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ABSTR ACT
In an attempt to design shape-morphing multifunctional objects, this thesis uses programmable
matter to design self-organizing multi-agent systems capable of morphing from one shape into
another. The research looks at various precedents of self-assembly and modular robotics to design
and prototype passive agents that could be cheaply mass-produced. Intelligence will be embedded
into these agents on a material level, designing different local interactions to perform different
global goals.
The initial exploratory study looks at various examples from nature like plankton and molecules.
Magnetic actuation is chosen as the external actuation force between agents. The research uses
simultaneous digital and physical investigations to understand and design the interactions between
agents. The project offers a systemic investigation of the effect of shape, interparticle forces, and
surface friction on the packing and reconfiguration of granular systems.
The ability to change the system state from a gaseous, liquid, then solid state offers new possibilities in the field of material computation, where one can design a "material" and change its
properties on demand.
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Agent Design Components.

INTRODUCTION
Influenced by unprecedented technological advances, individuals’
expectations of what an object can and should do are becoming
greater and greater. These high expectations in turn pressure the
search for innovative ways to embed intelligence into objects in
order to make them multifunctional, and capable of responding
and interacting with their surroundings. The ability of an object
to morph from one shape to another has been a problem that
many researchers in various fields have tried to approach. These
have ranged in size and technique from large architectural explorations to swarm microrobots. Chuck Hoberman’s transformative
structures and the new cutting-edge pop-up origami robots are
good examples of objects that seamlessly transform from one
shape to another. However, the concept of the discretization of
structures into small simple objects that swarm and self-organize,
creating different complex shapes, offer more potential in terms
of flexibility of reconfiguration and ease of construction. A good
example of this approach is Harvard’s Kilobots (Rubenstein et al.
2014).
Nevertheless, the bots are still relatively expensive to fabricate
and require a lot of maintenance. The research done in the
project fills the gap in terms of creating passive simple agents
that could be cheaply mass-produced. Using material computation, one can design local intelligence to perform different global
goals. Having reconfigurable granular systems could have multiscale applications from microrobotics to architecture (Dierichs
and Menges 2012).

flagella that help in the drifting and interlocking of the individual
plankter to one another (Figure 1). The third biological inspiration
is molecules, and in particular, water molecules. The individual
molecules have a constant shape and distinct polarities, but with
different molecular configurations and grid structures, the whole
system starts to have different properties and transforms from
a gaseous to a liquid to a solid state. The same analogy would
be used later to describe the agents’ systems when transformed
into different global states.
Precedents

The effect of the shape of particles on overall structural behavior
has been studied by a number of researchers, either to achieve
the greatest packing fraction or to create granular material
with special properties (Duran 2012; Pöschel 1998). Although
complex non-convex shapes could provide more opportunities for creating interlocking or entanglement behavior, there
are limitations and complications in regards to the modeling of
interparticle forces. Therefore, advances in digital fabrication and
rapid prototyping made it easier for the physical experimentation of their behavior (Athanassiadis et al. 2014). The promise of
granular systems comes from the ability to transition the system
between fluid and solid states on demand. The addition of interparticle attraction and repulsion forces has been proven to help
in this reconfiguration (Cox et al. 2016). However, the effect of
the particle shape in the rearrangement of the granular systems
hasn’t been systemically investigated yet.

METHODS

BACKGROUND

Actuation

Biological Inspirations

When choosing the external actuation method, a number of
techniques were explored to search for the optimal solution in
terms of precision and large variability of movement.

The project has three main driving biological inspirations: self-assembly, for understanding interparticle interaction strategies,
plankton, for their geometric complexity and variation, and
the structure of molecules, as an inspiration for phase change.
Understanding how self-assembly works in nature, and the
study of biological examples where shape has a great effect
on self-assembly, was crucial in the investigation process. The
agents’ shapes and surface chemistry could control the packing
behavior, selectivity, and dynamics of the self-assembled biological structures (Cademartiri et al. 2012). Some of these strategies
are furthermore implemented in the research. Plankton are creatures that drift with water currents, which is a perfect analogy
for the passive agents in question, as they drift together and
cluster to form beautiful mesmerizing formations (Sardet 2015).
During Victorian-era expeditions, the geometric complexity of
plankton was thoroughly studied and documented (Haeckel
1998). From these drawings and analysis, the complex geometry
of their microscopic shapes could be expressed as the assembly
of three components: the nucleus, the shell or body, and the

The first method explored was the use of vibration to move granular material as well as other larger elements. There is existing
research in the field of cymatics on how sound and vibration at
different frequencies can be used to actuate small granular material to form different complex geometric patterns (Jenny 2007).
As complex as the shapes seem, cymatics has been used until
now as an exploration and visualization technique to understand
the effect of different sound frequencies; there hasn’t, however,
been enough research on how to design these waves to reach
specific targeted patterns. Vibration was also recently used in the
actuation and movement of larger objects. A good example is the
project "Cilllia," where intricate hair structures were 3D printed,
and using external vibrational waves, researchers had precise
control over the objects based on the 3D printed hair direction
(Ou et al. 2016). Using the same technique, though, it is very
hard for an object to have multiple movements using different
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vibrations, because the movement direction is already embedded
in the 3D printed hair pattern.

Using this setup, a wide range of controlled movements could be
generated (Pangaro et al. 2002; Hurak and Zemanek 2012). The
platform consists of a 4 x 4 array of electromagnets under in a 16
*16 cm layer of clear acrylic with 2.5 mm thickness (Figure 2).

The second set of actuation methods investigated were heat and
humidity, as these have been heavily explored in architecture
and material computation. Shape memory material, as well as
the use of material swelling, offer great potential in terms of the
passive actuation of objects using only the natural environment.
However, most of the research conducted in this field managed
to stimulate discrete singular movements in objects. The ability
to use different temperature or humidity values to create
different effects and movements on the same object hasn’t yet
been investigated.
Magnetic actuation was the third and chosen external actuation
method. External magnetic actuation is now widely used in the
field of microrobotics, controlling a wide range of movements
like swimming, flying, and crawling (Miki and Shimoyama 2002;
Honda et al. 1996; Miyashita et al. 2015). There has also been
research on the independent control of multiple agents using the
same magnetic field (Diller et Al. 2013). However, the control of
more than one magnetic agent hasn’t been thoroughly explored
yet. Therefore, the research will aim to investigate the use of
magnetic fields to induce swarming and clustering behaviors in
small passive magnetic agents.

Four PCB milled boards are designed, soldered, and programmed
to control the electromagnets. Each board consists of a microcontroller (ATtiny44), a regulator to regulate between the 12 V
power and 5 V signal sent from the computer, and 4 H bridges
that pass electricity in the 1.5 cm radius wound copper coils.
The electromagnets have on average 25 Ω resistance (Figure 3).
The polarity of the magnetic field on each electromagnet can be
altered by changing the direction of the electric current in the
corresponding H bridge, and the strength could be changed by
using pulse width modulation. A computer interface was developed to control the strength and polarity of each solenoid in real
time.
Digital Setup

The designed and constructed actuation platform is a 2D array
of electromagnets (solenoids) that actuate the magnetic agents.

As for the digital simulation, Unity 3D was chosen as a gaming
and physics engine to calculate and visualize the collisions and
forces applied on the agents. As for the electromagnetic forces
calculations, the MagnetoDynamics package was used. This
package simplifies the magnetic field forces calculations by
discretizing the forces into infinitesimal dipoles, making it faster
for a gaming engine to have a real-time simulation without
compromising the accuracy of the calculations. The creation and
behaviors of the objects in the system were all coded using C#
scripts.
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Electromagnet Array.
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Circuit Boards Design.
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Finite Element Magnetic Simulation.

5

Agents' Shape Matrix.
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Agents’ Design

In the process of designing a family of agents, influenced by the
plankton anatomy described earlier, the agent system could be
divided into three components for exploration: the nucleus as an
analogy of the agent’s magnetic field, the flagella as an analogy
of the surface friction, and the shell that describes the main
geometric shape of the agent.
Shell Design: A parametric model was developed using
Grasshopper and Rhinoceros 3D in order to design a wide range
of objects. The performance of various objects can be tested
later in terms of their effect on the global formations. In order
to explore the different geometric shapes of the agents, full 3D
as well as 2D extruded shapes were examined. Three-, four-,
five-, and six-sided geometries were explored. For 2D extruded
shapes, algorithms for generating different shape strategies (stellated, interlocking, directed) were developed. As for 3D shapes,
or platonic solids, elongated and perforated polyhedra were
explored. Different smoothness values were added to the shape
to test the effects of smooth interactions.

the magnetic field around the agent could in some cases have a
larger effect on the global formations than the shape and surface
friction (Figure 5).
In order to study the effect of the external magnetic field on
the agent, it is important to have the ability to isolate the agents
from one another in order to maximize the external magnetic
field effect. This will ensure maximum control over the agents. If
the agents aren’t isolated, they will have a dominant clumping or
repulsion behavior, and the external magnetic field would have
a secondary effect in comparison. Using FEMM, finite element
magnetic field simulation was implemented to study the effect
of adding side magnetic shielding in an attempt to sculpt the
magnetic field around the agent and minimize the agent-to-agent
interactions (Figure 4). The agent design is an integrated multiphysics problem, where both the visible and invisible design factors
should be rigorously crafted, as they have a great effect in the
final multi-agent swarming behavior (Figure 18).

RESULTS
Digital Experimentation

Flagella Design: For the flagella explorations, an algorithm to
add flagella at the corners of the shapes was developed, introducing different lengths, diameters, and end shapes to create
objects that were more prone to having interlocking and tangling
behaviors.
Nucleus Design: The last parameter was the most important one
in the investigation, as designing the strength and polarity of

To complement the physical experimentation, digital simulation
environments were developed to mimic the physical setup and
provide a platform where a larger number of explorations could
be conducted and thoroughly analyzed.
For the 3D digital simulation setup, a replica of the physical
experimental setup was first developed. The solenoids were
put in a 2D array and the strength and polarity of each solenoid
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could be controlled independently. The solenoids’ magnetic fields
were afterwards translated into forces applied on the magnetic
agents. A large variety of agents were tested with different
shapes and magnetic properties. In the 3D simulation environment, agents with magnetizable material with different strengths
were tested. The magnetic field from the solenoids tended
to cause the translation of the agents, and the 3D rotation
and packing of the agents were a result of the collision forces
between them. The change of the polarity of the solenoids had
very little effect on the forces on the agents.

distributed magnetic dipoles. When the external field was on, the
agents tried to clump together, and the different clusters had
in-plane rotation behavior. Once the external field wa off, the
rotation stopped.

The second set of experiments were with agents with one
centralized magnetic dipole to evaluate how the agents behave
with and without the external magnetic field. In these experiments the external solenoid’s strength is set to be higher
than the dipole magnetic strength in order for it to be strong
enough to obstruct the interaction between the agents. In this
case, the solenoids’ polarity had a great effect on the torque
and forces applied on the agents. The agents were set to be in
random positions at the beginning, and the ones that were close
enough clumped together, creating linear and circular anisotropic
formations. When the external magnetic field was on, the agents
rotated and moved to reach the most stable state. The collision
between the agents was minimal, because neighboring agents
have repulsion forces between each other as they tend to have
the same orientation and polarity. Once the external field was
turned off, the agents returned to the initial clumping behaviors.

A notable problem with the 3D agents’ simulation is that when
the number of agents increases, so does the time needed to
calculate the heavy 3D physics collisions calculations, making it
hard to have an interactive real-time simulation of the agents’
behavior. Therefore, in order to study the formations of a larger
number of agents, another 2D digital simulation environment for
2D extruded shapes was developed. All the magnetic forces and
torques were transformed into 2D forces and in-plane rotations.
The weight of the agents was translated into surface friction
between the agents and ground plane.
The 2D simulation tested a large number of 2D agents with
magnetic material (Figure 8). For the simulation to be similar to
the physical setup, the solenoids were only strong enough to
move agents that were in a radius equal to the solenoids' spacing.
A clustering/packing algorithm for the solenoids’ control was
generated. Since the simulations always started with a random
scattering of agents, at the beginning all the solenoids were
turned on, and at each time-step (dependent on the agents’
strength, weight, and size), one of the outer open solenoids will
be turned off until only one central solenoid is on.

The last set of experiments was with agents that had multiple

In order to analyze the clustering and formations behavior,
different evaluation criteria were calculated. The first set of
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Clustering and Reconfiguration
Analysis.
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3D Digital Experimentation and
Setup.
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Initial Physical Experimentation.
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evaluation criteria to describe the agents is the pre-jamming
state (Figure 6). Firstly, the rotation category R is defined as the
number of dominant relative rotations between the agents. For
example, for 4- and 6-sided symmetric agents there is mainly
1 dominant rotation where all agents have the same relative
in-plane rotation. By contrast, 3- and 5-sided shapes have 2
dominant rotations. Secondly, the agents’ trails are drawn and
analyzed to deduce the speed and type of movement of the
agents. Each vertex of the trail curve is added at a fixed distance
(2 mm) from the vertex preceding it and stays for a fixed amount
of time (5 seconds) before it is removed. This setup helps in the
calculation of the average speed of the agents by getting the
average length of the trails, and the type of agent movement is
calculated by analyzing the curvature of the trail curve. When
the average curvature of the agent trail curve is high, it means
that the agent’s movement is a rotational movement, and when it
is low, it means that the movement is a linear translation movement (Figure 7).
Using OpenCV (Bradski 2000), at each simulation frame, a blob
detection algorithm is implemented. The blobs are the first
representation of the system in a fluid state where concepts like
flow, viscosity, and ease of reconfiguration could be described.
At each frame rate, the number, area, and inertia of the blobs is
calculated.
The jamming of the system could have been detected by
using some of the evaluation criteria discussed earlier. When
the agents are in the solid state, they have slow rotational

movements and all blobs converge into one circular blob. Once
jammed, other criteria like the packing fraction and contact
number, which are often used to described jammed granular
materials, are computed. The packing fraction is calculated by
dividing the total area of the agents over the area of the blob.
The contact number is deduced using Unity3D’s collision detection and the average number of agents in contact at a certain
time is calculated.
Table 1: Clustering Analysis Examples
Number

Shape

Rotation

Packing

Contact

Reconf-

of Sides

Type

Category

Fraction

Number

igutaion

3

Basic

2

0.72

4.1

0.80

4

Basic

1

0,72

4.5

0.71

5

Basic

2

0.73

5.2

0.68

6

Basic

1

0.70

6.1

0.65

3

Stellated

More

0.64

5.1

0.60

3

Chiral

More

0.67

4.1

0.55

4

Smooth
Interlock

1

0.68

4.8

0.69
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11). Therefore, the next set of 3D printed agents were fabricated
with a non-fixed 3 mm diameter sphere magnet embedded inside
(Figure 12). Eight layers of 0.025 mm low carbon steel sheets
were inserted to decrease the agent-to-agent interaction and
make them move independently from each other. A set of agents
with different shape strategies and different flagella densities
were fabricated, and the clustering algorithm for the solenoid
array was implemented to test how closely aligned the physical
clustering of the agents was to the digital ones. The clustering
behavior was to a great extent aligned with the physical experiments, validating the digital experimentation results.

10

11

12

10 Clustering Experimentation.

11 3D Printed and Casted Agents.

12 Magnetic Shielding.

Physical Experimentation

The physical setup was first tested to see the solenoids’ control
over the movement of a single element and a cluster of 5 mm
sphere magnets. The ability to create translation, as well as
in-plane and out-of-plane rotation using a different number of
ball magnets. In addition, a solenoid set-of-actions was achieved
(Figure 9). Two methods of mass production to fabricate custom
agents’ designs were then explored: 3D printing and casting.

In order to visualize and understand the agent-to-agent jamming
stresses, soft agents with magnetic cores were cast with different
sizes. Clear polyurethane was used as a casting material because
of its photoelastic property, wherein the stresses can be visualized using polarized film (Figure 13). These agents, however,
were relatively heavy and had too much friction with the acrylic
base. Therefore, they couldn’t be actuated using the constructed
solenoid array. The stresses between the magnets could nevertheless still be seen. A new set of soft agents were fabricated
afterwards with with the goal of investigating the potential of
soft coupling between the agents (Figure 14). Two prototypes
were designed and fabricated: a grid and a star soft network
of agents. The external magnetic field caused a wide variety of
subtle movements. Twisting, rotation, and elongation movements
were amplified by the stress visualization (Figure 15). These
explorations have a high potential for the future investigation of
external actuation in different networked surfaces.

REFLECTION
As a reflection of the various physical and digital experiments
conducted, a taxonomy of the different agent design parameters
and their effect on the global clustering and formations behaviors was developed.
Parameters

The main three parameter categories as discussed earlier are the
nucleus, flagella, and the shell. Firstly, the nucleus parameters are
the strength, polarity (fixed, free and metal), magnetic shielding,
and distribution the magnetic dipoles. The flagella parameters
are the density, length, range, and shape. Finally, for the shell,
the relative size of the nucleus in relation to the shell, its weight,
shape, and chirality were the final variables explored (Figure 16).
Effects

In order to test the family of agents modeled earlier, a number of
agents were 3D printed using iron-based PLA filaments, however,
the solenoids didn’t have enough strength to move them (Figure

In terms of nucleus parameters, the magnetic field strength
has a large effect on the speed of the agents, as well as their
flow (liquid state), their deceleration, and the effect range of
the solenoids. The polarity of the agents, if fixed, could cause
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complex forces applied on the agent because of the different
dipole polarization, causing torque. Moreover, when the dipoles
are near the edges, the agent-to-agent attraction and repulsion
forces have a higher impact during the agents’ packing.
The flagella variations have a large effect on the ability of the
cluster to reconfigure from one shape to another. Having higher
flagella density increases the surface friction, causing a more
difficult reconfiguration. If the flagella have an "arrow" interlocking shape the ability to reconfigure is very low. Moreover, the
number of flagella in contact with the bottom side of the agents
could increase or decrease the friction between the agent and
ground layer, thus decreasing the speed of the agents.

13

Lastly, analyzing the parameters under the shell category, the
relative size of the shell in relation to the nucleus distances the
nucleus from the effect of the external solenoids, which has
the same effect on the agents as changing the nucleus strength.
The weight of the shell impacts the range and time needed for
the solenoids to move the agents. The shape of the agents, as
discussed earlier, has a great impact on the rotation category,
contact number, and packing fraction. Lastly, introducing agents
with different chiralities could cause selective clustering (Figure
17).

CONCLUSION

14

15

13 Soft Agents.

In conclusion, the project offers a systemic investigation of
the effect of shape, interparticle forces, and surface friction
on the packing and reconfiguration of granular systems. Using
advancements in nanofabrication technologies, one will be able
to fabricate a large number of nanoagents, which will facilitate
the ability to change system states from gaseous to liquid to
solid state. This will in turn offer new possibilities in the field of
material computation, where one can design a "material" and
change its properties on demand. Using the deducted reconfiguration principles to design desired distributions is part of the
forthcoming research.

14 Networked Agents

15 Closeup of the photo-elastic effect due to stress and strain.

the individual elements to flip, or could cause cluster to have
in-plane or out-of-plane rotations or hovering behaviors. The
shielding of the agents' nucleus minimizes the agent-to-agent
interaction, which reduces the ability of the agents to reconfigure/move when the external actuation field is turned off.
When the agents have a centralized magnetic dipole, the
dominant external forces on the agent are linear, and the packing
is mostly based on the shape of the agent. If the dipoles are on
the other hand distributed and non-centralized, there are more

The next steps also will be to explore the three-dimensional
control of the agents to reach 3D formations. The use of more
passive environmental actuation techniques like temperature and
humidity could also be explored to increase the applicability of
the system. The applications of having shape-morphing objects
are endless and could be applied in different fields like medicine,
material science, and even architecture, causing a paradigm
shift in the manufacturing industry into a bottom-up production
process.
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18 Agent Anatomy.
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