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Abstract

The goal of artificial self-assembly has been pursued for many decades in order to improve
manufacturing at small scales and also to understand more about the process of self-
assembly in nature. However, many previous approaches to this problem are limited
either in their ability to be used at small scales or in their ability to produce complex,
heterogeneous structures. In this thesis, preliminary work has been carried out on an
approach that uses tiles and permanent magnets which can reconfigure from a 1D chain
to a 2D shape. Inspiration for the system was drawn from the enthalpic self-assembly of
protein chains into their native states. As such, the magnet paths are designed such that,
after initiation, the magnets reconfigure and change the chain geometry into the shape
desired by the user. The final structure is pre-determined while the actuation occurs in
an entirely bottom-up matter. The system uses no electronic components and is likely
to scale down in size favourably. Inequalities that constrain the internal geometry of
the tiles are derived, and the system is shown to work successfully in both simulation
and physical experiments. Finally, simulations containing large numbers of tiles are
presented to indicate the capability of the system to produce detailed and potentially

functional structures.
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Chapter 1

Background and Motivation

Regarding the origins of life on Earth, one of the key questions that remains is how
individual microbes came to work together and produce larger, more complex structures.
The ‘primordial soup’ theory, first stated by Alexander Oparin in 1924 [17], claims
that the simple compounds that existed during the formation of Earth were able to
combine together into more complex compounds by using the free energy available in
their environment. A remarkable aspect of this phenomenon is that, barring the idea
of some ‘God’-like presence overseeing the soup, all of the information and physical
capabilities required to construct these increasingly intricate compounds already existed
within the microbes. Thus, it could be regarded as the original example of self-directed
assembly, whereby a system of parts assembles in a ‘bottom-up’ manner into a more

complex structure without requiring any external interference.

Although self-directed assembly is believed to be the original method of construction
used in nature, mankind has, for the majority of its existence, depended on a ‘top-down’
approach of assembly; that is, a human (or a machine built by a human) is the external
provider of intelligence and physical manoeuvrability that assembles a collection of parts
into a more complex whole. This has been advantageous to the human race for millennia
as we are able to directly enforce our vision onto materials without having to create an
environment that would naturally self-assemble the outcome that we want. Nevertheless,
the idea of a desired item taking shape independently of human oversight is a pleasing
one, as the amount of physical input into the creation of objects would be drastically
reduced. Furthermore, if, in the future, we were able to create a method in which a set
of initial conditions can produce any type of item that we desire, not only would this be
extremely advantageous in terms of manufacturing, but we may also be able to discover

more about how primitive organisms came to be in the first place.
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Research on this project was carried out from approximately September 2016 to August
2017.

The thesis is structured as follows:
e Chapters 2 and 3 cover results from the literature and a list of design specifications
for the project is derived
e Chapter 4 covers development of the project’s first design iteration

e Chapter 5 discusses the issue of collision in chain-type systems and draws conclu-

sions about the level of universality the system possesses

e Chapter 6 contains development of the project’s second design iteration and the

theoretical contributions made by the project

e Chapters 7 and 8 present results both in simulation and in physical experiments,

as well as concluding remarks and discussion of future work



Chapter 2

Literature Review

2.1 Introduction

Self-assembly is a topic spanning various fields such as biology, chemistry, materials
science and engineering. Broadly speaking, it is the process of individual parts coming

together with no external direction to form an organised structure.

As the areas of research based on the concept of self-assembly are so diversely located,
it is all the more important to be aware of the main strands of research and how they
are linked together. By the end of this chapter it will be clear that it is difficult to

determine if any of the results from each area are definitively better than any other.

The structure of this review is as follows: Firstly, the definition of ‘self-assembly’ is
discussed, and the rules for which papers are considered within scope and out of scope for
this work are determined. Next, past literature is scrutinised based on the main method
of approach used: mechanical, chemical, magnetic, DNA-based, and enthalpic. Key
papers from each of these areas will be described in more detail. A table summarising
the general benefits and drawbacks of each approach is presented at the end of this
section. Finally, the summary will identify key gaps in the literature that must be filled

in order for the field as a whole to progress.

2.1.1 Self-Assembly

In the past, the words ‘self-assembly’ and ‘self-organisation’ have been used interchange-
ably or with varying definitions depending on the field of research in which they have
been used. Uskokovic [18] goes so far as to say that both of these words are used incor-

rectly, since it is impossible to separate the topics of module assembly and the influence

16
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of the modules’ environment on assembly, and that both should be replaced by the single
term ‘co-assembly’. The review by Halley and Winkler [19] states four key differences

between the the two:

1. Self-assembling systems can only display simple emergent behaviour while self-
organising systems can also display complex emergent behaviour. This is because
a self-assembling system does not have access to a constant source of energy, so
the system is constantly approaching an energy minimum, and the modules are

not irreversibly changed during the actuation process.

2. The modules in a self-assembling system are heterogeneous and it is the local
interaction of different modules that produces the collective behaviour, whereas

the modules in a self-organising system are typically homogeneous.

3. There is no minimum number of modules required for a self-assembling system -
two modules bonding together could be considered an example of self-assembly. A
larger (but as yet not clearly defined) number of modules are required in order for

self-organising behaviour to be exhibited.

4. A self-assembling system has a final state at which no more modules can be added,
while the number of modules in a self-organising could, in theory, be increased

indefinitely.

The term ‘self-assembly’ can itself be split into sub-types in accordance with the proposal
by Whitesides and Grzybowski [20]. These are:

1. Static self-assembly- dissipates energy.
2. Dynamic self-assembly- does not dissipate energy.

3. Templated self-assembly- the environment containing the modules dictates the

shape of the final structure.

4. Biological self-assembly- a combination of (1) and (2) that brings about complex

biological processes.

Comparing the two lists above, static self-assembly in the second list can be equated
to self-assembly in the first list, and dynamic self-assembly in the second list could
be equated to self-organisation in the first list. From here on, the definitions of ‘self-
assembly’ and ‘self-organisation’ will correlate to those in the first list, while being
cognisant that they could also be referred to as static and dynamic self-assembly, re-

spectively.
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Although the output of this dissertation would be considered an example of self-assembling
behaviour, literature concerning work on self-organising behaviour will also be included.
Nonetheless, some lines must be drawn as to what should be excluded from this work.
A useful litmus test to decide this is to use the concept of emergence [21] [22]: when
smaller modules are aggregated to produce a larger structure, they are able to display
abilities that they would otherwise not be able to display on their own. Similarly, for
this work, most attention is paid to previous research in which the individual modules
do not possess the abilities of the final assembly that they create. In this way, the line
between self-assembling/self-organising systems and closely related fields such as swarm

robotics, modular robotics, and micro-machining, can be clearly demarcated.

2.2 Key Areas of Self-Assembly Research

For ease of reading, the literature has been categorised based on the type of technique
utilised in each work. It is natural that some of the works presented could be placed in
more than one category; in these cases, the work is categorised based on what is believed

to be the primary technique used.

2.2.1 Mechanical Self-Assembly

The first notable work on mechanical self-assembling systems was that of Lionel Penrose
in his seminal 1959 paper ‘Self-Reproducing Machines’ [1]. The modules presented in
this paper are made entirely of plywood and are agitated in a container in order to
supply them with kinetic energy. The modules cannot connect together until an initial
‘seed” composed of two already connected modules is added to the container. Due to
the change in resting angle of the connected modules and the modules’ geometry, free
modules that interact with the seed change angle and connect to the seed (see Figure
2.1). Later, more complicated modules contain extra features so that the aggregate of
connected modules splits in two once a certain number of modules have been added.
By demonstrating that seemingly intelligent behaviour such as self-assembly and self-
replication could be carried out purely mechanically, Penrose introduced the concept of
intelligence being embedded in a physical structure rather than it requiring a control
centre such as a brain. This idea is now being used to analyse how simple organisms
were able to develop into complex structures, and also in the construction of robots

following the paradigm now generally known as morphological computation [23].

Altering the addressability of each module is a method often used in self-assembling

systems. Here, addressibility is defined as ‘where every component is distinct and is
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FIGURE 2.1: One type of Penrose’s units. Reproduced from [1].

programmed to occupy a specific location within a target structure’ [24] - by making
some modules physically incapable of bonding in certain spatial or temporal situations,
structures with a higher order of complexity can be produced. Masumori and Tanaka [25]
develop convex and concave patterns for the edges of their cubic modules that, when
agitated with a shaker, configure into predetermined letters of the alphabet. Boncheva et
al. [26] use patterned solder dots on the edges of their triangular prism-shaped modules
to achieve addressability in a system that is also able to work as an electronic device. The
system is shaken and heated to melt the solder dots, which are then attracted to each
other through capillary interactions. The patterning of dots on each force is designed
such that every dot on each colliding face need to align in order for the modules to bond.
The LEDs in the resulting structure can then be illuminated by connecting one of the
modules to a power source. Similarly, Matsumoto and Hashimoto [27] use both solder
and hot-melt adhesive in order to assemble modules in two distinct stages, in response to
the temperature of the environment. A mortise-and-tenon connection for the modules
is also proposed to increase the addressability of the system, as it forces modules to

connect only at pre-specified orientations.

Another notable investigation into the effects of a module’s shape in self-assembly is that
presented by Virgo et al. in ‘Evolvable Physical Self-Replicators’ [2]. The modules in
this paper were carefully designed such that, if the modules collide at an unfavourable
angle, they can pivot around each other and lock into a more stable configuration.
Although the modules were made at the mesoscale level (each module being several

centimetres in length), the aim was to unearth the types of issues that would be found
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if the system were to be reproduced on the molecular level. They defined these issues
as: product inhibition, cyclization, spontaneous ligation, and elongation at staggered
ends (see Figure 2.2). The conclusions from this paper, namely that the development of
a module able to circumvent all these issues is a very complex process, give rise to the
suspicion that it would not be possible for a molecule with all of these attributes to be
produced through natural selection. Thus it could be surmised that in biological systems
it is complex interactions between simple modules, rather than simple interactions with

complex structures, that produces intelligent assembly.
(a)

(b)

ai ¥

(€)
FIGURE 2.2: Examples of issues that arise in self-assembly. (a) Correct self-assembly.
(b) Two modules assemble incorrectly, an example of spontaneous ligation. (¢) Mod-

ules that have assembled through spontaneous ligation cause an incorrect sequence, an
example of the elongation catastrophe. Reproduced from [2].

The works presented so far have used dynamic environments (a container that is agitated
in [1], [25] and [26], and a modified air hockey table in [2]) to provide their systems with
kinetic energy and to add an element of stochasticity to the environment, as all of them
rely on the existence of random interactions between modules in order for the modules
to bind together. However, there are alternative methods which can provide modules
with energy in a more deterministic manner. In [28], Mitsui et al. use what they define

as a ‘self-assembly printer’ to rotate and output modules in the correct order as defined
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by the user. Copper foil on the faces of the modules allow the printed assembly to
produce an LED display. Meanwhile, Vergara et al. [29] develop modules composed of
a hard cube encased in a pneumatically actuated shell. By inflating specific modules
in an assembly, various mechanisms such as locomotion and self-reconfiguration can be
successfully demonstrated. However, as each module requires its own micro air pump
in order to be inflated, significant developments in fabrication methods will be required
in order for the system to be considered scalable. Considerable exploration has been
made into planning algorithms for self-assembly with modules that can communicate
wirelessly [30] [31] [32] [33] with the assumption that each module can move about
independently. Analysis of these algorithms is beyond the scope of this work; however,
a review of the current state of the field can be found here [34]. A publication series
worthy of specific attention concerns the Modular Transformer, or ‘M-TRAN’ [35]. The
creators combined features of both lattice- and chain-type systems to produce a robot
capable of various forms of locomotion, as well as the ability to navigate through or over
difficult terrain. A camera system and LED transmitters were used for docking extra

modules in order to increase robot size [36].

Another series of papers on mechanical self-assembly to be noted in particular is that
created by the DARPA Programmable Matter program commissioned in 2006. The
original proposal was for the creation of a ‘smart dust’, and the program statement

concludes by stating that

manufacturing of programmable matter devices, while posing a number of
significant technical challenges in integration, power, heat management, etc.,
can be made feasible, and in a relatively short (less than 10 year) time frame

with appropriate investment [37] [38].

As this ten-year time frame has already passed and there is still no ‘smart dust’ in
existence, it could be said that the project was a failure. However, the funding for this

programme produced various advances in mechanical self-assembly.

Firstly, Cheung et al. [15] produced a system named ‘Moteins’ which they claim to be
‘universally foldable’. In contrast to the research presented thus far, Motein modules
are permanently connected in a chain that folds to produce its final 3D structure. Thus,
it could be regarded as a 1D — 3D system as opposed to the 2D — 3D systems
typically shown in other research on foldable robots. As described further in more
detail in Chapter 5, the system is able to fold into any desired final shape by converting
the graph of the desired shape into one containing a Hamiltonian path. Folding then
occurs in a sequence pre-specified by the user until the final shape is produced. Two

physical systems were produced for the paper: one of roughly cubic centimetre-size and



22

one of roughly cubic decimetre-size. Ten modules were produced for the former and
eight for the latter, and all were actuated by servo motors within each module. They
also produced a physical simulation package that could demonstrate the folding of a

160-module chain into the shape of a wrench.

Next, Gilpin at al. [39] tackled the issue of self-assembling a complex shape by focus-
ing on dis-assembly rather than assembly: 12mm cube-shaped blocks were arranged
into an array that was larger than the desired 2D shape and connected together using
electro-permanent magnets. An algorithm determined which modules were unnecessary
for the design and magnets on any of these modules would be turned off. The released
blocks fall away due to gravity once the final structure is lifted out of the environment.
This approach appears more practical than others in terms of complexity, since a re-
ductive manufacturing process such as this would generally be considered simpler than
an additive manufacturing process as seen in other systems. However, there were still
many issues that were not dealt with in the project, such as scaling the system to three
dimensions and reducing the reliance on hardware that cannot reasonably be decreased

in size in order for smaller modules to be produced.

The final work to be presented issuing from the DARPA Programmable Matter project
is that by Karagozler et al. in 2009 [3]. The main aim for this work was to produce
a relatively small module that could also be easily fabricated. The modules (named
‘Catoms’) were fabricated using a photolithography process that allowed the inclusion
of aluminium circuits within the material. The rectangular shapes folded into cylinders
after being released from their moulds due to tension in the composite. The outer face of
each cylinder was covered with conductive plates in an alternating positive and negative
configuration. When two modules were placed next to each other, a series circuit loop
was produced between two neighbouring plates on each module. A series of voltages
run across the modules to charge and discharge the contacts between them, allowing the
modules to roll around each others’ surfaces (see Figure 2.3). However, only one module
was presented in this paper and it was actuated by placing it on an aluminium sheet
connected to electrodes. It is therefore difficult to say whether this experiment was a
demonstration of the validity of their theory, or if it was a demonstration of something
else entirely. There were also no further hardware-based papers released after this in
the series, and so it appears that no further progress has been made so far towards a

physical realisation of the system.

The final paper to be presented in this subsection concerns a more theoretical issue
in mechanical self-assembly, that of sequential random bin-picking. Consider a pair
of robotic arms and a bin filled with modules of various types, such that only certain

modules can connect to other modules. Every time step, the pair of arms picks two of the
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FIGURE 2.3: (a) Illustration of how forces between Catoms are produced between
electrodes. (b) Experimental setup of the rolling Catom. The electrodes underneath
the tube can be considered an ‘unrolled’ Catom. Reproduced from [3].

modules at random from the bin and attempts to connect them together: If successful,
the connected pair is returned to the bin; if not, both modules are returned to the bin
separately. Naturally, there is no order to when specific modules are connected together
since they are chosen at random. However, Saitou [40] has developed the concept of a
‘conformational change’ such that the order can still be chosen even if the bin-picking
remains random. The conformational change is a mechanical device within a module
such that, when the module is connected to another module, its shape changes so that

it allows another module to connect to it.

If there are three modules A, B, C that will eventually form the configuration ABC),
they can do so in two orders: (A+ B)+ C or A+ (B + C). Now, a conformational
device is added to B such that A and B can only be connected together once B has
already connected to a different module, in this case C. The ordering of assembly is
now restricted to only A + (B + C). By creating lists of rules defining which modules
can connect to which and also when they can connect (before or after a conformational
change), vastly precise and complicated structures could in theory be built by a pair of

robot arms with minimal intelligence.

2.2.2 Chemical Self-Assembly

We next turn to the works concerning chemical self-assembly. The most prominent ad-
vocate of this approach is Professor George Whitesides at Harvard University, whose
research in chemical self-assembly is based on the belief that it is the approach most
capable of being successful at the meso-scale, where modules are micrometre or millime-
tre size [4]. Modules above and below this scale may be more well suited to methods of

fabrication other than self-assembly, such as fabrication by hand (see Figure 2.4).
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Whitesides’ specific approach is to coat the edges of modules with a hydrophobic or
hydrophilic layer, and then suspend them at the intersection of an aqueous solution and
a hydrophobic liquid. The location of the boundary of the two liquids with respect to
the modules influences the manner of self-assembly: if the modules float just inside the
hydrophobic liquid, then the hydrophobic faces will attract and the hydrophilic faces
will repel, and the the reverse will occur if the modules float just inside the aqueous
(hydrophilic) solution[41]. This method only allows for two different assembled states
for each type of module but, by varying the shapes of the modules and/or the edges
of the modules that are coated in each layer, the appearance of these assembled states
can vary [42] [43]. Onoe et al. [44] applied an equivalent phenomena between liquids
of different pH in their system. Specific faces of the modules were again coated with a
hydrophobic or hydrophilic substance but only one solution was used as the environment.
When the solution was made weakly acidic the hydrophobic faces were bound together
and the modules assembled in pairs. Then, when the solution was made strongly acidic,
the hydrophilic faces were bound together and the pairs of modules assembled to form
chains. As pH level is not a binary feature like that used in Whitesides’ work, it could
be possible for more assembly stages to be added to this system and a more complex

final structure could be produced.

Instead of altering the environment of the modules, Mao et al. [5] used a series of
shape memory polymers (SMPs) with different glass transition temperatures to alter
the attributes of the modules in their system. The SMPs are incorporated into a chain
such that they will produce a bending moment if actuated. The entire chain is then
immersed in a bath of water with a temperature high enough to actuate all seven of the
SMPs. The SMPs with a lower actuation temperature will actuate faster than those
with a higher actuation temperature, producing a sequential behaviour. This behaviour

is necessary to produce certain shapes, such as a spiral (see Figure 2.5).

Finally, Hosokawa et al. [45] used a primarily mechanical system to find analogies be-
tween self-assembling systems and chemical reactions. The modules used were homoge-
neous, triangular units that connected together with permanent magnets when kinetic
energy was provided by an apparatus. A ‘yield’ was said to be produced when six tri-
angles assembled into a hexagon, and each of the five sub-assemblies produced before
the hexagon were defined as ‘state variables’. Thus, some state variables (such as an
assembly of one triangle and an assembly of five triangles) can produce a yield and some
(such as an assembly of two triangles and an assembly of five triangles) cannot. It is then
possible to calculate the probability of a desired yield being produced through analysing
the probabilities of bonding and collision of each module, along with the probability

that the correct combinations of sub-assemblies connect together.
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FIGURE 2.4: Chart illustrating the typical fabrication method used at different spatial
scales, and the scale at which self-assembly could feasibly be used instead. Reproduced
from [4].

2.2.3 Magnetic Self-Assembly

Magnets are often used in self-assembling systems as they can impart kinetic energy to
modules without the necessity of bulky and complicated mechanical components. This
allows the size of modules to be reduced and the number of modules in an environment

to be increased.

Firstly, Ryan et al. [46] and Salehizadeh et al. [47] use a setup of external permanent
magnets or electromagnets to control a magnet within an environment. All intelligence
regarding the modules is contained within the external setup. The system is able to
manipulate spherical magnets with a radius of approximately 250um, and can move each
magnet individually when they are only 750um apart. Cheang et al. [48] use a similar
approach to achieve self-assembly of magnetic microbeads in an environment surrounded
by electromagnetic coils. Actuating the coils such that the microbeads rotate at a low
frequency causes them to assemble into chains, while a higher frequency causes them to
separate. Further, it was noted that a chain of the microbeads has a cone of repulsive
magnetic force at both of its ends, meaning that a new bead has to approach from the

side of the chain (its ‘zone of attraction’) in order for it to attach. Chains of up to 13
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FIGURE 2.5: SMP being folded with (a) uniform hinges that fold simultaneously and
(b) with hinges graduated so that they fold sequentially. Reproduced from [5].

beads were produced and some, depending on the number of beads in the chain [49],

were able to replicate swimming-like behaviour.

Wang et al. [50] were also capable of producing modules that assemble into chains under
the influence of an external magnetic field. However, these modules are floated on an air-
water interface and have edges designed like that of a co-sinusoidal curve. This produces
an effect similar to [41], [42] and [44] where, through capillary forces, the edges shaped
like the peaks and the troughs of the curve attract edges of the same type as its own.
The modules assemble randomly when the ratio of peak to trough on the curve was equal
but, surprisingly, produce a square-shaped tiling using curves with a 1 : 2 ratio. Iwase
and Shimoyama [51] use a system of electromagnetic coils to produce a 3D assembly

in two stages. Initially, a flat design is made comprising the faces and hinges that
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will produce the final shape. Two types of hinges are used with different ‘sensitivity
factors’, dependent on the dimensions of the hinge and the volume of ferromagnetic
material within the face that the hinge needs to lift. When the strength of the field
emanating from the electromagnetic coils is slowly increased, the hinges are actuated
and the faces are lifted in the order designated by their sensitivity factor. Interlocking
pieces of adjacent faces ensure that the assembled structure remains upright after the

assembly has been removed from the field.

Ma et al. [52] were also successful in magnetically transforming a 2D sheet into a 3D
structure, using permanent magnets embedded into the structure’s faces. Once an initial
angular velocity is applied, the magnets in the sheet attract each other and cause a
bending moment in the joints built into the sheet, locking into place due to mechanical
stops in the structure’s design. As such, the simple structure of a cube ‘pops’ up with

only an initial energetic input.

Both Shetye et al. [53] and Masumori et al. [54] apply the technique of including magnets
in the areas of the system that need to be reconfigured. The former embeds permanent
magnets in silicon components with one pole of the magnet facing out of the component,
and patterns a substrate with magnetic regions of the opposite pole. Inserting the sub-
strate into a container filled with components and agitating it causes the components
to attach to the magnetic parts of the substrate, while subsequent shaking allows the
components to align. The latter, meanwhile, proposes the use of a chain of electro-
magnets that can produce a folding motion. By relaying the order of polarity for each
electromagnet down the chain, it can fold into a shape without the use of motors. The
shape can then be held indefinitely by adding a permanent magnet to each face of the

modules.

However, the physical experiments presented in the paper did not use electromagnets
but only permanent magnets, so it is difficult to say if this approach is as scalable as the
authors claim. For example, significant modelling would need to be carried out to ensure
that the interference of the electromagnets in close proximity to one another would not

impede the actuation of the chain.

Yim and Sitti [6] also demonstrate the ability for magnets to passively configure into a
desired shape by encasing large amounts of mm-size magnets in silicone rubber. The
rubber, cast into the desired final shape of the system, is cut according to an algorithm
so that the shape disassembles into a straight chain when tensile stress is applied. The
algorithm uses a similar approach to Cheung et al. [15] by finding a Hamiltonian path
through each planar layer of the shape, but also includes an algorithm so that the layers
of planar Hamiltonian paths can be linked together to form the three-dimensional shape.

When the stress is removed, the final shape is recovered through the elastic restoring
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forces inherent to the silicone. The magnets provide the additional alignment that allows
the chain to stably and precisely restore to its former shape. In contrast to the work by
Gilpin et al. [39] which only uses self-disassembly, this work demonstrates the ability of

a system to both assemble and disassemble under given conditions.

As the authors encountered difficulties with small chains being difficult to manipulate,
a later work [7] introduces the concept of a meta-module: the skeleton of a cube made
from the modules presented in the previous paper, reinforced inside its edges with carbon
fibre. Both works included demonstrations of 1000-module or meta-module chains that

can successfully re-assemble in physical experiments (see Figure 2.6).

The final magnetism-based self-assembly system to be presented here is the work on Soft
Cells by Germann et al [8]. The overall concept of Soft Cells is to enclose four permanent
magnets in a square configuration inside a cell with a given softness (see Figure 2.7). The
cells are linked together in a chain with a central hinge at each join between modules.
The entire chain is held taut before being deployed. The permutations of North and
South poles in neighbouring cells determine if and in which direction a fold in the chain
will occur once the chain is released, while the softness of the cells’ material determines
the degree of folding. Shapes containing sharp angles and smooth curves could all be
produced with the same overall methodology by including modules with varying degrees

of stiffness.

(e) (f)

FIGURE 2.6: (A) (a-c) Extension and relaxation of 74 SoftCubes into a C-shape, taken
from [6]. (B) (a-f) Extension and relaxation of 9 SoftCube meta-modules into a 9x1x 1
cuboid, reproduced from [7].
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2.2.4 DNA-based Self-Assembly

This section briefly introduces the field of DNA self-assembly. This field is growing
rapidly and there are hundreds of papers in the area; however, for the sake of brevity
and remaining within the scope of this work, only the key paper in this field is presented.
The interested reader may wish to look at [55] to gain a wider understanding of this

area of research.

The seminal paper on DNA self-assembly is that by Rothemund in 2009 [9], which has
been cited over 2500 times at the time of writing. His method, termed ‘scaffolded DNA
origami’, is as follows: the design of the final shape is filled with horizontal cylinders
in rows to represent the DNA strand. A ‘scaffold’ is drawn through the cylinders and
they are then linked together at locations which will minimise strain during folding with
‘scaffold crossovers’, which eventually become ‘staples’ constructed from DNA base pairs
that complement the base pairs of the long DNA strand at that location. These staples
cut the long DNA strands at their locations and then rejoin the cut edges to those of the
neighbouring cut strands, converting rows of strands into one continuous DNA strand
(see Figure 2.8 for a pictorial representation). By combining a long DNA strand, a
scaffold material, staples, and small cuts in the strand to facilitate folding, DNA can be

folded into geometrically complex shapes at the nano-metre scale.
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FIGURE 2.7: Concept for the Soft Cells system. (a) Basic principle of the modules and
their pivot points. (b) Design of the cells. Blue circles indicate magnets with North pole
pointing upwards, red circles indicate magnets with South pole pointing upwards. (c)
Folding of two soft cells: initially, final configuration for hard cells, final configuration
for soft cells. (d) Folding of three soft cells: Initially, final configuration for hard cells,
final configuration for soft cells. Reproduced from [8].
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FIGURE 2.8: Design method for scaffolded DNA origami. (a) Desired shape filled with
cylinders to represent DNA strands. (b) A scaffold is drawn through the cylinders and
scaffold crossovers are marked. (c) Staples composed of the appropriate DNA base
pairs are derived and put in position. Reproduced from [9].

2.2.5 Enthalpic Self-Assembly

The final self-assembly approach to be presented here is enthalpic self-assembly. Systems
designed with this approach utilise the fact that a closed system, i.e. a system which
does not have an external supply of energy, will tend to dissipate energy until it reaches
an equilibrium at its lowest energetic state. By carefully designing the modules and the
environment in a system such that the desired final shape is at an energetic minimum,

one can cause the modules to self-assembly ‘naturally’.

Some works in this area achieve self-assembly by altering the topology of energy available
in the environment. One of the earliest pieces of research advocating for this method is
that by Cohn and Kim in 1991 [56]. Using a known algorithm which provides conditions
for ensuring successful crystallisation of a material [57], the authors enable 1000 hexag-
onal 1mm-tiles to assemble into an optimally-packed lattice by applying vibrations to
the environment. Later, Bohringer et al. [58] use vibration to assemble capacitors and
surface-mount diodes into a lattice. They also apply a potential field containing aper-
tures to create a pattern of neutral locations within the environment. Modules added to
this environment become ‘trapped’ in the neutral locations and so the modules assemble
to the environment’s energetic minimum rather than the modules’ energetic minimum.
Miyashita et al. [59] use vibrations through water to enable the self-assembly of their
modules. The modules vary in shape (circular, square, or square with rounded corners)
and in their magnetic properties (containing one or two magnets, with either North or
South pole perpendicular to the modules). They discover that varying the shape of the
modules considerably alters the time for a lattice to assemble and that an increase in
magnetism did not necessarily produce a faster assembly- square-shaped tiles took more

time to assemble when they contained two magnets than they did with one.
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Another method of manipulating the enthalpy of a system through its environment is by
applying microfluidic techniques. Tolley et al. [60] immersed 500um tiles in a chamber
with eight openings from which the fluid flow through the chamber could be controlled.
The chamber also had a patterned base that matched the geometry of the tiles. Varying
the fluid flow at the different openings produced a 2D assembly of tiles at a global

energetic minimum on the base of the chamber.

(d) (e) ()

FIGURE 2.9: (a-f) Six stages of assembly for five cubic micritesb, assuming the existance
of a potential between pairs of opposing faces Reproduced from [10].

Damsceno et al. [61] and Solem [10] both attempt to describe the results of enthalpic
self-assembly when the shape of the module is varied. Solem focuses exclusively on the
cube and regular dodecahedron, as out of the Platonic solids they are the only two which

have the ability to be packed close together without any gaps- a 100% packing fraction.
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He proves that the modules in his assembly (named ‘micrites’) must be immersed in a
fluidic environment in order to ensure that they can assemble, and ideally would also be
neutrally buoyant in order for gravity to be neglected. If the existence of a potential is
assumed between a pair of opposing figures, the micrites are thought to assemble as in
Figure 2.9. If the charged pair of faces is allowed to change in the assembly such that the
angle between a pair of micrites varies, then locomotion of the chain is also considered

to be possible.

Meanwhile, instead of restricting the number of potential modules to two, Damesceno et
al. seek to test as many types of polyhedra as possible in order to analyse how it alters
the efficacy of self-assembly. The paper presented here analyses 145 different polyhedra,
but the analysis of over 55,000 different polyhedra [62] has been carried out elsewhere
by the same group. They find that, by comparing the isoperimetric quotient

3672
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(2.1)
where V' is the volume of the polyhedra and S is surface area, and the co-ordination
number C'Ny is given by the initial local arrangement of the polyhedra within the en-
vironment, they can predict the type of crystallised structure the assembled polyhedra

will produce under simulation with 94% accuracy.

Finally, van Anders et al. [63] and Randhawa et al. [64] vary the details on specific
faces of their modules to see the effects they have on the enthalpy of the system. The
former applies an anisotropic force to faces- ‘patches’- on a module so that they either
specifically or non-specifically interact with patches on other modules, and then varies
the size of the patches. Using Monte Carlo simulations, the group demonstrates that
changes in patch size alters both the packing fraction and the type of crystal that the
modules self-assemble into, for example, from a diamond assembly to a quasi-crystal
assembly. Meanwhile, the latter group removed sections from the faces of their modules,
to produce patterns with different amounts and locations of the hydrophobic material
from which the modules are made. They discover that the patterning which produces an
optimal bonding between a pair of modules may not be optimal for a bonding between a
single module and an already assembled group of modules. This is highly important in
systems where massive amounts of modules are expected to assemble into one cohesive
structure. They also produce parameters based on the features of a given pattern which,
when optimised, can reduce the level of defects that occur during bonding between

modules and groups of modules.



33

2.3 Summary

From highlighting just a few of the many works on self-assembly, it is clear that each
general approach has its own unique benefits and drawbacks. Mechanical self-assembly
is often capable of achieving the most geometrically complex structures a.k.a. it has
a high level of addressability, but due to the number of components required to build
each module (motors, electronic communications devices etc.) the modules are generally
larger and generally cannot be produced en masse. One member of the group that pro-
duced the 12mm3 Robot Pebbles claimed that it was necessary to learn watchmaking
techniques in order to create the internal hardware [65], thus demonstrating the difficul-
ties that would arise if modules the size of a grain of sand using the same Robot Pebble
design were attempted. Chemical self-assembly is achievable at smaller scales because
the modules do not require small internal components, so it is scalable, but the type of
structures that can be produced are typically limited to homogeneous patterns and the
concept of module addressability has not yet been approached. DNA self-assembly is
still growing as a field, but it is generally agreed that only structures at very small scales
could realistically be made using the technique. Also, current techniques for producing
a self-assembling DNA strand are highly labour intensive. Enthalpic self-assembly has
shown considerable theoretical promise but is yet to produce output in physical demon-
strations with high impact, where considerations such as gravity and friction cannot
be conveniently removed. Lastly, magnetic self-assembly has shown promise in numer-
ous publications but a coherent method in the field for how self-assembly with magnets

should be achieved is yet to be concluded upon.

H Approach Benefit Drawback H
Mechanical Addressable Not shown to be scalable
Chemical Scalable Not shown to be addressable
Magnetic | Scalable and addressible | Optimal methodology unclear
DNA-based Addressable Not shown to be scalable
Enthalpic | Scalable and addressible Mainly theoretical thus far

TABLE 2.1: Table highlighting the main benefit and drawback for each of the self-
assembly approaches discussed in this chapter.

Equally, each general approach highlights the need for self-assembling systems that
match the user’s requirements. Groups such as NASA are seeking a method to pro-
duce a modular robot that can reconfigure based on the goal it is trying to achieve and
the robot’s environment- this would most likely use a mechanical approach at a large
scale [66]. On the opposite end of the spectrum, designing the structure of an artificial
virus that can be trusted to react in a specific way when it encounters an abnormality

in the human body is a way in which DNA self-assembly could be employed.
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Two fundamentally different techniques are required for producing the systems in the
examples presented in the paragraph above, and there are many more problems which
exemplify that the existence of a grand unifying method for solving all self-assembly
problems could well not exist. Further, although there have been self-assembly projects
which overlap significantly in terms of the methods used, very little fundamental theory
has been developed which can then be built upon in subsequent studies. It is the hope
of the author that this work will present some new, fundamental theory in the field
from which other groups can establish their own work. Only by producing stepping
stone-like research such as this can a distant goal of the ideal self-assembling system,
where minuscule modules work in harmony to produce any object the human desires,

be rendered achievable.



Chapter 3

The Challenge

This chapter will attempt to distil the concepts that appear to be the most successful
from the literature and from nature, in order to devise a method and hypothesis for
producing a self-assembling system that is capable of overcoming some of the issues that

have arisen in previous work.

In the previous chapter it was made clear that self-assembly approaches with mechanical
and electronic components as the main source of automation have inherent problems
during experimentation. It would not be too difficult to produce a module that contains
separate systems for locomotion and communication, for example by using a set of
wheels, a motor, a battery, and some sort of signalling device. The issue is that this
module would be so large as to be considered a robot in its own right, with the ability
to collaborate with other robots in a swarm-like fashion, contradicting the condition of
‘emergence’ utilised in Chapter 2. The ultimate goal in self-assembly is for each module
to be so small that the structure they produce does not appear to have granularity. This
means that, by developing a system which requires all of these components in order to
function, one is implicitly assuming that batteries, signalling devices etc. will all at some
point in the future be manufactured at the nano- or even micro-scale. Although this may
indeed be the case, this is likely to be at least several decades ahead from now and as
such this assumption stalls the capability for many current self-assembly approaches to
produce an impactful result. Furthermore, each of these components could be considered
a module in its own right as they are each typically composed of several smaller parts.
Therefore, any module fabricated using these components could also be considered a
meta-module. This situation should ideally be avoided because each module should be
capable of being treated as a ‘building block’ from which other structures are made,

rather than a structure in its own right.
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3.1 Anfinsen’s Dogma/ Thermodynamic Hypothesis

Although the process of using DNA to directly self-assemble structures has deliberately
not been covered in depth in this work, the approach of mimicking the techniques used in
biological self-assembling systems may well be the most useful - after all, it is a process
capable of creating vastly complicated creatures, while the successes of artificial self-
assembly are orders of magnitude smaller. It therefore seems that there is still much to

learn pertaining to self-assembly in nature.

(a) (b)

Y

Unfolded Folded

FIGURE 3.1: Folding of a protein chain. (a) Protein chain in unfolded state. (b)
Protein chain in folded state. Adapted from [11].

One theory, postulated by Christian B. Anfinsen in 1973 [67], gave rise to a new type
of understanding about the methods proteins use to fold into their native (folded) state
(see Figure 3.1 above). By repeatedly denaturing and renaturing a protein, Anfinsen
demonstrated that all the necessary information required for a protein to fold properly
is stored within its amino acid sequence and not within its environment. This state-
ment, known equally as Anfinsen’s Dogma or the Thermodynamic Hypothesis, has since
found some exceptions (prions, and proteins which require molecular chaperones to fold
successfully [68]) but is still held as a fundamental theory in molecular biology. It would
therefore be reasonable to suggest that an artificial system should also strive to not rely
on its environment for directing how it should fold, which removes from consideration
some of the methods discussed in the previous chapter. In addition, since all of the
tools needed to fold the protein are contained within one type of organic compound (the
amino acid), a system inspired by protein folding should be designed such that tools for
folding are composed of as few different types of components as possible - for example,
using one device for both locomotion and communication between modules instead of

two.
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Anfinsen also stated three conditions which the native state of a protein must fulfil.

These are:

1. Uniqueness- The free energy of the native state must be lower than the free energy

of any other possible protein state.

2. Stability - The native state is resilient to small perturbations. In other words, the
energy landscape of the system must be ‘funnel’ shaped around the location of the

native state [12].

3. Kinetical Accessibility- The journey of a protein from its initial state to its native
state must not contain any higher-order transitions, for example it must not contain

a knot.

(@) | (b)

Y

Y

FIGURE 3.2: Examples of energy landscapes. (a) A smooth energy landscape contain-
ing broad funnels leading to a few energy minima. (b) A rough energy landscape with
narrow funnels leading to many energy minima. Both reproduced from [12]. (c) An
energy landscape portrayed in three dimensions, with native state N. A and B are can-
didate paths through the energy landscape which the protein can follow. (d) An energy
landscape containing a ‘bottleneck’, where the level of energy in the system remains
constant. This will slow down or prevent the protein from reaching N. Reproduced
from [13].
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These conditions all centre around the idea of enthalpy with regards to the protein:
beginning the denaturing process with the largest amount of energy, and monotonically
dissipating energy until the final state is reached. This is comparable to Whitesides
and Grzybowski’s definitions of static and dynamic self-assembly discussed earlier. The
folding of a protein would be equivalent to cases of passive self-assembly, thus indicating
that passive self-assembly may be preferable when deciding on the criteria for this work.
This removes from consideration many of the previous techniques that have relied on
environments containing shakers, electromagnetic coils etc. to provide the systems with

a continuous source of energy.

3.2 Energy Landscaping

It is desirable to utilise all three of Anfinsen’s conditions within artificial self-assembly.
A system that fulfils all three conditions would simply and reliably reach its final shape
without requiring any external influence, and then would stably remain in its final state.
However, there exists no robust process for engineering a system such that its natural
final state aligns with the final state desired by the user. One caveat of Anfinsen’s
paper is that, if a protein’s natural state is always its global energetic minimum, the
protein must look through an enormous search space of conformational states in order
to be certain that it is in fact the global minimum. Levinthal [69] first documented
this problem even before Anfinsen’s publication, and it is thus known as Levinthal’s
Paradoz. Unger and Moult [70] have since proved that the task of searching for the
lowest free-energy structure for a protein is an NP-hard problem, meaning that it most

likely cannot be solved in polynomial time.

One method for overcoming this issue would be to physically restrict the the search
space such that there are fewer choices as to how the free energy of the system can be
reduced. Consider a system of modules that utilises permanent magnets. If the magnets
were left to move completely freely, they would clump together or form a chain end-
to-end due to their respective magnetic forces. However, if the magnets were restricted
in their movement by walls, they would still attract or repel each other but within the
physical constraints of the walls. By increasing the level of restriction imposed by the
walls, a direct corridor to the lowest available energy minimum can be created. The
lowest available energy minimum can then be specified such that it produces the desired
final outcome of the system. This is an example of a theoretical method used in biology
and physical chemistry known as energy landscaping [71] [72]. An equivalent in biology
would be a protein strand attempting to reach its native state inside an environment

designed to block the majority of its movement - it will reach the energy minimum that
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it is able to reach, and no more. It will be seen that this theory underpins the work that

will be presented in the following chapters.

3.3 Summary

From the above discussion it is possible to derive the list of ‘design criteria‘ used for the

system presented in this work. These are:

e Minimise reliance on mechanical, electronic or chemical approaches for self-assembly
e Use concepts from literature on magnetic and enthalpic approaches to self-assembly

e Seek to replicate an existing biological self-assembling system - the folding of a

protein chain
e Minimise the number of distinct module components

e Fulfil the three conditions of Anfinsen’s dogma: Uniqueness, Stability, and Kinet-
ical Accessibility

e Use a method of passive self-assembly

e Restrict the available energetic states of the system so that its global energy min-

imum corresponds to the global energy minimum of the desired final state

Some non-essential (but desirable) design criteria were also added during the devel-
opment process, for example the requirement that the modules are not permanently
physically connected. The reasoning behind these extra criteria will be explained as

they arise.

The hypothesis of the project can also now be stated: By taking inspiration from the
theories described above and by not relying on mechanical and electronic components in
the fabrication process, it will be possible to produce a system capable of both locomotion
and communication that can be scaled downwards in terms of size and upwards in terms

of module numbers without the need for a paradigm shift in system design.



Chapter 4

Design Series 1

This section contains a description of the publication most closely related to this project,
along with a description of the first main design iteration. Although there are fundamen-
tal differences between the final design presented in this dissertation and the previous
design iteration, an exploration of the previous design iteration is useful as a grounding

for some of the choices made in the final design.

4.1 Main Design Motivation

The main source of motivation for this project was the paper ‘Mechanical Catalysis on
the Centimetre Scale’ by Miyashita et al. published in 2015. In this paper, pairs of
3D-printed tiles containing magnets were floated on water along with individual free-
floating magnets named ‘enzymes’. If an enzyme entered within a certain distance of
one of the two magnets in the tile, it would trigger the reconfiguration of the magnets
in the tiles, resulting in another magnet being released into the water that could then

serve as an enzyme for other pairs of tiles.

All magnets in the system are placed with their poles perpendicular to the surface of the
water so that they can be considered as dipoles. Magnets with opposite poles pointing
upwards attract each other while those with the same poles pointing upwards repel each
other. Inside the tiles, the magnets M1 and M2 in Figure 4.1 are attracted to each
other but initially cannot move towards each other due to the ‘hook’ shape in the path
of M2. The enzyme (referred to as M3) is attracted to M2 and can float towards M2
until it reaches the perimeter of the tile (phase k7). Once the enzyme is within a certain
distance of M2, M2 can also begin to move towards the enzyme (phase k2_;). Both

magnets then slide in the direction of M1 due to the monotonically decreasing distance
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between the edge of the tile and the path of M2. Once M2 reaches the end of this section
of the path, the distance between M1 and M2 is smaller than the distance between M2
and the enzyme, and thus the now stronger attraction between M2 and M1 causes them
to continue moving towards each other while both moving away from the enzyme (phase
ka—2). After they have moved towards each other for a certain distance the enzyme is
no longer within the region of attraction of M2 and is free to float away from the edge of
the tile (phase k3). The enzyme could then trigger the reconfiguration of magnets inside
other available pairs of tiles. Meanwhile, M1 and M2 cause the tiles to rotate and change
their configuration, while triggering the release of a third magnet which can also float
away from the tiles and serve as an enzyme. Alternatively, if an inhibitor is attracted
to M1 rather than an enzyme, the movement of M1 towards M2 will be blocked and the
tiles will not change their conformation.
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FIGURE 4.1: Self-assembly system, reproduced from [14]. (a) Physical overview of
units. (b)-(d) Magnetic catalysis causing a conformation change. (e)-(g) Inhibition of
the conformation change.

4.2 The Transition Diagram

The key design consideration for the system described above is the relative distances
between the magnets in each stage. In order for a magnet to be moving, there must be
a magnetic attractive force acting on it in one direction more than any other direction,
and the magnet’s path in that direction must not be obstructed. An obstruction that
provides an energy threshold for when magnets can begin moving towards each other
is referred to in Fig. 4.2 as the ‘activation potential’. Also, the distance between two
magnets that are attracted to each other must be decreasing monotonically, otherwise

the movement of the magnets would come to a halt. This can be more easily understood
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through the use of a ‘transition diagram’. Each line in the diagram represents one

magnet, and the distances between the lines indicate the respective distances between

the magnets at that point in the system. It should be noted that, although the lines

indicating movement in the diagram are linear, the actual velocities of the magnets are

generally non-linear.
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FIGURE 4.2: Incremental design of the enzymatic process. (a) Sliding motion of mag-
nets. (b) Activation potential that is obstructing the movement of a magnet. (¢) Mag-
netic catalysis. A third magnet M3 escorts M2 over the activation potential barrier
and allows it to continue moving. The distances displayed are labelled in parentheses.
M3 must pass through the entire pink region for successful catalysis. (d) Transition
diagram for the conformation change system shown in Fig. 4.1. Reproduced from [14].

For the system described in this previous paper, the transition diagram would end here

as the tiles have reconfigured and all magnets remaining in the system are stationary.

The challenge presented at the beginning of this project was to produce a system in

which the transition diagram could be extended to include an arbitrary number of tiles.



43

4.3 First Design Series

The system following on from the previous publication is influenced by currently un-
published research carried out by Valentin Besnard (see [73] throughout for details of
their work), and works as follows: 3D-printed tiles containing one or two magnets each
are floated on water. The magnets in the tiles attract each other enough for the tiles
to form a chain but the tiles are not physically linked together. The magnets are held
in position by walled paths inside the tiles. When a lone magnet is floated towards a
specific region of the first tile in the chain, a catalytic reaction is triggered within the
magnets such that they sequentially reconfigure all the way along the chain. Depending
on the type of path which holds the magnets (there are a finite number of path types),
90° folds can be produced in the chain and thus cause the overall shape of the chain to
change. It should be possible to produce a wide variety of 2D designs by choosing the

locations of tiles containing paths that produce folds in the chain.

The figure below shows a system comprising two tiles as viewed from above. M2 and M3
are attracted to each other, but cannot move towards each other due to the shape of the
paths holding them in place (Stage (a)). In order for M2 to begin moving, an external
magnet (the enzyme) must approach M2 from such a direction that the distance between
M2 and the enzyme can be smaller than the distance between M2 and M3 (Stage (b)).
If not, the enzyme will be fixed at the edge of the tile but will not induce any catalytic

reaction in the system.

Once the enzyme is in the region of attraction for M2, M2 will move towards it until
the path walls impede its movement once more (Stage (c)). However, due to the curved
nature of that section of path wall and the fact that the enzyme is not physically con-
strained, M2 and the enzyme can continue to decrease the distance between each other
if the enzyme rolls down the outer edge of the tile slightly. It is at this point where
the distance between M2 and M3 becomes smaller than the distance between M2 and
the enzyme and so the attraction between M2 and M3 becomes dominant (Stage (d)).
M2 and M3 can continue to approach each other by moving across the tile and away
from the enzyme. After a certain distance has been covered, the attraction between M2
and the enzyme will be so weak that the enzyme will float away (Stage (e)). Once M2
and M3 have moved past the hinge between the tiles, the force between them is enough
for the tiles to rotate about the hinge to produce a fold in the chain (Stage (f)). The
external tile walls are chosen such that all folds will produce a 90° angle, for ease of
design (although this could be relaxed in future designs). Finally, M2 and M3 continue
to move towards each other until they reach the end of their respective paths (Stage
(g)). This is partially to ‘lock’ the new folded tile into position, but its main purpose is

to move M3 closer to M4. This is because, if the chain consisted of three or more tiles,
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Tile 1
M1
M2
Tile 2
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M5

FI1GURE 4.3: Figure showing stages of design first proposed by Valentin Besnard and
the further developed by the author. (a) Initial system, M1 and M2 are closer together
than M2 and M3, but cannot approach each other. (b) Enzyme approaches the system
from the correct side. (c) M1 is pulled towards the enzyme once it is within range.
(d) Relative distances change such that now M1 and M2 are closer to each other, and
can also approach each other. (e) M1 and M2 move sideways across the tile, increasing
the distance between M1 and the enzyme, until the enzyme floats away. (f) M1 and
M2 move past the hinge point to produce a folding torque. (g) M2 acts as an enzyme
and starts the motion of M3. (h) Locations of all important distances during phases
R1 to R8. (i) Transition diagram for the first few tiles of an extended version of this
system, much like an extension of the transition diagram shown in Fig. 4.2. Light
blue lines indicate relative distances of magnets that are moving relative to the tiles on
which they are situated, dark blue lines indicate that they are static. Red dashed lines
indicate where tiles would fold.
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M3 would need to play the role of the enzyme to initialise the movement of M4, and so
needs to be close enough to M4 for it to trigger its movement in the same way that the

enzyme does for M1.

Miyashita et al. [14] were able to produce a system of inequalities based on the distances
between magnets at different actuation stages, which ensures the success of magnetic
catalysis for this type of system. The distances translated into this new type of tile
design are shown throughout Fig. 4.3(a)-(g) and collected together in Fig. 4.3(h), while

the inequalities with respect to these distances are:

R3 <R7T<R6<R5<R1I<R2 (4.1)
R4 < R3 (4.2)
R7 < R8. (4.3)

Eq. 4.1 enables magnetic catalysis, Eq. 4.2 enables the conformation change and Eq.
4.3 enables enzyme repulsion. Finally, the transition diagram for the system is shown
in Fig. 4.3(i). A system composed of three tiles is shown here, although in theory an

endless chain of reconfigurable tiles could be made in this way.

4.4 Second Iteration of Design

Although the prospect of an endless chain of tiles reconfiguring with one initial energetic
input is exciting, there is a caveat to this type of system in terms of the potential shapes
that the chain can form. The first iteration of this type of design (carried out by Valentin
Besnard) assumed that a 90° fold would occur between every tile. However, from the
figure below one can see that issues due to collision would soon arise in this kind of
system (further details in Chapter 5). Such a reduction in universality of the system

was a major issue and weakened findings significantly.

The next iteration was very closely related to the previous design but was intended to
not produce a folding motion between every tile. This was to be achieved by finishing
the paths slightly earlier so that they do not pass the hinge point of the tiles, while still
allowing magnets in adjacent tiles to be close enough to trigger catalysis down the chain

(see Figure 4.5).

It is clear from this description that the geometry of the paths must be precisely designed

to control the movement of the magnets. In order for two magnets to continue moving,
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FIGURE 4.4: The collision problem in the first design iteration. (a) Schematic of the
tile chain in its initial state. Arrows inside the tiles denote orientation. Curved arrows
outside the tiles denote the direction of folding. (b) Chain during the folding process.
Dashed line indicates continuation of the chain. (c) Collision occurs during folding at
this stage of actuation.

FIGURE 4.5: Next iteration of Miyashita-type design. (a) Diagram of the tiles with
important distances labelled. (b) A table of the lengths for each distance. Some pairs of
distances (such as R3 and R4) are so similar in size that the potential energy gradient
is close to zero and the magnets cannot continue travelling along the path.

the distance between them must decrease strictly monotonically. In a theoretical model
where forces such as mass or friction are not considered, a pair of magnets will slide
towards each other if their paths are approaching each other incredibly slowly i.e. the
angle between the paths is § — €, ¢ << 1, but this is not the case in a physical model:
a force on a real magnet must overcome the static friction between the bottom of the
magnet and the tile as well as any forces being applied by other magnets. For this reason,
any two paths that are approaching each other must also approach at a sufficiently large

angle for these forces to be accounted for.
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H Name ‘ Distance (mm) H

R1 13
R2 17.5
R3 18
R4 18.215
R5 18.627
R6 20.314
R7 20.5
RS 30.282

TABLE 4.1: Table of the lengths corresponding to each distance in Figure 4.5. Some

pairs of distances (such as R3 and R4) are so similar in size that the potential energy

gradient is close to zero and the magnets cannot continue moving along their respective
paths.

Similarly, the differences between distances given in Equations 4.1-4.3 must be suffi-
ciently distinct in physical models to account for other forces present. In theoretical
models, the decision of whether Magnet B will move towards Magnet A or Magnet C
is purely binary- Magnet B will move towards whichever magnet is closer, regardless of
how large or similar in length those distances are. In reality, Magnet B would only begin
to move if the magnet was sufficiently close both objectively and relative to any other
magnets in the environment. When analysing the distances given in the inequality, it
soon becomes apparent that the importance of relative distance is a source of difficulty

for designing a tile of this type.

Looking back at equations 4.1-4.3, it can be seen that R1-R3 are the distances between
the enzyme and the first magnet within the first tile. R2 is the largest distance in
Equation 4.1, but then must decrease in size to become the second smallest distance,

R3. Further, The pairs of inequalities

R3 < R7, R6 < R2, R5 < R1 (4.4)

derived from Equation 4.1 are inextricably linked: reducing the length of one distance
will increase the other in the pair (with the exception of moving the point at which the
two lengths meets along the loci between the magnets). For example, the distance R3
is decreased, R7 will consequently increase and further restrict the possible values that
the other distances can take. Table 4.1 details the lengths for the distances in one of the
prototype tiles. The distances match the rules imposed by the inequality but catalysis
was not successful in simulation (see Appendix A). This is because, although all of the
distances match the inequality, some are only separated by fractions of millimetres. This
is a good example of the issues discussed above, where a theoretically successful model

does not translate to a successful model in simulation or in physical experiments.
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4.5 Summary

The fact that this first design did not produce a successful result at this stage does not
mean that it will never be successful. It is possible that future platforms that are able to
reduce influences such as mass and friction would be able to produce successful results
using the design, and it is for this reason that documenting the research carried out here
is important. At this stage in the current project, it was decided to try a subtly different
approach to achieve the desired results, while being aware that the first design could be

revisited in the future.



Chapter 5

A Review of Collision Algorithms
for Folding Chains

Development of the design iteration discussed in the previous chapter was suspended
due to the chain self-intersecting during the configuration process. This problem is
a well-researched area in both mathematics and biology. The following section will
present some of the main ideas and theories regarding collisions during folding, and
will summarise with the strategy adopted for avoiding folding collisions in the design

iteration covered in this thesis.

5.1 The Hamiltonian Path Problem

The aim of this work is for the chain to approximate a 2D shape by filling the shape
with tiles in a chain. All tiles in the chain are initially positioned in a straight line. The
chain must fold into an approximation of the shape by folding a finite number of times.
As the chain cannot break apart, the problem of finding a folding sequence for the chain
can be considered as a Hamiltonian path problem; that is, by converting the inside of
the shape into a grid with a vertex at the centre of each grid unit, the chain must find
a path through the grid which visits each vertex exactly once. Determining whether a
graph contains a Hamiltonian path has been proven to be a NP-complete problem [74].
This means that, although it is relatively simple to verify that a given path through
the grid is Hamiltonian, finding a Hamiltonian path in the first place is computationally

prohibitive.

Cheung, Demaine et al. [15] have produced a method for which any graph can be con-

verted into a graph that contains a Hamiltonian circuit (a Hamiltonian path that begins
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and ends at the same vertex). The method generally involves splitting each unit of the
grid into four, so the universality of this approach is at the cost of increased size of the
final, folded shape. The method can also be extended to three dimensions. Accord-
ing to their publication, “There exists a subset of constructions for many (perhaps all)
figures that produce non-self-interfering folding, when folded sequentially. Future work
will explore whether this is also true for folding in parallel”. ‘Self-interfering’ is taken to
mean the collision between parts of the chain during folding and will be used alongside
‘self-intersecting’; ‘sequentially’ is taken to mean that each fold is carried out one at a
time but not necessarily in order from one end of a chain to the other. An algorithm
corresponding to Demaine’s research [75], which would determine the folding sequence
for a chain in any configuration to fold into any other configuration, is yet to be es-
tablished. However, the existence of a continuous, non-self-interfering motion between
a linear chain and any path that has been planned using the method described above
has already been proven (see Figure 5.1). In terms of reconfiguration, a folded chain
in any configuration A can be re-folded into any configuration B with a continuous,

non-self-intersecting motion.

(a)
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FIGURE 5.1: Chain folding sequences for a ‘dog’ shape using a Hamiltonian path. (a)
2D chain folding sequence. (b) 3D chain folding sequence. Reproduced from [15].

When experimenting with simultaneous folding in the physical system described above,
the authors found that folds at extremities of the chain tended to be completed earlier
than those towards the chain’s centre. This was due to inertia in the system. Therefore,
even if the system was considered to be one of parallel/simultaneous folding, issues of
self-intersection that arise in sequential systems would still need to be considered. They
also calculated the upper time limit for a folding system composed of n tiles- O(n3/ 2

for parallel folding and O(n°/?) for serial folding.

Yim and Sitti [6] investigated Hamiltonian path planning for a 3D shape by splitting
it into layers of 2D shapes. Folding happens simultaneously within a layer, and begins
in the next layer only when all of the folds in the previous layer are complete. They

produced two algorithms for producing the path design, the ‘inner connection method’
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and the ‘boundary connection method’ (see Figure 5.2). A combination of these two
methods could be employed in the same layer if necessary. Paths for convex and concave

shapes, as well as shapes containing holes, were successfully planned using this method.
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FIGURE 5.2: Candidate paths for creating a ‘dog’ shape. Paths start at 0 and move
in increasing numerical order. (a) 2D chain folding sequence constructed from two
Hamiltonian paths connected together. (b) 2D chain folding sequence constructed using
the ‘inner connection method’. Reproduced from [6].

5.2 The Carpenter’s Rule Theorem

The problem of folding order is also related to a sub-problem of the Carpenter’s Rule
Problem: can any non-self-intersecting polygonal chain be straightened with a continu-
ous transformation that preserves edge distances and avoids crossings? This was proven
to be true by Connelly et al. [76], and thus it is known that a folded chain can unfold
into a linear chain, with all folded parts unfolding at the same time and not halting at
any point. However, the unfolding speed for each hinge point is not specified and could

vary throughout reconfiguration of the system.

Streinu [77] gives an algorithmic solution to the Carpenter’s Rule Problem with sequen-
tial unfolding of the system into a chain- the resulting sequence could simply be reversed
for sequential folding. The proof and resulting algorithm are rather technical and include

techniques from Rigidity Theory, Visibility graphs, and Oriented Matroid Theory.
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5.3 Algorithmic Solutions

The SOftware Library for Interference Detection, or SOLID [78], checks for collisions dur-
ing the deformation of rigid bodies by performing intersection tests constantly through-
out a simulation. This is similar to the method used in many gaming physics engines.
Using a library such as this would allow verification of whether a given set of folding
orders and speeds resulted in a collision or not, but would not produce the set of fold-
ing orders itself. There are countless examples in the literature of collision detection
algorithms for both concave and convex shapes- one summary is given here [79]. Of
particular note is a paper by Agarwal et al. [80], where the case of collisions between

polygons whose shapes continually change over time is considered.

An interesting practical subset of research for this problem is that of sheet-metal bend-
ing: collisions are not permissible during the bending process, and generally a sheet
of metal can only be bent sequentially and from one end of the sheet to the other.
Computer-aided process planning (CAPP) systems are typically used to solve this prob-
lem algorithmically. According to Vin et al. [81], for a system containing n bending
points and m different folding angles, there are n! x mn different possible configurations
without taking collisions into account. In particular, Arkin et al. [16] give an algorithm
for determining the foldability of a chain into the chosen shape using a sequential strat-
egy, where each hinge point is straightened in order along the chain and each hinge can
only be manipulated once. Furthermore, they provide extensions for cases where folds

occur from both ends of the chain inwards or from the chain’s centre outwards.

A brief description of the algorithm is as follows: For a chain made of n tiles there
will be n — 1 joints to check. When the chain is fully unfolded all of the joints will be
straight. Begin from one end of the chain and check each joint in turn. If the joint
is already straight then move onto the next joint. If the joint is not already straight,
attempt to straighten it without any part of the chain colliding with itself (confirming

1*" joint is reached and

this using ray-shooting and wedge emptiness queries). If the n —
successfully straightened, then the chain can be unfolded and equally the chain can be
folded from a straight initial configuration to this final design. The algorithm can be
completed in O(nlog(2n)) time. It would be necessary to choose methods for the ray

shooting and wedge emptiness query parts of the algorithm, of which there are many.

5.4 Forward and Inverse Problems

Current research can be placed under the headings of two questions:
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FIGURE 5.3: Examples of folded structures. (a), (b) and (e) can be unfolded without
intersection. (c) is self-intersecting in its final state. (d) cannot be sequentially unfolded
without causing a self-intersection. Reproduced from [16].

\/

1. Given a chain that has been folded, has it self-intersected during the folding pro-

cess?

2. Given a chain in its unfolded state, what shapes can be made by folding the chain

while not causing any self-intersections?

These can be thought of as the Inverse Problem and the Forward Problem, respectively.

The system presented in this paper is a set of tiles in a chain formation, starting at
one end of the chain and folding sequentially until the other end of the chain is reached.
With respect to this system, the Inverse Problem is considerably more straightforward to
approach than the Forward Problem as the answer to the Inverse Problem is simply ‘Yes’
or ‘No’. An algorithm similar to that described in [81] could be employed to determine
whether or not a folded chain can be unfolded without causing an intersection. In

contrast to this, much less can be said about solutions to the Forward Problem.

Consider a chain composed of n tiles. There will be n — 1 joints between the tiles. In the
system presented in the following chapter there are three possible choices available at
each joint: Fold 90° to the left, fold 90° to the right, or do not fold. Thus, without taking
any issues of self-intersection into account, there will be 3"~! candidate configurations
for each chain. It is then possible to remove self-intersecting configurations from the
list of candidates. For example, a run of three consecutive left turns or right turns will
cause a self-intersection for chains longer than 4 tiles in length. Further, if three left
or three right turns Ty, Tp. and T,4 are carried out with only sequences of consecutive
non-folding joints between them of lengths a, b, ¢ and d, respectively, then it is necessary
that d < b or a < ¢ (or both) in order for self-intersection to be avoided (see Figure

5.4). There is no complete formula as of yet to determine exactly how many non-self
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intersecting configurations are possible for a chain of arbitrary length, but, simply from
testing some small examples, it is clear that a large amount of candidate configurations
can be removed due to self-intersection occurring either at the final state or during the

self-folding process.

H No. of Tiles | Candidate Configurations | Successful Configurations H

2 3 3
3 9 7
4 27 17
) 81 35
6 243 79

TABLE 5.1: Table comparing the number of candidate configurations to the number of
non-self intersecting configurations. Note that, for the current version of this system,
consecutive 90° turns in opposite directions are not utilised.

(a) (b)

Tab b Tbc

FIGURE 5.4: Examples of non-allowable configurations. (a) Three consecutive left or
right turns will cause a collision if they are not the final three joins in the chain. (b)
Schematic of another collision type, where three left or right turns are separated only
by straight sections of chain. Already configured chain is represented by a solid line
while the part of chain still to be configured is represented by a dashed line.

5.5 Configurable Shapes

Finally, it is useful to be able to know instantly whether a given shape can be filled using
only the 90° turns provided by tiles in the present system. Two consecutive 90° turns
can be used to produce a 180° turn clockwise or counter-clockwise. Different shapes
can be filled in by alternating the direction of the 180° turns and separating them with

varying lengths of non-folding sections of tile chain (see Figure 5.5).

It is clear that all convex shapes can be filled using this method, with accuracy dependent
on the size of the shape to be approximated. However, certain other shapes can also
be produced using this method. In computational geometry, a polygon is said to be

monotone with respect to a line L, if lines orthogonal to L intersect L at most twice [82].
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FIGURE 5.5: Method for filling a shape using a tile chain. (a) Initial shape to be
filled. (b) Amount of clockwise and counter-clockwise turns needed to fill the shape
is calculated. (c) Length of straight sections needed to fill the shape is calculated
depending on target shape and tile sizes. Note that a higher resolution approximation
to the shape can be made, at the cost of a larger final shape and increased amount of
tiles.

For example, the polygon in Figure 5.6 is monotone in 5.6(a) but non-monotone in
5.6(b). The shape can therefore be folded provided that folding is carried out using
specific orientations, of which 5.6(a) is an example. Therefore, the chain can also be
folded to approximate concave shapes, as long as they have a line to which they are
monotone. Finally, some other shapes can be folded if 90° turns are interspersed with
the 180° turns. An example of a ‘key’ shape using a single 90° turn is given in Figure
5.6(c).

(a) (b)

FIGURE 5.6: Examples of how the chain can be folded to produce shapes. (a) A
crescent shape can be folded when a vertical folding axis is used. (b) The same crescent
shape cannot be folded if the folding axis is horizontal. (c) A key shape produced using
a combination of 90° and 180° turns.
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5.6 Summary

In conclusion, a large amount of theoretical work has been carried out to determine
how chains can be folded and unfolded without self-intersection. Considerably more
publications concern recovering a straight chain from a folded state than determining

exactly how many different states a straight chain can attain through being folded.

In terms of the system presented in this work, a formula for calculating how many states
a chain of arbitrary length can attain without self-intersection remains to be discovered,
but the number of states for small examples can be derived by both removing candidates
which are proven to always self-intersect and by inspection. Using only 90° or 180°
turns, all convex and monotone polygons can be filled in using the method presented
in this work. The level of accuracy when shape-filling depends on both the geometry
of the shape to be approximated and the relative size of the shape and the tiles. Other
shapes, such as spirals and hollow shapes, can also be made. Simulations and physical

experiments of some folded shapes will be presented in the following chapter.



Chapter 6

Design Series 11

In the next main design iteration, inspiration for the magnet kinematics was drawn from
a video by Dr. Kazuo Hosokawa at RIKEN. In the video, there are cube-shaped blocks
each containing two magnets that can slide a certain amount within the cube. When
the cubes are placed adjacent to each other, the magnets inside each cube are attracted
to each other more than to magnets in any other cube, and so each cube can be moved
about independently. When the cubes are placed in a line and a lone magnet is placed
near one of the cubes’ faces, the magnets within the cubes rearrange, resulting in the
line of cubes being held together by magnetic forces. This concept serves as the basis

for development of the research presented in this chapter.

When analysing this system, it is clear that the rearrangement of magnets is only possible
because of the paths restricting their movements. If the two paths in each cube were
made into one, the magnets would immediately connect together and another magnet
of the same magnetic strength would not be able to separate them. On the other hand,
overly restrictive paths would not allow the system state to change at all. With this in
mind, this chapter contains inequalities that have been derived concerning path length

and placement, which must be met in order for magnet reconfiguration to be attained.

6.1 Path Length Inequalities

Figure 6.1 depicts the generic layout for a system of tiles based on Hosokawa’s cubes.

All magnets are assumed to have the same magnetic moment and size.

The key distances for each part of the tile are labelled in Fig. 6.1(a): a is the total length
of each path, b is the distance between the centres of the magnets when in their initial

positions, and c is the distance between the tile edge and the centre of the magnets when

o7
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(a) %| (b) % R ® o @

FIGURE 6.1: Overhead view of linear propagation stages for a system of two tiles.
Green and red magnets indicate North and South poles facing upwards, respectively
(although ordering is irrelevant provided that the poles alternate). (a) Initial locations
of magnets. Intra-tile distance is shorter than inter-tile distance and so the tiles are
only weakly attracted to each other. (b) Reaction initiator (RI) approaches the system
until M1 is closer to RI than it is to M2, and so M1 moves towards RI. (¢) M2 is now
closer to M3 than it is to M1, and so M2 moves towards M3. (d) M3 is now closer to
M2 than it is to M4, and so M2 moves towards M3. Intra-tile distance is now shorter
than inter-tile distance and the tiles become strongly attracted to each other.

in their final positions. The tiles are designed to be rotationally symmetric in order to
reduce the number of tile types required to form shapes. Inequalities derived from each

stage in Figure 6.1 are as follows:

(a) Magnets in their initial locations. Intra-tile distance = b. Inter-tile distance =

a + 2¢ + a. Thus, for the magnets to remain in their initial positions:

b<2c+2a (6.1)

(b) RI approaches, and can potentially move all the way to the outer edge of the tile
(depending on whether the RI is in a holder and the size of this holder). The RI

must be able to come close enough for M1 to begin moving towards it:

c+a<b (6.2)

(¢) M2 is now closer to M3 than M1, and so moves towards M3:

2+2a<a+b (6.3)
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(d) M3 now moves similarly to that shown in (a), however M3 cannot come as close

to the edge of the tile as the RI may be able to do:

2ct+a<b (6.4)

If this chain were longer in length, then the inequality in order for M4 to begin moving

is identical to that in (c).

Equations 6.3 and 6.4 are then repeated up to the final tile in the chain, where the final
magnet (M(2N) for a chain of length N) does not change position.

Equations 6.1 to 6.4 can be simplified to

2c+a<b<2c+2a (6.5)

which is the final inequality concerning path lengths that the system must follow in

order for it to work successfully.

6.2 Locations of Path Start and End Points

Possible values for the lengths of paths have now been determined, but rules concerning

the initial and final locations of the magnets must still be derived.

Since 2¢ + 2a + b is equal to the total length of the tile, from Eq. 6.1 it can be deduced
that b must be less than half of the total tile length. The tiles in Figure 6.2 are split
into three sections with dashed lines, such that the centre section is half of the total tile
length. Thus, the initial positions of the magnets must be on the dashed lines or inside
the centre section. The total path length a can be split into two parts: a = s+e. s
denotes the amount by which the initial magnets are inside the centre section, and e
denotes the length of path outside of the centre section. s can be equal to zero, which

would cause all magnets to initially be equidistant. We therefore know that:

e <

| R

More detailed information about the timing of when each magnet begins movement can

be derived using s and e. Figure 6.2 shows the identical process to Figure 6.1 but in
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(d) °

FIGURE 6.2: Stages of attraction and propagation with respect to s and e. (a) Magnets
in initial positions. Dashed line indicates the length of s: if s = 0, magnets’ initial
positions would be on the dashed lines and all magnets would be equidistant. (b) M1
is attracted to RI. (¢) M1 has travelled far enough away from M2 that M2 is now more
attracted to M3 than M1. (d) M2 has travelled close enough towards M3 that M3 is
now more attracted to M2 than M4. (e) M4 would begin moving towards M5 at this
stage for chains longer than two tiles in length.

more detail. Magnets inside tiles have not begun to move in (a) and (b). In (b), the
distance between M2 and M1 is d — 2s while the distance between M2 and M3 is d 4 2s.
In (c), M1 has moved sufficiently towards RI such that M2 is equidistant to M1 and M3.
This means that M1 must move a distance of 4s for M3 to begin moving. M2 and M3
must also move a distance of 4s before M3 and M4 begin moving, respectively. If each

magnet must be able to move a distance of 4s, we can see that

4s < s+e. (6.8)

Equations 6.6-6.8 can be rearranged to form

o
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®
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6.3 System Tuning

In order to produce a strong inter-tile attraction after propagation has reached the end
of the chain, e is chosen to be as large as possible. However, the value of s can be altered

in order to vary the system’s behaviour.
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(a) example (b) optimal simultaneous (s=0) (c) optimal sequential (s=e/3)
RI
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Distance of neighbouring magnet(s)

phases: 0 1T 2 3 4 5. 0 15. 0 1 2 3 4 5.

FIGURE 6.3: Transition diagrams for three different values of s. Red and green lines
mark magnet trajectories, purple regions indicate the length of s, and blue regions
indicate the distance the magnet must travel in order for propagation to be successful.
(a) Example value of s. The next magnet will begin moving while the previous magnet
is still travelling along its path. (b) s = 0. Magnets only need to move an infinitesimal
amount to trigger propagation. (c) s = 5. The next magnet will only begin moving
once the previous magnet has travelled the full length of its path.

From earlier figures it can be seen that more than two magnets can be moving simulta-
neously during the magnetic propagation process. As only two magnets are required to
produce a magnetic ‘bonding’ between blocks, this can be seen as an overlap of inter-
action between pairs of magnets. An example value of s and the resulting overlapping
interactions can be seen in Figure 6.3(a). The amount of overlap can be varied by

changing the length of s. Two key examples highlight the usefulness of this property:

1. s = O seen in Figure 6.3(b). All magnets begin equidistant to each other and so any
movement of a magnet will cause a cascade effect through the system. This would
be a case of optimum simultaneous assembly as all magnets move at virtually the

same time.

2. s = e/3 seen in Figure 6.3(c). In this situation a magnet will have to travel the
full length of its path before the next magnet will be equidistant to the magnets
on each side of it. If an infinitesimally small length € is added to e then the next
magnet will be able to begin moving. This would be a case of optimum sequential

assembly as only one magnet will be moving at any given time.
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6.4 Chosen s Length

The final length chosen for s is 0.3mm, equivalent to approximately % of the total path
length. At first glance this appears to be a negligible amount, but when considering the

relative forces between magnets this produces a significant energetic difference.

For magnets with the same magnetic moment magnitude m, the magnetic potential

energy between two magnets M; and M; is

2
 om?
A r?j '

Uij = (6.11)
o0;j is equal to 1 if the magnets are attracted to each other and —1 if they repel each
other, 19 = 47 x 107"Hm ™' is the permeability of free space, and r;j is the position
vector separating them.

The resultant force is

dUi' . 3,&0 m2

= — 03— .
dr T An rfj

Fij = — (6.12)
If s is chosen to be zero, then clearly the inter-tile and intra-tile magnetic forces in
the chain will be equal. By increasing s to 0.3mm, the inter-tile force increases by
approximately 17.73%, the intra-tile force decreases by approximately 14.52%, and the
ratio between inter- and intra-tile forces becomes approximately 7 : 5. Although larger
values of s are theoretically possible given the value of e, similarly to Chapter 4 there
are issues with magnetic forces being too close in strength to allow propagation if s is

chosen to be near the maximum possible value.

6.5 Curved Paths

Curved paths are necessary to produce folding motions in the chain. The final position
for the magnets in curved paths must be sufficiently past the hinge centre in order to
produce torque. Location of the final point and associating distances are shown in Figure
6.4(a). As the magnets used in the system have diameter 3mm, a distance of 1.5mm
ensures that the entire magnet can pass the hinge centre. The final point is also chosen
to be as close to the bottom edge of the tile as possible in order for intra-tile strength
to be strongest. Both of these criteria cause the magnet’s final position to be fixed in

both x and y axes.

Another important location in the curved path is marked in Figure 6.4(b). It is the

closest distance between the magnet that has started moving down its curved path, and



63

Final magnet
\ position

FIGURE 6.4: Considerations during the design of curved paths. (a) Location of final
positions for magnets in curved paths. (b) Overhead view of two tiles with curved
paths. Circle is centred at the initial position of the third magnet in the chain, showing
the point on the path of the second magnet where they will be closest in distance. The

third magnet must be able to begin moving before the second magnet reaches this point
in order for propagation to be possible.

the next magnet in the chain (also located in a curved path) while it is still in its initial
position. Due to the curved nature of the path, the next magnet in the chain must have
begun moving before the previous magnet has reached this point in order for propagation
to continue. Thus, the distance between the magnet’s initial position and this point is
the equivalent of the length e in the curved path. In the final tile design, the distance
is found to be 1.885mm, and thus s = 0.3mm is suitable for both straight and curved

paths. This allows all of the magnet’s initial positions to be identical, regardless of path
type.

The full design for the curved path is as follows: the magnet starts in their initial
positions, once released it moves directly towards the next magnet for a distance of
0.3mm (equivalent to s), and then travels along the arc of a circle that connects to the
magnet’s final position point (see Figure 6.5). The circle arc is drawn such that it is
tangent to a line drawn horizontal to the final position point. This ensures that the
angle between two curved paths decreases monotonically but at a gradually slower rate,
until the final angle between two magnets on the paths is zero. In theory, the paths
that cause folding could be straight and at an angle to each other, or even asymmetric
with a straight path in one tile and an angled path in the other. However, although

designs following these principles worked in simulation, friction in physical experiments



64

1

\'\

\ / Circle
\

0.3mm

Tangent line to
circle at final magnet
position

I , "‘-\\ \\

FIGURE 6.5: Schematic of the final curved path design.

between the magnets and tile walls prevented magnets from moving smoothly or at all
(see Appendix A). Designs using curved paths of any type performed significantly better

than those with paths containing straight sections.

The final schematic for the stages of attraction and propagation for this set of s and e
values are shown in Figure 6.6. Magnetic flux lines in (b) show how the RI is attracted to
M1. If the RI approaches from the chain’s side, the RI can be trapped by the attractive
field of other magnets and potentially inhibit propagation down the chain. However,
the RI can be attracted from various different angles and still successfully trigger the

movement of M1.

6.6 Summary

This discovery brings about a relatively unexplored area in the field of self-assembling
systems. Previous works, both theoretical and experimental, have produced systems that
correspond to the optimum simultaneous assembly paradigm or the optimum sequential
assembly paradigm, either through assumption or by design. In [5], the shape memory
polymers used at each hinge are varied to produce a simultaneous system and a sequential

system, but nothing in-between is explored. The calculations here give rise to the idea
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FIGURE 6.6: Stages of attraction and propagation for the final path designs. Dashed
circles centred at magnets signal that the distances from adjacent magnets are equal.
Radius of circles with small dashes is d — 2s; radius of circles with large dashes is d+ 2s.
(a)-(f) Stages for linear (non-folding) propgation. Magnetic flux lines in (b) indicate
how the RI can be attracted to magnets in the chain and the direction in which it
must approach in order for movement of M1 to be triggered. (g)-(1) Stages for folding
propagation.

that a system’s behaviour can be easily tuned, where the point at which the next module

is initiated can be a deterministic outcome of the geometry of the system.



Chapter 7

Results

The previous chapters have included some derivations of theoretical results under op-
timal conditions. It is thus important to prove that these results can be applied to
real systems and produce successful outcomes, even in the presence of variables such
as mass and friction that were not included in derivations. This chapter will provide
descriptions of results from simulations and experiments, with technical details of the

simulation environment located in Appendix A.

7.1 Final Tile Designs

Figure 7.1 depicts the final design of the tiles used in the results presented in this chapter,
described as SS, RS, RR, and SR. The external geometry of each tile and the initial
positions of all magnets are identical in each tile and rotationally symmetrical. This
allows for tiles to be rotated 180° to produce tiles SL, LL, and LS (SS is rotationally
symmetrical). The tile LR (equivalently RL) is also a valid path configuration and
would produce designs containing diagonal lines, but this tile type was not needed in
the system as current designs are produced using rows of tiles that are either parallel or
orthogonal to each other. The hinges are designed (initial design carried out by Valentin
Besnard, updates made by the author) such that the tiles in a chain remain aligned
during folding, but at no point are the tiles permanently connected together. This is to
allow the possibility in the future for chains to also be self-assembled from individual

tiles.

The external shape of the tiles without considering the hinge structures is a regular
octagon. This means that the external angles of the walls are 45° and so, when a folding

action is completed, a 90° angle is produced between the pre-fold section of the chain

66
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and the post-fold section of the chain. A diamond could have been chosen as the base
shape of the tile instead and the same result would have been produced, but an octagon
has the additional attribute that there are no parts of the tile that could touch each

other during folding and thus the chances of accidental collision are reduced.
SS I | RS I |
SR I | RR |

FIGURE 7.1: Final line-up of tiles used in results. Clockwise from top-left: two straight
paths (SS), curved path followed by straight path (RS, equivalently SL), two curved

paths (RR, equivalently LL), straight path followed by curved path (SR, equivalently
LS).

7.2 Simulations

The maximum length of chains in physical experiments was limited due to the size of
the available environment. Small simulations were carried out to test the feasibility of
path designs during the development process, and subsequently the same environment
could then be used to test the feasibility of tile configurations that couldn’t be tested
in reality. Simulations of larger experiments are presented below. All simulations were
made using Blender Game Engine and the Bullet physics library- more details and images
are available in Appendix B. Figure 7.2 shows a 107-tile square being made with 180°
turns formed from LL and RR tiles. It is clear to imagine that many different shapes
can be made by changing the lengths of the straight sections of the chain. Meanwhile,
Figure 7.3 shows a 82-tile square with looser turns formed without using LL and RR
tiles, demonstrating that configurations containing areas of higher and lower tile density
are also possible. Finally, Figure 7.4 shows a 171-tile ‘key’ shape being made using 180°
and 90° turns, identical to the shape proposed in Figure 5.6. This demonstrates the

ability to make functional structures using this system.
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FIGURE 7.2: Simulation stages for a square composed of 107 tiles. The configuration
is composed of four tile types.
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FIGURE 7.3: Simulation stages for a square composed of 82 tiles. The configuration is
composed of three tile types and thus the turns are looser than in the previous figure.
Scale bar is set as the length of 10 tiles.
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FIGURE 7.4: Simulations stages of a key shape composed of 171 tiles. This design

incorporates a 90° turn.
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7.2.1 Potential Energy Graphs from Simulations

The distances between adjacent magnets can be read from the simulation software and
then used to calculate the potential energy at every time step during the simulation. It
can be seen in Figure 7.5 that the potential energy of the system decreases approximately
linearly until the final configuration is reached, which corresponds to one of the proposed
optimisation criteria presented in the previous chapter. Small spikes in the energy graph

are due to minor errors during simulation.

sssssssss

FIGURE 7.5: Graph of magnetic potential energy decay for the key simulation, calcu-
lated from over 16 million data points taken throughout the simulation.

7.3 Experiments

3em x 3em x 7.5mm tiles are designed using AutoDesk Fusion 360 [83] and 3D-printed
with a Stratasys Objet500 Connex3™, using plastic with a ‘glossy’ finish to prevent
absorption of water during experiments. The tiles are placed in a container with a
small (approximately 5mm depth) amount of water. Water reduces the level of friction
between the underside of the tile and the container, but if too much water is used there
can be difficulties with water resistance acting upon the tiles during folding, and it is
more difficult to ensure that the tiles remain in the same plane during actuation. The
tiles can move about on the air-water interface and naturally attract each other in the
correct orientation to form a chain due to magnetic forces, but cannot spontaneously
actuate because the intra-tile forces are stronger than the inter-tile forces. Amnother

magnet (the RI) must still be deployed in order for the chain to be actuated.

Figure 7.6 shows stages from two experiments using the final tile design: linear prop-
agation followed by a 90° turn, and two consecutive 90° turns to form a 180° turn.
The magnets used are 30mm x 5mm nickel-plated, neodymium disc magnets purchased

from Supermagnete [84], with weight 0.625g each and strength of approximately 5N.
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FIGURE 7.6: Examples of chains folding while floating on water. Brackets and numbers
indicate associated phases for each pair of tiles. (a)-(f) Three tiles, comprising linear
propagation between tiles followed by a 90° turn. (g)-(1) Three tiles comprising two
consecutive 90° turns resulting in a 180° turn.

The magnets are coated in silicon oil (Johnson & Johnson™) prior to being inserted
into tile paths. Water is then added inside the paths level to tile walls. The container
for the system has height 7cm and diameter 40cm. Experiments were filmed using a

Casio™EX-FH20 camera.

The brackets and numbers in the figure above indicate the phases for each pair of tiles
corresponding to those presented in Figures 6.3 and 6.6, and it can be seen that the
magnet kinematics in experiments match those predicted. As well as the experiments
pictured, two more types of tests were carried out with three tiles (two consecutive cases
of linear propagation, and a 90° turn followed by one linear propagation) to complete the
set of all possible configurations for three tiles. Each test was carried out 5 times with a
100% success rate: magnetic propagation successfully reached the end of the chain, and

the final tile configuration matched the predicted tile configuration.

An unexpected finding from these experiments was the ability to easily ‘reset’ the tiles
after an experiment had been carried out. After an experiment has been completed,
the entire configuration can be easily lifted out of the container as one piece due to the

strong magnetic attraction between tiles. The tiles are then separated by hand. Once
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the tiles are separated from each other by a certain distance, the magnetic attraction
between the pairs of magnets within each tile dominates and the magnets move back
towards their initial positions. This means that the tiles automatically reset themselves
and become ready for re-actuation, a departure from many other self-assembly systems

which require significant resetting procedures or may only be actuatable once.

Potential energy between magnets in an SS/SR/RS system

Total potential energy for an SS/SR/RS system
— = = 0 T T T T T T
RN
- ‘
oL —— _ - ] \! !
sk “ i i il
| I
I ‘ :
| s
ol | P
; :
i :
. . u :
g 6l H ! :
3 E |/ i
¥t H ‘
: : o~
2o 2
Rlattraconand ! Magnets in curved paths
linear propagation 1 approaching each other \
20 - \
|
-10 {
‘
‘
‘
‘
; bl
»r | Pl
a2 —RI-M1 : : "// S~
—— ‘ |
— M3-M4. :
e ‘ :
. ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ . L ‘ ‘ ‘ L i
[ 02 04 06 08 1 12 14 16 18 ] 02 04 06 08 1 12 14 1.6 1.8
Timesteps Timesteps
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potential energy of a chain composed of two consecutive linear propagations.
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7.3.1 Potential Energy Graphs from Experiments

The positions of each magnet during an experiment were recorded using motion tracking
software (Tracker). The data is then fed into a Matlab script which calculates the
magnetic potential energy between each magnet over time. The values can be processed
to find the change in total magnetic potential energy in the system throughout actuation.
Sample potential energy graphs corresponding to (a)-(f) and (g)-(1) in Figure 7.6 can be
seen in Figures 7.7 and 7.8, respectively. Spikes in the graph can be explained by the
kinetic energy of magnets ‘bouncing’ when they reach the end of their paths and when
tile walls collide with each other at the end of a folding process, as well as general noise

produced from manually tracking the data.

7.3.2 Random Chain Configurations

A feature noted during experimentation was that, although the paths were designed
to be paired in straight-straight or curved-curved configuration, linear propagation is
still successful if a straight path is matched with a curved path. In this sense, the
tile sequence SL-SR-SL would produce the same outcome as the sequence SS-SS-SS.
Meanwhile, pairing a path that curves to the left and a path that curves to the right
(e.g. SR-LS or LL-RS) inhibits propagation to continue along the chain. This brings
about interesting questions regarding chains that are formed from random configurations
of tiles and the associated probabilities of each configuration actuating successfully. A

table of all path pairings and their outcomes are displayed in Table 7.1.

H Path Configuration Outcome H

SS Linear Propagation
SL Linear Propagation
SR Linear Propagation
LS Linear Propagation
LL 90° Fold

LR Propagation Inhibited
RS Linear Propagation
RL Propagation Inhibited
RR 90° Fold

TABLE 7.1: Table listing all possible pairs of straight, left-curved and right-curved
paths, and respective outcomes when the pairs are actuated.

5
9
probability that the outcome will be that of linear propagation, % probability that a

It can be seen that, if two tiles are randomly placed next to each other, there is a

folding motion will be produced to the left, é probability that a folding motion will be
produced to the right, and % probability that propagation will be inhibited. If a chain
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of N tiles is formed from a random selection of tiles then it is reasonable to suggest that
any permutation of paths is equally possible, but the outcome of these chains will not
have equal probability. The probability that propagation will reach the end of the chain
successfully (without taking potential chain self-intersection into account) is (§)NV=1. It
is significantly more likely that there will be sections of consecutive linear propagation
rather than sections of consecutive turns- something that aligns well with the current

technique for producing shapes using the chain.

7.4 Summary

Many self-assembling systems in the literature are purely theoretical or, if there is some
sort of physical representation of the work, it is greatly simplified from the system
proposed in the methods. In this work, the theory has been clearly represented in
a physical system that matches well in terms of predicted and realised output. An
additional feature of the system was also recognised through experimentation, that of
the magnets inside each tile resetting to their original positions once the tiles have
manually separated. This will be very useful when the tiles are scaled down in size and

manipulating the magnets becomes difficult.

The simulations have also proven to successfully replicate the real-life results of the
system. The simulation environment can thus be used to not only as a test bed for
prototype tile and path designs, but also as a method of demonstrating the potential
of the system when a much larger amount of tiles is employed. Currently, work is been
carried out by Etienne Perroux to optimise the Python scripts used in the system so

that much larger simulations (in the order of thousands of tiles) can be carried out.



Chapter 8

Conclusion and Future Work

Figure 8.1 shows a schematic of the final design with labelled phases of actuation. In this
work, a deterministic, distributed, bottom-up self-assembly system has been developed,
which can form two-dimensional shapes using permanent magnets as its only mechanism.
In Chapter 3, a list of design criteria was developed in order to inform the design process,
and it is the belief of the author that this system has met all of the criteria. The idea
of applying the conditions of Anfinsen’s dogma to the system was also presented within

this list, and the conditions were met in the following ways:

Reaction Initiator (RI) —__
@«

Phase 1

Phase 0

Turning moment
induces folding

Phase 2

F1cURE 8.1: A rendering of the final design, with translucent and opaque magnets
showing different stages of the actuation process.

1. Uniqueness: a chain of tiles will reliably reach the configuration determined by the

ordering of paths within the tiles.
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2. Stability: once magnets reach the end of their paths, it is close enough to the
magnet in the adjacent tile such that no other magnets will subsequently be able
to separate them. They are also unable to separate due to perturbations caused

by folding motions later on in the chain.

3. Kinetical Accessibility: the final chain configurations are composed completely of

90° and 180° turns, and any chains that self-intersect are avoided.

After deriving these criteria, an analysis of the most recent work on the subject was
carried out and the main issue was highlighted- self-intersection of the chain greatly
reducing the conformational space of the system. A review of work on collision theory
and algorithms was then presented to clearly illustrate the knowledge in this area. A
system capable of avoiding the self-intersection issue was then presented. This required
careful calculations to discern the properties of paths which hold the magnets that

control the system in position.

The inequalities derived concerning the size and placement of paths inside the tiles
are non-specific to this specific work, and so could be transferred directly to future
publications. The theories have been realised successfully in physical experiments, which
is remarkable in the sense that most works on self-assembly in the literature based
on enthalpic principles have not yet been successfully translated to real life. Finally,
simulations of longer systems indicate the ability to produce larger, more detailed shapes

with increased functionality.

It is clear that this area of research is still in its nascence and there exists countless
avenues for further development. There also some applications which are clearly fore-
seeable for this type of system. The final chapter in this work will present some examples

of each.

8.1 Applications

There are some foreseeable applications for the system, with and without the develop-

ments described in the previous section. A non-exhaustive list is provided below:

e Metamaterials and metastructures- these are materials and structures composed
of elements that have also been artificially engineered, allowing the final product
to exhibit properties that cannot be found (or are found only with significantly
reduced capabilities) in nature. One could envision micro-scale versions of this
system being employed to produce metamaterials or metastructures with high

levels of reconfigurability and re-usability.
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e Microscale manufacturing and fabrication- self-assembly is a key technique used
in micro-manufacturing and micromachining, as it becomes extremely difficult
to produce detailed, three-dimensional structures at the micro-metre scale [85].
Small-scale versions of this system could produce complex structures with min-
imal interference or, alternatively, could be used as a type of scaffold for other
materials. The scaffold can be used to dynamically configure a material into its
intended shape, and then can be removed from the configuration environment with

a magnet.

e Entertainment- users of the system can plan their own structures, build the chain
and actuate it to see the results. Similar products exist in the market already,

such as the ‘Snaak’ toy which was successfully crowd-funded in 2014 [86].

e School-age education- students can learn about magnetic attraction and repulsion

through experimenting with the self-assembly of different structures.

e Higher-level education and research - the system was primarily inspired by protein
folding and biologists attempts to understand how the minimisation of free energy
determines the folding and native state of a protein strand. Now, this system could

be used as a visualisation tool for those working on the protein folding problem.

8.2 Avenues of Further Research

This section will discuss some (but certainly not all) of the potential areas of development

for this system.

8.2.1 Scaling the System

Any environment for the system at its current size must be able to contain not only
the chain in its initial configuration, but also the chain as it folds in various different
directions. This makes any system containing large numbers of tiles prohibitively difficult
to set up and actuate. However, this system has been designed specifically to scale well

into smaller dimensions.

Firstly, it has been well known that magnets can be made at much smaller sizes than
those used in this work. Magnets of less than 1mm? are commercially available, and
magnets comprising a single atom have recently been produced [87], although their shelf
life is currently only a few hours. If the tiles become so small that the attractive forces
of the magnets are no longer strong enough to attract each other, the magnetic strength

can be increased by increasing the magnet height. This is because the magnetic moment
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will scale proportionally to the magnet volume. However, care must be taken that the
centre of mass for the magnets remains lower than the tile wall height to prevent magnets

from escaping their paths, and that the mass of the magnets does not inhibit movement.

The reason that mass will affect magnetic movement is because an increased mass will
increase the friction between the magnet and the tile base. Friction is something that
has been largely ignored during this work, in part because it would be highly complex
to model due to the addition of water and oil as lubricants. Clearly, the force acting on
a magnet must overcome the static friction between the magnet and the base before it
can start moving [88], and will likely affect the possible values of s during path design.
Friction at very small scales is exceptionally complicated and there is no definitive theory
for how it should be approximated, and so a version of this system at the pm-scale should

ideally take this into account during modelling.

Lastly, this system has significant benefits over many mechanical systems due to the
scaling effects of magnetic force. Ma et al. [52] analyse the scaling properties of forces
in a magnetically-actuated system and confirm that magnetic forces scale favourably:
torque between a pair of magnets scales in inverse proportion to the 3"% order of distance
r between them, while other forces such as drag force and hinge stiffness are inversely
proportional to the same or higher orders of r, meaning that, as r decreases, magnetic

torque will dominate over other forces that could impede motion.

It was stated at the end of Chapter 2 that mechanical self-assembling systems can achieve
complex configurations but have difficulty at small scales, while chemical self-assembling
systems are possible at small scales but generally can only achieve homogeneous con-
figurations. Although it has not yet been definitively proven, it is believed that this
system has the power to achieve the best from both of these properties- one that can
comprise large numbers of very small modules, that are then actuatable into complex,

heterogeneous, and even functional shapes.

8.2.2 Optimising Potential Energy Decay

As discussed in Chapter 3, once it is initiated the magnetic potential energy of the
system continually decreases until it reaches its final state at an energetic minimum.

The potential energy is calculated using

Utotal = Z Uij (81)

1<j
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where U;; is derived in Eq. 7.1. It is important that the potential energy decreases
monotonically such that the system does not plateau and the magnets cease motion.
This brings about various questions in terms of how the potential energy decay could

be optimised.

One potential criteria for optimisation is to linearise the energy decay. Consider a system
comprising two magnets in curved paths that are released simultaneously. They then
move at the same velocity until they reach their respective final positions. Thus, the

equation for paths which produces linear magnetic potential energy decay is

1
e — 8.2
f@) = 37— (52)
where ¢ and r are used to fit the curve to the magnet’s initial and final positions. For

non-folding paths, the path could be reflected such that the path returns to the tile

centre.

Folding Path Non-Folding Path- 1 Reflection
T T T T

Y-distance (mm
N = o
T T
Y-distance (mm)
o

4 L
0 500 1000 1500 2000 2500 3000 -1500 -1000 -500 0 500 1000 1500
Time-steps Time-steps

Non-Folding Path- 2 i L10° Potential Energy Decay
T T T T T T

Y-distance (mm)
o
Magnetic Potential Energy (E)

4 . . . . . . .
-1500 -1000 -500 0 500 1000 1500 0 500 1000 1500 2000 2500 3000
Time-steps Time-steps

FIGURE 8.2: Paths for a pair of magnets with linear potential energy decay. Clockwise
from top-left: Optimal curved paths. Non-folding paths reflected once in order for the
magnets to finish at the centre of the tiles. Plot of potential energy decay between the
magnets at each time step. Non-folding paths reflected twice in order for the tile mass
to be spread more evenly.

Although the paths in Figure 8.2 are optimised in this specific case, it is difficult to scale
this process for different or larger systems. Firstly, as both magnets must be released
at the same time, it is a simplified version of specifically an s = 0 system. This brings
about the realisation that each value of s used to define the initial magnet position will

have a different optimal path in terms of its potential energy decay. Secondly, Eq. 8.2
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assumes that the magnets move at a constant speed along the path length, whereas this

is highly unlikely in real life.

In response to this issue, a proposed alternative criteria for optimisation is to make the
magnets reach their final positions in the shortest possible time. This is closely related
to the famous Brachistochrone problem, first proposed by Johann Bernoulli in 1696:
given two points A and B in a uniform gravitational field, where B is lower than but
not located directly underneath A, what is the shape of the curve starting at A which
reaches B in the shortest possible time? The solution for this problem is a inverted
cycloid whose arc dips below the position of B due to the uniform gravitational field
specified by the question. It is clear that this solution will not be applicable for a system
containing two magnets as they would never leave the dipped section of the arc where
they are closest together in distance. In order to translate this problem to that faced by
two magnets in the system presented here, it is necessary for the field to be dependent

on the distance between the current point on the curve and the ground.

Gomez et al.[89] derive a generalised solution to the Brachistochrone problem that can

take equations for the gravitational field of the form (Ay 4+ B)™:

o= / \/ 212 242y + By2 — 1dy (8.3)

where m is the mass of the particle travelling down the path and T is the time when the
particle reaches the end of the curve. If A = 0, B = mg and n = 1 then the equation
outputs the typical solution to the Brachistochrone Problem. For the system here, the
formula of the gravitional potential field requires A = 1, B = 0 and n = —3. After

substituting these values, the equation simplifies to

_ Tf / V= = Kdy (8.4)

where K = TL\/E' This could then be solved to find a path which would allow the
magnets to reach their final positions as quickly as possible. However, the solution is

still dependent on s being equal to zero.

Finally, it should be noted that these candidate methods of optimization both ignore
the fact that, while two magnets in a curved path are approaching each other, they are
simultaneously moving further away from the magnets in their own tiles. It is here that
the solution begins to resemble the classical n-body problem and optimizations become
significantly more difficult to attain. For example, even if the optimal solution (with

regards to an as-yet undecided criteria) is found for a system of three tiles comprising
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one linear propagation followed by one 90° turn, will it still be optimal for a system of
three tiles comprising one 90° turn followed by one linear propagation? If this isn’t the
case, how many path types would be necessary in order to produce an optimal solution
in every possible configuration of tiles? Would infinitely many be necessary? Questions

of this type are still open for investigation.

Although the system works successfully in terms of simulated and experimental results,
it is not proven to be definitively optimal and a definitive method for optimisation has
not decided upon. It is predicted that further optimisation will be necessary in order
for systems comprising smaller tiles to function. This will most likely require numerical
solutions of large systems of functions relating the positions and forces acting upon each

magnet in a given system at each time step.

8.2.3 Further Functionality

This work has focused on the concept of a chain folding into a shape; in other words,
a 1D — 2D system. An ideal system would be able to self-assemble from individual
modules to a three-dimensional shape: a 0D — 1D — 2D — 3D system. In order to
allow the two-dimensional shape to fold into three dimensions, the current method of
using circles to illustrate the relative distances between magnets could be replaced by
spheres and the inequalities presented here could be augmented to include distances in
the z-axis. An environment that would allow the chain to assemble in three dimensions
uninhibited would also need to be established. The planning of how the structure should

be built such that it doesn’t self-intersect will be a required subject for further research.

Attaining the first part of the ideal system, that of parts assembling into a chain, is
presumed to be more simple than allowing the creation of a three-dimensional structure.
As mentioned in the previous chapter, the tiles are roughly attracted to each other in
a chain-like manner due to the magnet locations in each tile. Further development of
the hinge design would need to be carried out to ensure that the tile hinges always align

correctly, most likely in a similar fashion to the technique used by Virgo et al[2].

Another possibility for future development would be the ability to create more complex
configurations. For example, the angle of folding between each pair of tiles could be
varied simply by varying the angles of the external tile walls. Alternatively, making the
tile shape circular and varying the final magnet positions in curved paths would also
produce the same result but while maintaining the property that all of the tiles’ external
geometries are identical. Both of these modifications would allow the opportunity for
more complex structures to be produced. Thinking further ahead, by incorporating more

magnets in the tiles such that propagation can be initiated/inhibited, it may be possible
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to demonstrate logic such as AND, OR etc. based on the output when the chain has
finished being actuated. This would demonstrate the ability for the system to perform

computation.



Appendix A

Design iterations for folding paths

FIGURE A.l: Miyashita-type design where paths for folding are asymmetric. The

distance between magnets in paths decreases monotonically but there is difficulty during

experiments in moving a magnet along the path that is not angled.
s e JO N (c) =S

FIGURE A.2: Miyashita-type design produced by the author. (a) M1 is initiated by
the RI. (b) M1 is pulled around the path by the RI and initiates movement of M2. (c)
M1 and M2 travel along their respective paths. (d) M1 and M2 do not initiate a folding
motion and M3 travels a short distance along its path, but M3 cannot travel far enough
for propagation to occur.
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Appendix B

The Blender Simulation

Environment

Blender is a ‘free and open-source 3D creation suite’[90] created in 1995. It can be
used for rendering, 3D modelling, animation, and simulations amongst many other ap-
plications. It was decided (in collaboration with Valentin Besnard) that Blender was
a suitable program for developing simulations in this project for two main reasons: It
can simulate collisions between convex meshes with a high level of accuracy due to its
usage of the Bullet physics library[91], and the visual output is of a very high quality in

comparison to other 3D graphics software such as OpenGL.

B.1 Magnet and Tile Simulations

The simulations for this system were created entirely in the Blender Game Engine Ver-
sion 2.78a. Tile models designed using Autodesk Fusion 360 were imported as COL-
LADA files and modelled as static objects. This caused the tiles to be considered as
‘massless’ and any tile motion is entirely dependent on the Python scripts linked to them
instead of motion caused by the physics engine. Magnets were designed as cylindrical
meshes of dynamic type in order for the physics engine to be applied to them. Magnets
were given mass, but not friction. Damping was also included. A Python script separate

to that of the tiles was linked to each magnet.
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B.2 Python Scripts

Both Python scripts were initially created by Valentin Besnard. Improvements were
made by the author to both increase accuracy of magnet movement and increase sim-
ulation speed and efficiency. The magnet script calculates the force acting upon a
magnet by the adjacent magnets in the chain. If magnets are in their initial positions
and no magnet has come close enough to initiate movement, then its dynamics are sus-
pended to reduce computation and prevent magnets from automatically being actuated.
Meanwhile, the tile script determines when folding of the chain should begin and when
collisions between tiles have occurred. If the tiles are not required to move then they are
put into ‘sleep mode’. Although significant improvements in performance were realised,
it would be incorrect to assume that either script is optimal and it is likely that systems
containing more than 1000 tiles will be slow if further optimisations are not carried out.
The figures below are screen shots showing details of the simulation setup and features.

Videos of the simulations are available online.

scripts T~

Simulation

/ objects

B . Physics
Linking scripts settings
to objects

FIGURE B.1: Blender environment in the set-up used for developing the simulations in
this work.
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FIGURE B.2: Examples of the simulation environment being used. (a)-(e) Stages of
propagation during a Blender simulation. (f)-(h) Visualisation of simulation physics
indicates the logic used to improve quality. Active magnets are surrounded in yellow
lines, absence of yellow lines indicate that the magnet dynamics are suspended until
activated by another magnet. Tiles in ‘sleep mode’ are outlined in green, while tiles
that have not yet begun to move are outlined in white.
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