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Abstract. Throughout nature, decentralized components emerge into
complex forms. It is through their interaction that components, governed by simple rules, self-assemble to create specific entities. The programs constituting these entities are based on the rules present in a
given system and are executed on the physically and chemically encoded
information comprising the components and their environment. A threelevel approach is presented here which encompasses specifying a set of
rules, modeling these rules to determine the outcome of a specific system in software, and translating to a physical system based on the set
of rules present. The benefit of this approach is that no knowledge of
the end result is required to create the physical system, mirroring the
bottom-up process in nature. Five experiments, based on an example implementation of this approach, show that the translated physical systems
self-assemble into the desired entities achieved by the simulations. These
successful results demonstrate how this three-level approach is used for
mapping virtual self-assembly rules to physical systems.

1

Introduction

Entities in nature self-assemble, self-repair, self-reproduce, and in some instance
are capable of morphogenesis. They are products of parallel construction processes. Their designs are autonomous, robust, and adaptive. Only recently has
our technology displayed, with limited capabilities, such characteristics from nature.
The creation of new technologies that mirror nature is applicable to further developing many fields including developing new non-classical computing
paradigms, such as embodied computation. Expressing computation not purely
mathematically, but also physically bears the potential for computing devices
that are autonomous, robust, and adaptable to unexpected changes. Being able
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to create self-assembling systems is one of the keys to realizing such computing
paradigms.
However, designing and creating self-assembling systems continues to be extremely challenging. One aspect that remains an open problem is how to design a
set of components and their environmental conditions, such that the set of components self-assemble to create a desired entity. Techniques have been developed
for a few specific applications, but a general approach has not been achieved [1]
[2] [3] [4].
Natural self-assembly is primarily dictated by the morphology of the components and their environmental conditions, as well as the physical and chemical
properties of the components and the environment within a given system [5] [6].
One could view entities in nature constituting programs that are based on the
rules present in a given system [7]. The programs are executed on the physically and chemically encoded information, comprising the components and their
environment.
A three-level approach for designing and creating self-assembling systems
based on this view is presented here. This approach encompasses specifying a
set of rules, modeling these rules to determine the outcome of a specific system in software, and translating to a physical system based on the set of rules
present. This is consistent with the definition of self-assembly, refined here, as
being a reversible process that can be controlled through appropriately designed
components and their environment [8].
This approach is distinguished from the ones described above in two ways.
(1) This approach translates a set of rules to create a physical system. (2) More
importantly, this approach does not use global information derived from the target entity or the final configuration of components. This bottom-up aspect is
critical in terms of embodied computation. For example, to perform a particular computation, a system may need to go through many states (i.e. physical
structures) to complete. Consequently, an approach that needs to evaluate its
end state in order to create a set of components will not scale effectively.
An example system is presented that demonstrates an implementation of
this three-level approach together with five experiments. The example system
and the experiments are used to demonstrate how this three-level approach is
capable of mapping virtual self-assembly rules to physical systems under various
constraints.

2

Background

L.S. Penrose and R. Penrose were the first to show a mechanical analogue to
natural self-assembly, specifically self-reproduction in the form of templated
self-assembly [9]. They created two component types, labeled A and B, that
connected in either an AB or BA configuration (Figs. 1 and 2). Multiples of
these A and B components were confined to a track in a random ordering, that
when shaken, allowed components to move horizontally and interact with one
another. By placing either an AB or a BA seed complex on the track, it would
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cause neighbouring A and B or B and A components to self-assemble into AB
and BA complexes respectively.

Fig. 1. Component type A (left) and component type B (right) in their initial neutral
positions [9]

Fig. 2. Complex AB (left) and complex BA (right) [9]

Although Penrose and Penrose did not discuss this in particular, they were
able to achieve artificial self-reproduction through the morphology of each component type and the design of the environment. There are ten pieces of information, physically encoded through shapes (hooks, latches, and neutral sites),
which dictate the self-assembly process (Fig. 3).
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Fig. 3. Component type A (left) and component type B (right) identifying regions of
physically encoded information using shapes
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There are six rules present in this system. The information associated with
each rule is physically encoded by shape. Two rules directly dictate the selfassembly of the two components by hooking-and-latching together (Fig. 4),
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(2)
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Fig. 4. AB assembly (left) using rule (1) and BA assembly (right) using rule (2)

and four rules influence the motion of neighboring components (Fig. 5) and
(Fig. 6),
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Fig. 5. Rotation rules (3) and (4) promote the creation of new AB complexes

The constraints of the system include the environment and the initial positioning of the components. These constraints, along with initially placing either
an AB or BA seed complex, ensures which information comes into contact. Thus,
the system is able to replicate AB and BA complexes accordingly.
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Fig. 6. Rotation rules (5) and (6) promote the creation of new BA complexes

By showing that it is possible to physically mirror self-reproduction in nature
artificially, their pioneering work has influenced many fields, including computation. Adleman first showed that computing using self-assembling molecules was
possible [10]. An algorithm was devised to solve a seven node directed Hamiltonian path problem. Single strands of DNA were created to encode partial sample solutions of the problem (representing the edges and vertices of the directed
graph). These partial sample solutions were then allowed to interact and selfassemble based on Watson-Crick complementarity. The linear double-stranded
self-assembled structures representing potential solutions were then filtered using
biochemistry and molecular biology techniques to identify the true self-assembled
solution.
With the success of Adleman’s experiment research has focused on scaling
DNA Computing to solve larger problems. This requires a shift from the original
brute-force approach. Developing both new DNA structures, as well as new algorithmic techniques, has shown tremendous promise in furthering this method
of embodied computing.
Wang tiles, square tiles with coloured edges, are computationally equivalent
to a Turing machine [11]. This is achieved primarily on the motion of the tiles
(cannot be rotated or reflected) and adjacent tiles must have the same colour.
The rules of this system allow for the self-assembly of a two-dimensional structure
that can tile a plane. The resulting tilings can be viewed as representing the state
of a Turing machine. The physical realization of Wang tiles has been achieved
through the creation of DNA tiles [12]. These tiles use interwoven strands of
DNA to create the square body of the tile (double-stranded) with single strands
(representing colours) extending from the edges of the tiles. These tiles follow
the same assembly rules based on Watson-Crick complementarity. This has lead
to the Tile Assembly Model (an extension of Wang tiles using DNA tiles) [13].
It has also lead to new algorithmic proposals for using DNA tiles to perform
mathematical operations. These include multiplication and cyclic convolution
product [14]. Multiplication is based on the self-assembly of a two-dimensional
structure. Cyclic convolution product requires new DNA tiles that allow for the
self-assembly of a three-dimensional structure.
Understanding how structures emerge through self-assembly is vital to continue to expand embodied computing, as experienced in DNA Computing. It
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is also important in other disciplines, such as modular robotics and material
science. Techniques have been developed to create a set of components that selfassemble into a single desired structure. These techniques all use information
from the desired entity’s global structure to create the set of components. Algorithms evaluating the geometry of a global structure have been used in modular
robotics [1] [2] [3]. Algorithms using the global form to act as a template that dictate the mechanisms in which components can recreate an image of the template
have been used to create DNA origami [4].
These techniques have all been successful in creating a set of components that
self-assemble into a desired structure. However, these techniques will not scale
effectively to problems requiring the self-assembly process to create multiple
structures. Such a case is likely in embodied computation where a computation
may require multiple states (structures) to complete. Inspirations from nature
can be taken to develop bottom-up design approaches to create self-assembling
emergent systems.

3

Three-Level Approach

Emergent systems are present throughout nature. Based on the rules present,
decentralized systems self-assemble to create various structures. These rules are
in relation to the physically and chemically encoded information comprising a
set of components and their environment. DNA serves as the rule set for living
organisms. Through transcription to RNA and translation to proteins, these
rules are mapped to physical shapes. Using this analogy, an approach that maps
a set of rules directly to physical shapes to create self-assembling systems is
independent of the desired entity. This serves as the basis for the approach
proposed here, which is described in three levels (Fig. 7).

Fig. 7. Three-level approach with transitions, showing that translation can be done
directly from level 1 to level 3
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Level One: Definition of Rule Set The highest level, level one, is concerned
with being able to describe any rule set. The rules could be of several types.
For example, rules represented mathematically could be of the string re-writing
form, e.g. L-Systems [15, 16]. Rules expressed abstractly could mirror those seen
with proteins, e.g. A fits B, C+D fits E, F breaks G+H (where the letters represent physically and chemically encoded information). As well, rules in which
physically and/or chemically encoded information is effected by natural phenomena should also be addressed. Such rules could include temperatureT breaks
I+J. For example, the physical equivalent to this rule represents that DNA is
denatured at a high enough temperature (i.e. double strand breaks apart into
two single strands).
Level Two: Virtual Execution of Rule Set Execution of a set of level-one
rules is accomplished at the mid level, level two. Information comprising the
components and their environment, as well as the rule set present, are expressed
using modeling. This could be implemented through a simulation, for example.
In order to evaluate an emergent system, it has to be allowed to run[7]. This is the
primary purpose of this level. The outcome of the simulation can determine if, in
order for a desired self-assembled structure to emerge, the level-one rules or the
information related to the different component types and their environment need
to be modified. Representations used for the information and the rules should be
independent of any physical medium. This has two benefits. The first is that it
allows for the simulation to remain simple and computationally inexpensive to
run (modeling the interactions of complex forms is a difficult task). The second
is that it then allows for the integration of various materials and self-assembly
mechanisms, which may be required depending on the desired structures.
Level Three: Physical Realization of Rule Set At level three, information
comprising the components and/or their environment, together with the levelone rules present in the system, are mapped from their virtual representations
to a physical system. Since this mapping is done directly, it is independent of
the results observed from the level-two modeling. The consequence of this is that
mapping can occur before, during, or after a simulation run. Components and
their environment can be mapped in two ways. The first way is if a database of
physically and/or chemically encoded rules is specified. An algorithm can then
choose entries in the database and assign them to the information comprising
the components and/or environment. The second method would be to use optimization techniques to create translated designs of physically and/or chemically
encoded information comprising the components and/or environment. Designs
in a database and those created by optimization techniques can always be exchanged, for cases when partial knowledge exists for a particular system. The
use of a database and optimization techniques within the three-level approach
is illustrated in Fig. 7.
The objective of this approach is to provide a method in which components
and their environment can be designed in a bottom-up manner to create scalable
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Fig. 8. The use of a database of physical encodings and optimization techniques to
map a rule set to physical systems

self-assembling systems. This is achieved by being able to directly map a set of
virtual self-assembly rules to physical systems.

4

System Design

To demonstrate how this three-level approach can be used, the following example
system was constructed. Its purpose is to show how to create a set of physical
two-dimensional components that self-assemble into a single desired entity. In
general this is a multi-component implementation. Information is located along
a components surface. The location of this information and its arrangement
defines a components type. The interaction between the components is dictated
by the rules present in the system, acting on the information associated between
components. A breakdown of this system is provided in terms of the three levels
of the proposed approach.
4.1

Level One: Definition of Rule Set

To allow for the assembly of components, one rule type is specified in this example system. Abstractly, if two pieces of complementary information come into
contact (i.e., they fit together), it will cause them to assemble. The rule type is
defined as

A fits B → A + B

(7)
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where the letters A and B are in reference to physically and/or chemically encoded information. The predicate ‘fits()’ is the condition that A and B must
satisfy. If the condition is met then A and B assemble together, +. For the
purpose of this example system this rule type is commutative, that is
B fits A → B + A = A + B.

(8)

In certain cases it may be beneficial for this rule type to not be commutative,
based on the mechanisms in which two components self-assemble. As well, since
this system is in two-dimensions, components only need to line up when this rule
type is satisfied. In three-dimensions, due to the extra degree of freedom, the
orientation of the components must be addressed when this rule type is satisfied.
To comply with the definition of self-assembly being a reversible process, a
second rule type is required. Abstractly, if two assembled pieces of information
experience a force above a certain threshold their assembly is broken. This rule
type is defined as,
f orceX breaks A + B → A; B

(9)

where forceX is in reference to a physical force, the term ‘breaks()’ is the condition that must be satisfied, and a semicolon denotes two separated pieces of
information. This rule type is not commutative. How the first rule type (and
its commutative property) as well as how this second rule type are utilized is
described in the implementations of level two and three.
4.2

Level Two: Virtual Execution of Rule Set

As described previously, the purpose of level two is to evaluate a set of level
one rules through simulation. The simulation should be disconnected from any
physical medium. However, the simulation cannot be disconnected from the general principles of self-assembly. In [17], a framework for designing self-assembling
systems is detailed. The framework consists of seven parts:
1.
2.
3.
4.
5.
6.
7.

Components,
Environment,
Energy,
Assembly Protocol,
Spatial Relationship,
Localized Communication, and
Rule Set.

Components are defined by their properties, such as shape, mass, and material properties. The physical and chemical properties of the environment will
influence the manner in which components self-assembly. Features in the environment can serve as templates. Or, the environment can simply provide a

10

boundary to which components are confined to. In order for self-assembly to
occur, components require energy. This energy could be available internally or
transfered to the components by the environment. An assembly protocol defines
the method in which components can self-assemble. These methods are highly
dependent on the scale of the system, as well as the physical and chemical properties of the components and their environment. The spatial relationship between
components and/or elements in their environment defines the underlying pattern
formations capable by a system. Pattern formation greatly influences the range
of achievable formations by a system. Localized communication dictates how
components interact with one another and their environment. Communication
can be viewed as physically or chemically encoded information. The rule set can
be viewed as being external to components, acting on their physically and/or
chemically encoded information (e.g. the growth of crystals). Or, the rule set
can be internalized within components (e.g. DNA within cells). The simulation,
implemented using Breve [18], is described in reference to this framework.
In the simulation, components are represented as spheres of unit radius.
Points on the surface of a component serve as information locations. These surface points can occur anywhere, but a four-point system is used in this example.
The location of this information and its arrangement defines a components type.
Information is represented by a capital letter. If no information is associated with
a point, the - symbol is used (Fig. 9).

Fig. 9. Two example component types with their information arrangements

The primary purpose of the environment is to provide a boundary to which
a given set of components are confined. Components are assigned a velocity.
This energy allows a component to move around the environment and rotate in
two-dimensions, as well as interact with other components.
The assembly protocol used in this system is based on stickiness. If two components collide with complementary information (associated with a fits rule) at
their points of collision, they stick together. If the information is not complemen-
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tary, the two components reflect off each other, emulating rigid-body dynamics
and inelastic collisions.
The arrangement of information locations, of each component type, defines
the spatial relationship and underlying pattern formations achievable by a given
system. As a decentralized system, components communicate locally. In this case,
communication occurs when two components collide. The information associated
with the points of collision is the data exchanged between two components. If
the information satisfies the rule set present in the system, the two components
perform the associated action, otherwise they reflect off each other. A summary
of this virtual system is provided in Table 1.
Table 1. Parameter settings for the virtual simulation

Framework

Virtual System
Components

Environment
Energy
Assembly Protocol
Spatial Relationship
Localized Communication
Rule Set

4.3

spheres of unit radius; type defined by
information arrangement
spherical boundary to contain components
components have a velocity
stickiness
arrangement of information locations
information is exchanged at points of collision
fits rule type and breaks rule type

Level Three: Physical Realization of Rule Set

The conceptual representation of this simple virtual self-assembling system,
serves as the basis for the translation process, at level three. Information abstractly represented in the virtual system is mapped to physical systems. For
demonstration purposes, the physical system constitutes a set of mechanical
components that are placed on a tray. The tray is shaken parallel to its surface.
This energy is transferred to the components in the form of vibrations, allowing
them to interact. Component interaction is based on physically encoded information. This information is represented through form and an assembly protocol,
and is the basis of the design space (the set of feasible designs).
Component form is based on a key-lock-neutral design concept. The base
shape of a component is a square. The shape of a key (convex polygon) and a
lock (concave polygon) are designed such that these shapes fit together. Neutral
sites represent regions where components cannot assemble together. This form
space is described in Figure 10. The physical form of a component is constructed
out of a nonmagnetic material.
In order to allow components to assemble together, an assembly protocol
based on three-bit magnetic encodings is used here. Three magnetic discs, with
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Fig. 10. Form space of the components, where each region associated with each edge
of the minimum shape (square, shown with a solid line) can be a convex (key), concave
(lock), or neutral (flat edge) shape

magnetic north and south arbitrarily assigned to represent zero and one for a
binary representation, are used to create a particular encoding.
The sets of three magnetic discs encodings are placed along the edges of key
and lock regions. The magnetic discs are arranged such that the flat surface of
the magnetic discs is parallel to the edges surface to which they are placed in. In
this system, physical information is represented as a combination of shape and
a magnetic encoding.
To help prevent keys and locks from interacting amongst themselves, two
measures are taken. First, the magnetic encodings are divided based on their
pairings into two sets: keys and locks. This prevents encodings within the same
set from assembling. Secondly, the magnetic encodings 011 and 100 are reversed
from their incremented binary representation. This is done to maintain consistency with the first measure. Table 2 lists the set of physical encodings possible
in this system, taking these two measures into account.
Another unintended effect can occur when magnetic encodings are exposed
at the edges. In this scenario it is possible for them to assemble (Fig. 11). This is
due to the fact that there are no physical barriers from preventing two flat edges
from sliding along each other. For example, two physical encodings such as seven
and eight can assemble together if only the last bit of encoding seven and the
first bit of encoding eight come into contact. The measure taken to prevent this
error is pushing the magnets into the edges of the component, and covering them
with small pieces of nonmagnetic material. This allows for information associated
with components to align selectively with one another. Since the magnets cannot
come into direct contact, the mixed fields generated from the encodings must
be strong enough to overcome the force of friction of the components, as well
as the force generated from other component collisions and collisions with the
side walls of the tray. This also helps prevent a third unintended effect form
occurring, namely a key and a lock from assembling when only a subset of each
encoding matches.
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Table 2. Physical encodings

Physical Encoding #

Shape Magnetic Encoding

0

Neutral

(none)

1
2
3
4

Lock
Lock
Lock
Lock

000
001
010
100

5
6
7
8

Key
Key
Key
Key

011
101
110
111

Fig. 11. Two physical encodings, 7 and 8, assembling caused by being exposed at the
surface of two flat edges
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The rules from the level two modeling are mapped to physical systems, based
on these design principles. Since the fits rule type (Eq. 7) used here is commutative, it allows for a pair-wise representation of the information associated with
this rule. The database of physical encodings (one to eight) is provided to the
system. The mapping procedure goes through each fits rule present in the system. For each fits rule, a two-step process occurs. First, a physical encoding is
selected at random for the first piece of information, and its associated rule is
assigned to the second piece of information. Second, these two encodings are removed from the available database. To illustrate this procedure, the components
in Figure 12 are translated to their physical designs (Fig. 13) based on the rules,

C fits D → C + D, and
E fits F → E + F.

E
-

C D

-

-

E

(10)
(11)

-

F

Fig. 12. Example component types with information arrangement (right, top, left,
bottom), for component type 1 - left (C,E, -, -), component type 2 - centre (-, -, D, E),
and component type 3 - right (-, -, -, F)

Fig. 13. Translated components from Figure 12 with component type 1 - left (1, 6, 0,
0), component type 2 - centre (0, 0, 3, 1), and component type 3 - right (0, 0, 0, 8)
with physical encodings from Table 2 referred to as (right, top, left, bottom)
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The breaks rule type (Eq. 9) here determines the location of the magnetic
encodings within a component. For each piece of physical information associated
with a breaks rule, their assigned magnetic encoding is placed in the interior of
the nonmagnetic material. Otherwise, the assigned magnetic encoding is placed
at the surface.

5

Experiments and Results

The objective here is to determine if it is possible to create self-assembled desired
entities by using a bottom-up rule-based approach to map virtual self-assembly
rules to physical systems. The three-level approach, in the context of the previously described example system, was used to see if it was capable of achieving
this objective.
Five entities were designed as the target structures as the result of selfassembly. Figure 14 shows the five desired entities: line, T-shape, L-shape, open
square, and Y-shape. Attempting to create each of the desired entities was done
in three phases, each corresponding to the three-level approach.

Fig. 14. Five desired entities (from left to right): line, T-shape, L-shape, open square,
and Y-shape

5.1

Level One: Experiments’ Rule Set

These five structures were chosen because they offer various degrees of complexity in terms of the number of component required and the symmetry or
asymmetry of the desired entities structures. As a consequence, each of the five
desired entities cannot be created through pattern formation exclusively.
Therefore, a level one rule set is required for each system in order to create
the five desired entities. Both rule types, fits and breaks, are used in each system.
Leveraging each rule set, in terms of the information required and the resulting
component types, is the objective of determining whether or not each rule set is
able to create its respective desired entity. A summary of the rule set used for
each of the five experiments is given in Table 3.
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Table 3. System design for the five experiments
System Design
Experiments
Line

T-shape

L-shape

Open Square

Y-shape

Component Types
Rules
(right, top, left, bottom)
Type 1: (A, -, A, -)
A fits B
Type 2: (B, -, -, -)
forceX breaks
A fits B
Type1: (A, -, A, C)
C fits D
Type2: (-, B, -, -)
forceX breaks
Type3: (-, D, -, A)
forceX breaks
A fits B
Type1: (A, C, -, -)
C fits D
Type2: (-, -, B, -)
E fits F
Type3: (-, E, -, D)
forceX breaks
Type4: (-, -, -, F)
forceX breaks
forceX breaks
A fits B
C fits D
Type 1: (A, C, -, -)
E fits F
Type 2: (H, -, B, -)
G fits H
Type 3: (-, -, B, -)
forceX breaks
Type 4: (G, -, -, H)
forceX breaks
forceX breaks
forceX breaks
A fits B
C fits D
Type 1: (A, -, E, C)
E fits F
Type 2: (-, D, -, G)
G fits H
Type 3: (B, -, -, G)
forceX breaks
Type 4: (-, -, F, G)
forceX breaks
Type 5: (-, -, -, H)
forceX breaks
forceX breaks

Desired Entity
Number of Symmetric vs.
Components Asymmetric
A+B

A+B
C+D

A+B
C+D
E+F

A+B
C+D
E+F
G+H

A+B
C+D
E+F
G+H

3

symmetric

5

symmetric
and
asymmetric

4

asymmetric

8

symmetric

7

symmetric
and
asymmetric
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5.2

Level Two: Simulation Experiments

Level two virtual simulations were used to test the ability of each rule set being
able to create its respective desired entity. The component types used for each
experiment are also provided in Table 3.
Initially, components are randomly placed and oriented in the environment of
each simulation. This is to ensure that no bias is entered into the self-assembly
process. The number of component types for each simulation is equal, and is
set to ten. However, in certain experiments the ratio of components needed to
create the desired entity is not equal. In experiment one, the ratio is 1:2. Since
the focus of these simulation experiments is being able to create a single desired
entity and not on efficiency, it is felt that this does not affect the objective of
the experiments negatively.
In the simulations, components (of unit radius and unit mass) are assigned a
velocity to move around their environment, emulating rigid-body dynamics and
inelastic collisions. Components were assigned a velocity, randomly generated in
the range of 1-5 units/second. Periodically, components velocity was increased
or decreased fractionally to emulate changes in energy within the system. The
purpose of this was to help serve the breaks rule type. When information associated with components experienced collisions with each other or with the
environment (circular, with radius 30 units) and their velocity was greater than
4 units/second, the breaks rule type was applied.
5.3

Level Two: Simulation Results

Using these parameter settings, a level two simulation was performed for each
system. Ten simulation runs were conducted for each system. A subset of the
components was able to self-assemble into the desired entity of each system,
during each run. Due to the number of components present in each system being
larger than the number of components required to create each desired entity,
multiple desired entities were created in some instances. This was done with the
intent to speed up the simulations, and was effective as seen in the performance of
the simulations. As well, component types one through five were assigned (when
present in a system) colours black, white, red, blue, and green respectively. The
results of the simulations are shown in Figure 15.
The set of components for each simulation was able to self-assemble into its
respective desired entity. Systems with a lower number of components were able
to self-assemble faster than systems with a larger number of components. Entities
with symmetric properties were also able to self-assemble faster than the ones
with asymmetric properties. These characteristics were observed qualitatively.
For each desired entity, there was no particular self-assembly sequence followed by the components. Various substructures would occur during the selfassembly process, and is reflected in Figure 15.
As well, components in the simulations were able to disassemble, Figure 16.
This was due to the breaks rule type. Although the components were able to
break apart from collisions with each other and with the environment, with

18

Line: Initial

Line: Intermediate

Line: Final

T-shape: Initial

T-shape: Intermediate

T-shape: Final

L-shape: Initial

L-shape: Intermediate

L-shape: Final

Open Square: Initial

Open Square: Intermediate

Open Square: Final

Y-shape: Initial

Y-shape: Intermediate

Y-shape: Final

Fig. 15. Results of the five simulations
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time corresponding information associated with components were able to selfassemble again. The virtual simulations are reversible, and therefore are in keeping with the definition of self-assembly.

Fig. 16. Before configuration (left) and after configuration (right), where the structure
within the solid oval is broken apart by the component within the dashed oval, and a
further collision with the environment’s side wall (not shown).

5.4

Level Three: Physical Experiments

With the success of the virtual simulations, a level three translation was performed on each system. This was done to test if the translated component types
of each system could self-assemble into its respective desired entity, based on
the rule set of each system. The virtual self-assembly rules mapped to physical
systems are shown in Figure 17 to Figure 21 (magnets shown for clarity) for each
system.
The component translations of each system were physically built by hand, to
determine if the virtual simulations could be replicated physically. Components
were randomly placed on the surface of a tray. The tray was shaken by hand,
parallel to its surface in a jarring motion. This energy was transferred to the
components in the form of vibration, allowing them to interact. The jarring
motion resulted in components coming to rest, giving information associated
with colliding components to establish an assembly (when a fits rule applied). As
well, fluctuations in energy allowed assembled information to disassemble (when
a breaks rule applied) during component collisions with other components and
with the sidewalls of the tray.
Components were constructed out of foam board, neodymium magnetic discs
(NdFeB, 3mm diameter and 1.5 mm thick, with N50 rating), general-purpose
adhesive, and scotch tape. Depending on the resulting translated shape, a components dimensions would vary between 2 cm by 2cm (base square shape representing lock sites), 4 cm by 4 cm (outer square representing neutral sites) and
2 cm short edge and 4 cm long edge (irregular octagon representing key sites),

20

Fig. 17. Line: translated component types with physical encodings from left to right:
type 1 (7, 0, 7, 0), and type 2 (2, 0, 0, 0). The physical encodings (from Table 2) are
listed in the order (right, top, left, bottom).

Fig. 18. T-shape: translated component types with physical encodings, starting from
the top, then left to right: type 1 (3, 0, 3, 4), type 2 (0, 6, 0, 0), and type 3 (0, 5, 0, 3).
The physical encodings (from Table 2) are listed in the order (right, top, left, bottom).
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Fig. 19. L-shape: translated component types with physical encodings, starting from
the top, then left to right: type 1 (8, 2, 0, 0), type 2 (0, 0, 1, 0), type 3 (0, 3, 0, 7),
and type 4 (0, 0, 0, 6). The physical encodings (from Table 2) are listed in the order
(right, top, left, bottom).
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Fig. 20. Open Square: translated component types with physical encodings, starting
from the top, then left to right: type 1 (2, 4, 0, 0), type 2 (6, 0, 7, 0), type 3 (0, 8,
0, 5), and type 4 (3, 0, 0, 1). The physical encodings (from Table 2) are listed in the
order (right, top, left, bottom).
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Fig. 21. Y-shape: translated component types with physical encodings, starting from
the top, then left to right: type 1 (1, 0, 7, 4), type 2 (0, 5, 0, 6), type 3 (8, 0, 0, 6),
type 4 (0, 0, 2, 6), and type 5 (0, 0, 0, 3). The physical encodings (from Table 2) are
listed in the order (right, top, left, bottom).
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in reference to Figure 10. The height of a component measured 0.5 cm. Magnets
were placed approximately 5 mm apart (from their centers). When a breaks rule
was translated, magnets were placed approximately 3 mm within the interior of
the components edge.
In the simulations, the environment was circular. Its physical equivalent (the
trays surface) was square. This was done to simplify the construction process. It
is felt that this doesnt compromise the physical experiments, since the purpose of
the environment is to serve only as a boundary to contain components. The tray
was constructed out of foam board, push pins, and general-purpose adhesive.
The dimensions of the tray were 50 cm by 50 cm. The height of the sidewalls
was 10 cm.
In the physical experiments, only the number of components types required
to create each desired entity was present in the environment. This was done for
two reasons. It was time consuming to build components by hand. Also, due to
the scale of the components, increasing the number of components would require
a greater tray size.
5.5

Level Three: Physical Results

The results of the physical system are shown in Figure 22. For each physical
system, three runs were performed. During each run, the set of components for
each physical system were able to self-assemble into its respective desired entity.
The same qualitative observations seen in the simulations were also seen in the
physical systems. Systems with a lower number of components were able to selfassemble faster than systems with a larger number of components. Entities with
symmetric properties were also able to self-assemble faster than the ones with
asymmetric properties.
Also as seen in the simulations, various substructures would form during the
physical self-assembly process. These substructures are reflected in Figure 22.
Components were able to disassemble, again mirroring the simulations, Figure 23. This was due to the physical realization of the breaks rule type. In
the physical systems, magnets were placed within a nonmagnetic material, and
therefore the magnets were not able to make direct connections. As a result,
components were able to break apart from collisions with each other and with
the environment. With time, corresponding information associated with components were able to self-assemble again. Therefore, the physical systems are
reversible, and are in keeping with the definition of self-assembly.
5.6

Experiments and Results Summary

The objective here was to determine if it was possible to create self-assembled
desired entities by using a bottom-up rule-based approach to map virtual selfassembly rules to physical systems. For each system, a level one rule set was
specified. Each level one rule set was tested using a level two simulation to
determine if each systems rule set and components types could achieve its particular desired entity through self-assembly. Each virtual simulation experiment
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Fig. 22. Results of the five physical systems
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Fig. 23. Before configuration (left) and after configuration (right), where the structure
within the solid oval is broken apart by the component within the dashed oval.

was successful. As a result, component types were translated to physical systems,
based on the rule set of each system. This mapping procedure was done directly,
without any information of the desired entities global structures. Each physical
system was successful in having its set of components self-assemble into their
respective desired entity. With the successful results of the physical systems, it
demonstrates that by using a bottom-up rule-based approach it is possible to
create physical emergent systems capable of self-assembling into desired entities.
Investigating systems with a variety of rule types would allow for the possible
creation of dynamic systems being able to create multiple structures. Such a rule
set could include rules of the form A fits B, C+D fits E, and F breaks G+H.
Research in this respect is ongoing by the authors.
In future applications, knowledge in regards to the required rule sets, component information configurations, and the physical design of components and
their environment may not be entirely formulated. Utilizing this rule-based approach in the context of a process exploiting optimization techniques, such as
evolutionary computation, to design and create self-assembling systems could
address such instances [19] [20]. This would be in keeping with living organisms
in nature, where evolution is acting on their rule set, their DNA. Through transcription to RNA and translation to proteins, these rules are mapped to physical
shapes. Leveraging this three-level approach in this context is another area of
research being pursued by the authors.
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Conclusions

Designing and creating a set of components that can self-assemble into a desired
entity continues to be a major challenge. Top-down techniques that utilize information from a desired entitys global structure to create a set of components will
not scale effectively. This applies in particular to problems requiring the selfassembly process to create multiple structures. Such a case is likely in embodied
computation where a computation may require multiple states (structures) to
complete.
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In nature, interacting components, governed by simple rules, self-assemble to
create specific entities. The programs constituting these entities are based on the
rules present in a given system and are executed on the physical and chemical
encoded information comprising the components and their environment.
This rule-based methodology in nature is the basis to the three-level approach
presented here. This approach encompasses specifying a set of rules, modeling
these rules to determine the outcome of a specific system in software, and translating to a physical system based on the set of rules present. The benefit of this
approach is that no knowledge of the end result is required to create the physical
system, mirroring the bottom-up design process in nature.
Five experiments, based on an example implementation of this approach,
were created to test the feasibility of the three-level approach. Each system varied in the number of rules, component types, and complexity of the structures
of the desired entities. Each virtual system was successful in having a set of
components self-assemble into their respective desired entities. The translations
of these virtual systems to physical systems were also successful in having a set
of components self-assemble into their respective desired entities. This demonstrates that by using a bottom-up rule-based approach it is possible to create
emergent systems by mapping virtual self-assembly rules to physical systems.
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