time" is considerably shorter, the extra weight makes
portable applications more challenging.

8 CONE PARAMETER EXPLORATION
In our research prototypes shown in this paper, we aim for small
modules that allow us to explore a new modular approach towards
programmable matter. However, other researchers might have dif-
ferent goals and use cases and may be interested in larger load-
bearing structures. To support others in building on our work, we
explore the geometric parameters of our passive multistable cone
structure, which is agnostic to the actuation mechanism that trig-
gers the transition between its states, and its resulting mechanical
properties.
5https://www.amazon.com/Anker-Ultra-Compact-High-Speed-VoltageBoost-
Technology
6https://www.digikey.com/en/products/detail/delta-electronics/DSML-0630-
12P/7427840

8.1 Parameter space
To explore the impact of our cone geometry on its performance, we
identified 6 parameters, i. e., size, diameter, wall thickness, hinge
height, slope, and strip angle. We illustrate all parameters in Fig-
ure 18a. For each parameter, we 3D-printed a range of 4 specimens.
Across all experiments, we use the parameters of our ConeAct ge-
ometry as a baseline. This yields a total of 6 × 4 + 1 = 25 different
cone geometries in our experiments. We are mainly interested in
understanding how the cone geometry impacts its stability, stiffness,
and stroke. We illustrate all results in Figure 19.

Figure 18: (a) We explore 6 parameters of our passive cone
geometry and their influence on the resulting multistability,
stiffness, and stroke. The parameters include 𝑠 (size), 𝑑 (di-
ameter), 𝑤 (wall thickness), ℎ (hinge height), 𝛼 (slope), and
𝜃 (strip angle). (b) Test setup for capturing force-displacement
data for our multistable cone modules. (c) An idealized force-
displacement curve, illustrating bistable behavior.

8.2 Stability tests
Method. We tested the multistability of cone geometries by set-

ting them manually into their contracted or bent position and
recording whether they kept that position. Figure 18b shows our
simple setup. We recorded 10 minutes of video and registered which
cones did not keep their state. We then left the ones that kept their
state for this 10 min for about 2 days to confirm that no long-term
changes would occur. We depict all cones that kept their states in
Figure 19, which the highlighted figures denote long-term stability.



ConeAct: A Multistable Actuator for Dynamic Materials CHI ’24, May 11–16, 2024, Honolulu, HI, USA

Figure 19: All results of our parameter space exploration. For the results of the stability tests, we present photos of modules
that can be bent and highlight modules that can remain bent for more than 2 days. For the force profile, the solid and dashed
lines correspond to the contraction and extension processes of the cone, respectively. The dots on each curve indicate the
maximum positive or negative force. The triangles on the x-axis indicate when the module switches to steady state 2, with a
displacement value corresponding to the stroke. The force profile for the structures we used in our prototypes are highlighted
with yellow solid and dashed lines.

Results. Our results for the cones’ collapsing stability show that
most of them successfully maintain their contracted state. The
bistability is only lost when the walls are too thick or when the
slope is too small, that is when the cone becomes too cylindrical.

Looking at the cones’ bending stability, we found that the slope
of the cone influences the bending state stability significantly, with
only one slope being stable. Any structures that did not maintain
their contracted state also cannot maintain their bent state.

8.3 Force profiles
Method. Beyond the simple stability tests, we also measured how

much force it takes to deform our cone structures based on their
geometry. We perform compression and tensile tests on our cones
using a Mark-10 universal testing machine7. We show our setup in
Figure 18b, where the top of the cone is fixed to the force sensor
using a custom 3D printed lid. The results of these tests are graphs
that show how the force changes depending on the displacement.

Results. We give a schematic example of such force-displacement
graphs for bistable structures in Figure 18c. We start the tests with
the cone in its extended state and perform a compression test. The
tester pushed the cone down gradually until it reaches its unstable
7Mark-10 ESM 303 motorized test stand with MR03-10 force sensor (max. 50 N with
0.02 N error)

equilibrium (the first crossing of the x-axis), after which the cone
snaps into its contracted state, which is the second crossing of
the x-axis. During the snap-through, the cone stops resisting the
compression and pulls in the same direction (i. e., down), which
shows as negative force. After the cone collapsed, we stopped the
compression test and started the tensile test, i. e., we pulled the
cone back up. The dashed curve shows the unloading of the cone.

The force-displacement graphs provide insight into the mechani-
cal behavior of the resulting cone and inform of the maximum force
needed to collapse or extend the cone. The displacement until the
cone reached its contracted state identified the height difference of
the cone’s state, i. e., its stroke. These properties can inform design-
ers of the strength needed for their actuators, if they decide to use
our cone geometry for different application scenarios and might
want to tune their actuators’ e. g., size, stroke length, stiffness for
load-bearing scenarios, etc.

The wall thickness 𝑤 influences the stiffness of a cone substan-
tially, as expected. The force-displacement graphs show how the
very thin walls at 0.2 and 0.3 mm result in similar stiffness. With
growing thickness, the stiffness grows aswell. Our tests with 0.4mm
yield a max. force of 4 N, while the 0.8 wall thickness makes the
stiffness jump to 11.72 N and the 1.6 mm thick wall exceeds the
limit of our 50 N force gauge. Such high stiffness cones can be used
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for load-bearing applications, which in turn require actuators with
large enough force to facilitate the transition between states.

The cone size 𝑠 is inversely correlated with stiffness. That is
because we isolate the size property from its thickness, i. e., we keep
the wall thickness constant for our experiments. This means that
cones of the same thickness (i. e., 0.4 mm) have more flexibility, thus
making them softer with increasing size. We expect that scaling the
cone’s thickness proportionally with its size will correlate positively
with its thickness.

The diameter 𝑑 of the cone does not seem to have a significant
impact on the stiffness or stroke of the cone. However, the increase
in diameter increases the cone’s volume. This allows engineers to
design cones that are large enough hold their desired actuation
mechanisms, without impacting the cones’ multistability.

The hinge height ℎ does not seem to have a significant influence
on either the stiffness or the stroke of our cones. Similarly, we don’t
see the difference in our stability tests—all cones are multistable
in compression and bending. Engineers are free to choose a hinge
height that fits their fabrication method.

The slope 𝛼 impacts the cone stability significantly with only a
narrow range leading to multistable behavior. Steeper slopes result
in stiffer cones. However, if the slope becomes too steep, i. e., the
cones become increasingly cylindrical, they lose their multistability.
The steepest cone (#17) did not compress at all, andwhile #18 did col-
lapse, it required substantial force. Conversely, more shallow slopes
reduce the multistability of the cone geometry as well. The reduc-
tion in stability was confirmed by our stability tests, showing that
the cones were not stable in their bending positions, by the small
area under the 0 N axis in our force-displacement graphs, and by
the decreasing stroke, which further indicates weak multistability.
In fact our baseline cone with a slope angle of 66° (= arctan( 1

0.45 )) is
the only configuration that maintains its stability. We recommend
using slopes close to 66° this for such actuators.

The strip angle 𝜃 influences the cones’ stability and stroke length.
We call a thickened structure on the flexible walls a "strip". Our
baseline cone does not have any strips to avoid confounds with
other parameters in our exploration. In this experiment, we see how
even narrow strips of 10° double the cones’ stroke. With increasing
the strip angle, the effect reduces. While the cones’ stiffness and
stroke increase overall, they remain similar for 20°, 30°, and 40°. We
observe that the stability increases with increased strip angle. In
our prototypes, we used 10° as the strip angle to remain under the
max. force that our SMAs can exert to trigger the state transition.

9 DISCUSSION & CONCLUSION
In this paper, we proposed a novel modular actuator that combines
the advantages of multistable structures, which can hold multiple
different shapes, and controllable transitioning between the state
through active materials (here, shape memory alloys). Our actuator
has several benefits. It is self-contained and energy-efficient, since
it only draws energy during state transitions and can maintain
states without consuming power. This self-contained design makes
the modules portable and straightforward to combine into various
shapes. We showcased four applications to outline ConeAct’s utility
for calm interactive dynamic interfaces — though we believe that
the design space extends beyond this scope as well. In addition

to ConeAct’s modularity, the combination of passive multistable
structures with only brief actuation sequences, enables passive
interaction for the user in-situ. Users can simply change the shape
of their objects bymanually pushing ConeActmodules into different
states, without the need for computer control.

However, our research prototypes shown in this paper present
some limitations as well. SMAs are simple to handle and accessible
active materials. Using SMAs enabled us to investigate which ap-
plications and interactions such modules can support in the future.
The downside is that SMAs are intrinsically slow and our proto-
types inherit this property. Additionally, SMAs heat up, which can
be solved by adding a heat shield around the modules. In our exper-
iments, we did not incur any injuries due to the comparably short
actuation period. Our general design of ConeAct is agnostic to the
specific active material used and new active materials that may be
discovered in material science can be integrated. For example, 3D
printable shape memory polymers with higher power density might
enable us to fabricate the passive cone and its active material in one
process. This would make the fabrication of the cones less laborious,
therefore can enable real-world impact. A simplified fabrication
process also promises a substantial miniaturization potential.

On a higher level, we see the main promise of this work in
exploring new interactions in the area of programmable matter, i. e.,
matter that can change its properties upon user input or sensing
changes. With our ConeAct modules, that can be assembled to
represent and control arbitrary shapes, we contribute to advancing
programmable matter and the impact thereof.
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