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How do you design something that builds itself?

Self-Assembly in Nature
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Photo by wtodi CC BY 2.0 
© Shutterstock
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Motivation
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• Self-assembly is considered to be a vital part to 
understanding the architecture of life [19] 

• Self-assembly is viewed as an enabling 
technology for the creation of artificial systems 
[22] 

• Engineering new technologies with natural 
characteristics, such as parallel construction, 
self-repair, reconfiguration, adaptability, and self-
replication [16]

[27]

The “Cheerios Effect”

Introduction 
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What is Self-Assembly?

Introduction 
GECCO 2014 Tutorial: Self-Assembly 11

• Origins in organic chemistry 

• Self-assembly is not a formalized subject 

• Self-assembly: autonomous “processes that 
involve pre-existing components (separate or 
distinct parts of a disordered structure), are 
reversible, and can be controlled by proper 
design of the components” [28]

Types of Self-Assembly

Introduction 
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• Static self-assembly: processes that lead to 
structures or patterns in local or global 
equilibrium and do not dissipate energy [28] 

• Dynamic self-assembly: processes that lead to 
structures or patterns that can only occur while 
the system is dissipating energy [28] 

• Further subcategories of self-assembly include: 
templated, biological, netted systems, 
hierarchical, algorithmic, and software [4]
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Designing Self-Assembling Systems
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• Where do you start? 

• How can you get two objects to assemble 
autonomously together?  

• Could you extend your technique to multiple 
objects and create a variety of structures? 

Example Using Magnets

Introduction 
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Disc Magnet

Non-Magnetic  
Material

Effective  
Magnetic  
Radius

[3, 5, 20]

Example Using Magnets
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Forwards and Backwards Problems

Introduction 
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• Forwards Problem: given a set of components, 
which self-assembled structures will result? [22] 

• Backwards Problem: given a desired self-
assembled target structure,what is the required 
set of components? [22] 

• Other problems: yield, duration, scale, 
complexity, hierarchy of assembly methods…
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System Overview

• In 1957, L.S. Penrose and R. Penrose created 
the first artificial, mechanical, self-assembling 
systems [23] 

• Their system could replicate a seed complex, 
simply by horizontally shaking a track 

!

A Self-Reproducing Analogue 
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α β αβ complex βα complex

Example Scenario

A Self-Reproducing Analogue 
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Initial Configuration

Final Configuration

Physically Encoded Information

A Self-Reproducing Analogue 
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Assembly Rules

A Self-Reproducing Analogue 
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Autocatalysis Rules

A Self-Reproducing Analogue 
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αβ autocatalysis α+β → αβ; αβ 
!

βα autocatalysis β+α → βα; βα

Reversed Engineered Replica

[6]
A Self-Reproducing Analogue 
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DNA Nanotechnology

DNA Nanotechnology and DNA Computing 
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DNA Computing

DNA Nanotechnology and DNA Computing 
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Photo by LaBean & Han CC BY 2.5

abstract Tile Assembly Model (aTAM)

DNA Nanotechnology and DNA Computing 
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• A mathematical model, connecting computation 
with pseudo-crystalline growth [25] 

• DNA tiles [29] 

• Seed tile, environment temperature, co-operative 
binding

[14]

Extensions to the aTAM

DNA Nanotechnology and DNA Computing 
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• Tile Hard-coding Programming 

• Staged Programming 

• Tile Concentration Programming 

• Temperature Programming

NP-Complete

DNA Nanotechnology and DNA Computing 
GECCO 2014 Tutorial: Self-Assembly 32

• The aTAM has been used to investigate the 
complexity of self-assembly 

• The problem of determining if a set of tiles self-
assemble into a target structure is an NP-
complete decision problem [1] 

• The aTAM and its extensions have been used to 
investigate the algorithmic complexity of self-
assembling a variety of target structure [15]
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[6, 8, 11]

Three-Level Approach

3D Printed Self-Assembling Tiles 
GECCO 2014 Tutorial: Self-Assembly 35

Level 1: Definition of Rule Set

Level 3: Physical Realization of Rule Set

map rule set to physically-
independent model for 
evaluation

map rule set 
to physically 
encoded 
information

Level 2: Virtual 
Execution of 
Rule Set

Level 1: Definition of Rule Set

3D Printed Self-Assembling Tiles 
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• Component Rules: specify the arrangement of 
component information 

• Environment Rules: specify temperature and 
boundary constraints 

• System Rules: specify the frequency of 
component types, and component-component 
and component-environment interactions
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Level 1: Definition of Rule Set

3D Printed Self-Assembling Tiles 
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Tiling Models
Model Features cTAM aTAM

Seed Components not required required

Parallel Self-
Assembly yes no

Number of Tile 
Types at an 
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2D/3D 2DcTAM/3DcTAM 2D
Rotations 2D/3D no
One-Pot-Mixture yes yes
Error Checking yes no

Level 2: Virtual Execution of Rule Set
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Physical Encoding Scheme

3D Printed Self-Assembling Tiles 
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• Place 1 permanent magnetic disc in each bit 
location in a key 

• Place 2 permanent magnetic discs in each bit 
location in a lock 

• Strong key-lock binding, and weak key-key 
binding (break using environment temperature) 

• Assign magnetic-bit patterns to keys and locks 
to prevent or reduce mismatch errors

2D System Rules

3D Printed Self-Assembling Tiles 
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Key/Lock 3-Bit Label Fits Rule Breaks Rule

Lock 000 A A fits B → A+B ɸ

Lock 110 C C fits D → C+D ɸ

Lock 011 E E fits F → E+F ɸ

Lock 101 G G fits H → G+H ɸ

Key 111 B B fits A → B+A ɸ

Key 001 D D fits C → D+C ɸ

Key 100 F F fits E → F+E ɸ

Key 010 H H fits G → H+G ɸ

3D System Rules

3D Printed Self-Assembling Tiles 
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Key/Lock 5-Bit Label Fits Rule Breaks Rule
Lock 00000 I I fits J → I+J ɸ
Lock 10000 K K fits L → K+L ɸ
Lock 01010 M M fits N → M+N ɸ
Lock 10011 P P fits O → P+O ɸ
Lock 00111 R R fits Q → R+Q ɸ
Lock 10111 T T fits S → T+S ɸ
Key 11111 J J fits I → J+I ɸ
Key 01111 L L fits K → L+K ɸ
Key 10101 N N fits M → N+M ɸ
Key 01100 O O fits P → O+P ɸ
Key 11000 Q Q fits R → Q+R ɸ
Key 01111 S S fits T → S+T ɸ

2D Systems

3D Printed Self-Assembling Tiles 
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3D Systems

3D Printed Self-Assembling Tiles 
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[18]

System Categories

Self-Assembling Robots 
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• Self-propelled 

• Externally propelled: 

• Component directed 

• Environment directed

Self-Propelled

Self-Assembling Robots 
GECCO 2014 Tutorial: Self-Assembly 48
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[17]

Component Directed

Self-Assembling Robots 
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[21]

Environment Directed

Self-Assembling Robots 
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Evolving Self-Assembling Systems

Evolutionary Self-Assembly 
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• Hierarchical processes 

• Self-assembly protocols 

• Component and environment information 
(forwards problem) 

• Specific component sets (backwards problem)
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[30, 31]

Evolving Self-Replication

Evolutionary Self-Assembly 
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[2]

Evolving a Self-Assembly Protocol

Evolutionary Self-Assembly 
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For each single test (i.e., G25, G30, B30, and R30), the sequences of s-bots ’ actions are rather different
from one trial to the other. However, these different histories of interactions can be succinctly described
by a combination of few distinctive phases and transitions between phases which exhaustively “portray”
the observed phenomena. Figure 3 shows some snapshots from a successful trial which represent these
phases. The robots leave their respective starting positions (see figure 3a) and during the starting phase
(see figure 3b) they tend to get closer to each other. In the great majority of the trials, the robots
move from the starting phase to what we call the role allocation phase (RA-phase, see figure 3c). In
this phase, each s-bot tends to remain on the right side of the other. They slowly move by following a
circular trajectory corresponding to an imaginary circle centred in between the s-bots. Moreover, each
robot rhythmically changes its heading by turning left and right. The RA-phase ends once one of the two
s-bots—that is, the one assuming the role of the s-bot -gripper—stops oscillating and heads towards the
other s-bot—that is, the one assuming the role of the s-bot -grippee—which instead orients itself in order
to facilitate the gripping (gripping phase, see figure 3d). The s-bot -gripper approaches the s-bot -grippee’s
turret and, as soon as its GS sensor is active, it closes its gripper. A successful trial terminates as soon
as the two s-bots are connected (see figure 3e).

As mentioned above, in a few trials the s-bots failed to connect at the first gripping attempt by
committing what we called inaccuracies I1 and I3. These inaccuracies seem to denote problems in the
sensory-motor coordination during grasping. Recovering from I1 can only be accomplished by returning
to a new RA-phase, in which the s-bots negotiate again their respective roles, and eventually self-assemble.
Recovering from I3 is accomplished by a slight backward movement of both s-bots which restores a stable
gripping configuration. Given that I3 has been observed only in R30, it seems plausible to attribute
the origin of this inaccuracy to the effects of the red light on the perceptual apparatus of the s-bots.
In particular, it could be that, due to the red light, the s-bot -gripper perceives through its camera the
s-bot -grippee at a farther distance than the actual one. Alternatively, it could be that the red light
perturbs the regular functioning of the optical barrier and consequently the readings of the GS and GG
sensors. Both phenomena may induce the s-bot -gripper to keep on moving towards the s-bot -grippee up
to the occurrence of I3, even though the distance between the robots and the status of the gripper of the
s-bot -gripper would require a different response. I2 seems to be caused by the effects of the s-bots ’ starting
positions on their behaviour. In those trials in which I2 occurs, after a short starting phase, the s-bots
head towards each other until they collide with their grippers without going through the RA-phase. The
way in which the robots perceive each other at starting positions seems to be the reason why they skip
the RA-phase. Without a proper RA-phase, the robots fail to autonomously allocate between themselves
the roles required by the self-assembly task (i.e., s-bot -gripper and s-bot -grippee), and consequently they
incur in I2. In order to recover from I2, the s-bots move away from each other and start a new RA-phase
in which roles are eventually allocated. In the future we will further investigate the exact cause of the
inaccuracies.

As shown in Table 1, except for a single trial in test B30 in which the s-bots failed to self-assemble,
the robots proved capable of recovering from all types of inaccuracies. This is an interesting result
because it is evidence of the robustness of our controllers with respect to contingencies never encountered
during evolution. Indeed, as mentioned in section 3, in order to speed up the evolutionary process, the
simulation in which controllers have been designed does not handle collisions with sufficient accuracy. In
those cases in which, after a collision, the simulated robots had another chance to assemble, the agents
were simply re-positioned at a given distance to each other. In spite of this, s-bots guided by the best
evolved controllers proved capable of engaging in successful recovering manoeuvres which allowed them
to eventually assemble.2

(a) (b) (c) (d) (e)

Figure 3: Snapshots from a successful trial. (a) Initial configuration (b) Starting phase (c) Role allocation
phase (d) Gripping phase (e) Success (grip)
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as a collision). Instead of trying to accurately simulate the collisions, we force the controllers to minimise
them and not to rely on their outcome. In other words, in case of a collision, the two colliding bodies
are repositioned to their previous positions, and the behaviour is penalised by the fitness function if the
collision can not be considered the consequence of an accepted grasping manoeuvre.

Concerning the simulation of the gripper, we modelled the two gripper claws as triangles extending
from the body of the robot. As the gripper opens, these triangles are pulled in the robot body, whereas
as it closes they grow out of it. Thus the size of the collision object changes with the aperture of the
gripper. In order for a grip to be called successful, we require that there is an object between the claws of
the (open) gripper, as close as possible to the interior of the gripper and that the claws close around it.
In fact, we require that the object and the gripper socket holding the two claws collide. However, we do
not penalise such a collision when the impact angle between the s-bots falls within the range [-10◦,+10◦].
Figure 1c shows how this impact angle is calculated and also depicts the simulated robots we use. In
this way, we facilitate the evolution of approaching movements directed towards the turret of the robot
to be gripped (see figure 1c). Robots that rely on such a strategy when attempting to self-assemble
in simulation, can also be successful in reality. Other types of strategies based on rotating movements
proved prone to failure when tested on real hardware. Having taken care of the collisions involved with
gripping, the choice of a simple and fast simulator instead of one using a 3D physics engine significantly
speeds up the evolutionary process.2

4 Controller and Evolutionary Algorithm

The agent controller is composed of a continuous time recurrent neural network (CTRNN) of ten hidden
neurons and an arrangement of eleven input neurons and three output neurons (see figure 2a and Beer
and Gallagher (1992) for a more detailed illustration of CTRNNs). Input neurons have no state. At
each simulation cycle, their activation values Ii—with i ∈ [1, 11]—correspond to the sensors’ readings.
In particular, I1 corresponds to the reading of the GA sensor, I2 to the reading of the GG sensor, I3 to
I10 correspond to the normalised reading of the eight camera sectors CAMi, and I11 corresponds to the
reading of the GS sensor. Hidden neurons are fully connected. Additionally, each hidden neuron receives
one incoming synapse from each input neuron. Each output neuron receives one incoming synapse from
each hidden neuron. There are no direct connections between input and output neurons. The state of
each hidden neuron yi—with i ∈ [1, 10]—and of each output neuron oi—with i ∈ [1, 3]—is updated as
follows:

τi
dyi

dt
= −yi +

11
∑

j=1

ωjiIi +
10
∑

k=1

ωkiZ(yk + βk); oi =
10
∑

j=1

ωjiZ(yj + βj); (1)

In these equations, τ are the decay constants, ωij the strength of the synaptic connection from neuron i
to neuron j, β the bias terms, and Z(x) = (1+e−x)−1 is a sigmoid function. τ , β, and ωij are genetically

2Further methodological details, movies of the post-evaluation tests on real s-bots and data not shown in the paper can
be found at http://iridia.ulb.ac.be/supp/IridiaSupp2008-002/

I1 I2

H10

I3 I10 I11

H1 ...
O3O2O1

...

WHEEL L WHEEL R APERTURE
GRIPPER

GAGA GG GSCAM1 CAM8

α

β

S−bot L S−bot R
(a) (b)

Figure 2: (a) Architecture of the neural network that controls the s-bots. (b) This picture shows how the
s-bots ’ starting orientations are defined given the orientation duplet (α, β). S-bot L and s-bot R refer to
the robots whose initial orientations in any given trial correspond to the value of α and β respectively.

[26]

Evolving Virtual Tiles

Evolutionary Self-Assembly 
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ɸ W B
W 2 3
B 3 6

→→

→

[9, 11]

Evolving Physical Tile Sets

Evolutionary Self-Assembly 
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Level 1: Definition of Rule Set

Level 3: Physical Realization of Rule Set

map rule set to physically-
independent model for 
evaluation

Level 2: Virtual 
Execution of 
Rule Set

Evolutionary 
Computing

if desired result 
achieved, then 
map rule set to 
physically 
encoded 
information

evaluate 
modeling 
results
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Evolving Physical Tile Sets

Evolutionary Self-Assembly 
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• Evolutionary unit is a single component 

• Genotype is a variable-length list of components 

• Phenotype is the resulting structure(s) from a set 
of components 

• One genotype can have many phenotypes

Evolving Physical Tile Sets

Evolutionary Self-Assembly 
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• Generational genetic algorithm with elitism 

• Roulette-wheel selection 

• Variable-length crossover 

• Duplication, deletion, and mutation 

• Multi-objective fitness evaluation

Evolving Physical Tile Sets

Evolutionary Self-Assembly 
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C

A

C-

-

D

G-

-

-

-D

Evolving Physical Tile Sets

Evolutionary Self-Assembly 
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Evolving Physical Tile Sets

Evolutionary Self-Assembly 
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Leveraging Time

Staged Self-Assembly 
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• Using components that cannot differentiate 
results in self-assembly being constrained to a 
limited set of components and their binding 
mechanisms 

• Staging addresses this challenge by dividing the 
self-assembly process into time intervals, and 
encodes the construction of a target structure 
into the staging algorithm itself, and not 
exclusively into the design of the components 
[13]

Morphology and Error Prevention

[10, 12]
Staged Self-Assembly 
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ψ0 ψ1 Error Prevention
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2D Staged Self-Assembly

Staged Self-Assembly 
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Synthetic Development

Staged Self-Assembly 
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ψ0 ψ1

3D Staged Self-Assembly

Staged Self-Assembly 
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[12]

Synthetic Development

Staged Self-Assembly 
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• Synthetic Development: 
applying the principles 
of evolution and 
biological development 
to the design and 
construction of self-
assembling systems [7]
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Synthetic Development

Staged Self-Assembly 
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• 6 pairs of 90° degree 
rotational codes is 
required 

• Only 3 pairs of 90° 
degree rotational codes 
in the 5-magnetic-bit 
physical encoding 
scheme

Perspective

Front

Top

Right

3D System Rules

3D Printed Self-Assembling Tiles 
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Key/Lock 5-Bit Label Fits Rule Breaks Rule
Lock 00000 I I fits J → I+J ɸ
Lock 01111 L L fits K → L+K ɸ
Lock 01010 M M fits N → M+N ɸ
Lock 01100 O O fits P → O+P ɸ
Lock 11000 Q Q fits R → Q+R ɸ
Lock 01111 S S fits T → S+T ɸ
Key 11111 J J fits I → J+I ɸ
Key 10000 K K fits L → K+L ɸ
Key 10101 N N fits M → N+M ɸ
Key 10011 P P fits O → P+O ɸ
Key 00111 R R fits Q → R+Q ɸ
Key 10111 T T fits S → T+S ɸ

Synthetic Development

Staged Self-Assembly 
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ψ2ψ2 ψ1

ψ0 ψ0 ψ0

ψ2ψ1ψ2

ψ5

ψ1

ψ3

ψ2 ψ2

ψ3ψ3

ψ2

ψ4ψ5

ψ3 ψ3

ψ2ψ0

ψ3

Perspective

Top

Front

Right
{ψ0, ψ1, ψ2, ψ3, ψ4, ψ5}

ψ5ψ5 ψ5 ψ5

R
P

R
P

S
Q

S
Q

S

S

T
T

SS
O

T
T

T
TS

O
S

I
T

T

J

R
I

Q

Q

QQ
R

Q
L L

Q

J

I

K

I

K

J J

I

K

Q
L

QQ
L

Q

I

K

J

J

• Reintroduce 
component information 
used in a previous time 
interval 

• Time intervals and 
component information 
to create a single target 
structure

Synthetic Development

Staged Self-Assembly 
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ψ2ψ2 ψ1

ψ0 ψ0 ψ0

ψ2ψ1ψ2

ψ5

ψ1

ψ3

ψ2 ψ2

ψ3ψ3

ψ2

ψ4ψ5

ψ3 ψ3

ψ2ψ0

ψ3

Perspective

Top

Front

Right
{ψ0, ψ1, ψ2, ψ3, ψ4, ψ5}

ψ5ψ5 ψ5 ψ5

R
P

R
S

N
Q

N
Q

N

N

M
M

NN
O

M
M

M
MN

T
N

I
M

M

J

R
I

Q

Q

NN
R

M
L L

M

J

I

K

I

K

J J

I

K

M
L

NN
L

M

I

K

J

J

• To create multiple 
target structures, use 
the morphology of the 
substructures to 
emulate a 90° rotational 
information
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• Introduction 

• A Self-Reproducing Analogue 

• DNA Nanotechnology and DNA Computing 

• 3D Printed Self-Assembling Tiles 

• Self-Assembling Robots 

• Evolutionary Self-Assembly 

• Staged Self-Assembly 

• Conclusions

Conclusions

Conclusions 
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• Research in self-assembling systems is 
continuing to expand, within multiple disciplines 

• One subfield that is still in its infancy is 
optimizing self-assembling systems, particularly 
applying evolutionary computation 

• An area we believe to have tremendous promise 
is synthetic development

The Vision

Conclusions 
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Biomimetic products 
that self-reconfigure

Hybrid 3D printing and 
self-assembly to fabricate 
biomimetic products

Biomimetic products 
that self-repair
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