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This thesis research investigates the architectural and tectonic potential that can
stem from behavioral complexity of collective construction in biological systems
and its dynamic relations with the colony in terms of the continuous construction
and adaptation process over the time. The role model considered as a case study
regards the dynamics of honeycomb formation, and in particular three
fundamental behaviours have been extracted from this biological process:
stigmergic behavior, structural self-stabilization capacity and environmental
adaptability. All these features were then coded into a multi agent system
interacting in an heterogeneous environment and capable of selectively adding
elements to a particle-spring system that is periodically self-adjusting, simulating
material behavior. The outcomes, strongly rich and heterogeneous in their spatial
organization, are characterized by a continuous tectonic of emerging
singularities seamlessly flowing into one another.
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INTRODUCTION
Homeorhetic Assemblies begins from the study of
self-organizing biological systems. The reason for
this interest is rooted in principles of ecology, here
intended as the study of the set of economies (exchange relations) between an organism and its environment, and eﬃcient resource distribution patterns
are a cornerstone of evolutionary success of a system. An ecology applied to design and contemporary fabrication technology beyond mere formal implications (i.e. imitating shapes) in the search for articulated spatial complexity and heterogeneous performance with a high-resolution fabric made of sin-

gle elements that share the same shape and material. The analyzed systems are characterized by the
ability to create highly organized structures and eﬃcient complexity from simple rules and a single material, harmonizing form with material organization
and physiology in a condition of homeorhesis (a stable dynamic of development). Their morphological
and physiological complexity are not the outcome of
a carefully thought and executed general plan, they
rather emerge from the interaction in space and time
of a large number of individuals with elementary behaviors and their ability to perform acts of construction (pick and place, pour, weave, etc.) engaging also
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the morphogenetic capacities of a variety of material
systems.

ROLE MODEL
The role model considered as a case study regards
the dynamics of honeycomb formation (see Figure
1). The honeycomb stereotype, a grid of perfectly
hexagonal cells, is just a particular case of formation on a ﬂat surface in homogeneous conditions;
nonetheless, it has too often been misinterpreted as
a general design intent from the bees. This is one of
such cases (phyllotaxis is the typical other case) when
representation cuts the links between a pattern and
the dynamics of its formation. Cell shape, size and deployment depend instead from its primary function
(containment), size and body shape of the constructor agent and other factors unfolding over time such
as coordination among agents and material behavior and the variability of environmental conditions
(Tautz 2004).Three fundamental behaviors have been
extracted from the role model: morphogenetic capacity of the material, stigmergic behavior and environmental adaptability during the growth process.

MORPHOGENETIC CAPACITY OF THE MATERIAL
Processes and interactions that lead to the realization of a beehive are multiple and unfold continuously in space and time. The physical parameters,
such as mechanical characteristics and their variation
in time play a fundamental role in the system. In the
case of the hive, in every instant of the growth process the structure is stable, and this is possible not
only because self-organization promotes stable patterns (Camazine et al. 2003), but also because the material is able to adapt (modifying its shape, its density and its consistency) to the eﬀorts and tensions
to which it is subjected. Tautz (2004) demonstrates
these morphogenetic capabilities investigating the
processes necessary for the realization of the honeycomb, which is deﬁned as emergent result from
the interaction between the function of the cells, the
construction technique and the material. At the mo-

ment of deposition the material is in viscous state (to
be worked more easily) and the cells are built according to the size and shape of the bees' body. The result is a closest-packing pattern composed of cylindrical cells all similar in size to each other because the
size of worker bees is equally similar. After short time,
during the passage of the wax from viscous to solid
state, the tension in the material tends to change the
cell's original shape, concentrating eﬀorts along the
lines of contact between the various cylinders; from
these interactions and the closest packing arrangement emerges a cell shape that tends to the characteristic hexagonal pattern. This material capacity
becomes essential for the entire system to optimize
stress distribution patterns and ensure great stability
to the whole structure.

STIGMERGIC BEHAVIORS
Camazine et al.(2003) demonstrates how the way
in which the bees realize their natural hives can be
considered as a self-organized biological system, in
which the resulting structure emerges from the activity of many individuals, none of which is a leader or
has plans to follow. A fundamental aspect for studying the self-organizing systems is to understand the
way in which the agents interact with each other. On
this topic Camazine et al. conﬁrmed the studies published by Darchen and Darchen (1994), that demonstrates how communication between the bees during the construction process happen via stigmergy
(indirect coordination among agents by means of
a trace in the environment). The potential of this
type of interaction is evident in many biological systems (such as termite mounds) and has been carefully studied in computing by Johnson (2009). During the hive construction each bee deposits a small
amount of wax, in adjacency to the already built cells,
which can be used to continue the construction. The
wax acts thus as an attractor for the other insects
and this material directs the building development
process. Stigmergy, then, is used to regulate the sequence and the pattern of construction start points
as well as aﬀecting the bee trajectories and allows the
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Figure 1
Example of natural
beehive: these
images from web
([1],[2],[3],[4]) show
the emergence of
the typical
hexagonal pattern
and the great
capacity of the
system to adapt to
the environment.

suitable material concentration for the system development.

possibilities for the system increasing its stability.

BEHAVIORAL MODELS

ENVIRONMENTAL ADAPTATION
Another typical property of self-organizing systems,
and fundamental characteristic of the beehive, is
their environmental adaptability. The colony, in fact,
is able to interact with the environment and evaluate the principal parameters for its development.
Darchen and Darchen (1994) demonstrate this great
adaptability studying the system behaviors in relation to some essential environmental factors. The
ﬁrst one is temperature: bees are extremely susceptible to these parameter variations (especially larvae)
and for this reason the hive is developed along areas with very low thermal variation. Eﬀect of airﬂow
is the second environmental parameter considered:
beehives, in fact, in the case of persistent ﬂows, tend
to follow the main directions of the wind; in this way
the currents are conveyed and thermal ﬂuctuations
reduced, while also limiting orthogonal stresses on
the honeycombs. Another typical characteristic of
many self-organizing systems is their ability to take
advantage from the potentialities that the environment oﬀers: bees, during the hive construction, are
able to wrap, incorporate or attach to any part of
the environment that is able to aﬀord that operation,
thereby transforming them into anchor points for the
structure. This behavior allows more development

All the features of the bees' works were coded into
a multi agent system, based on a large number of
agents which shared behaviours can be divided into
three families: physical and mechanical properties,
stigmergy and environmental adaptation. Since the
ﬁnal intent is to transfer the process to a diﬀerent
scale and means of fabrication (robotic driven ﬁlament deposition) the cell as elementary unit for
growth has been substituted with linear segments.

PHYSICAL AND MECHANICAL PROPERTIES
All the behaviors and properties used to simulate the
creation of physical structures and their features are
included into this family, and their inﬂuence on the
system is visible in Figure 2.
Material deposition and self-stabilization. Each
agent combines its movement with a continuous
analysis of the environmental conditions. Whenever
suitable conditions are met, it deposits a physical
structure in which every particle is connected to the
nearest among the already existing ones through
springs. Thus, the structural system created (which
has speciﬁc physical and resilience characteristics)
has a tendency to continuous self-stabilization, tending to a stable conﬁguration. The structure, then,
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turns out to be in continuous transformation under
the eﬀect of the external forces.

Repulsive charges. To ensure the continuity of the
interstitial voids each agent also settles repulsive
charges that guarantee a minimum distance between diﬀerent honeycombs. When this distance is
not respected the structures tend to connect by increasing the local stiﬀness.

STIGMERGIC BEHAVIORS
Stigmergic behaviors are a fundamental part of the
coded system because (although indirectly) they are
the only form of communication between agents.
Cohesion. The ﬁrst behavior concerns the interaction of the agent with the particles that are set at a
medium-long distance from its actual location. Each
agent is attracted by the visible portion of the already
stabilized material. This behavior aﬀects directly the
agent's movement and its deposition behavior; it is
essential to trigger material concentration (which is
typical of stigmergic systems) and avoid dispersion
(see Figure 3).

Figure 3
Examples of
morphological
variations caused
by the changes of
the parameters of
stigmergic
cohesion (visual
range and
magnitude).

Strength increase in time. A fundamental characteristic of the studied role model is the alteration of
the physical and mechanical features of the structural
elements over time. To implement this in the simulation, each spring increases its stiﬀness over time. The
simulated hardening produces a greater diversiﬁcation of the structural behaviour. The result is a deformability that decreases over time and the progressive transformation of elements from elastic springs
into rigid bodies. Over time, the older parts of the
structure become less and less compliant to physical stress, freezing the particles into place and locking their surrounding region in a ﬁxed conﬁguration,
allowing the overall development of the structure.
Double section deposit. To ensure adequate structural redundancy but simultaneously for limit the
number of unnecessary connections each agent deposits the material in the form of double cubic section. This allows to reduce the maximum length of
the springs and, at the same time, also to increase the
global structural rigidity.

Figure 2
Examples of
morphological
variations
dependent on
physical parameters
such as the
maximum length
and minimum
percentage of
elongation of the
springs.

Separation. The second stigmergic behavior, instead, regards the agent's interaction with the nearby
particles. Below a certain proximity threshold, the
particles generate a repulsion force towards the
agent, which will tend to move away (see Figure 4).
This behavior is fundamental for the growth of the
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whole system, as it prevents the agents from penetrating into the already deposited structures, optimizing their work and permitting a greater overall development.
Figure 4
Examples of
morphological
variations caused
by the changes of
the parameters of
stigmergic
separation (visual
range and
magnitude).

Environmental adaptation
The ability to read and analyze space is a fundamental
characteristic for the system's environmental adaptation. In order to make the simulation as plausible as
possible, the environment (modeled as a ﬁnite and
discrete voxel grid) is considered anisotropic and it is
characterized by diﬀerent ﬁelds (vector and scalar).
Vector ﬁeld. Each agent is able to read the strength
and the direction of the ﬁeld at its current location. This vector component has a direct inﬂuence
on the agent's speed and, consequently, on its movement. By altering the agent's movement behavior,
vector ﬁelds have an indirect inﬂuence on the deposited material highlighting constructive patterns.
These patterns tend to canalize the principal currents
and minimizing the horizontal actions acting on the
structure.
Scalar Field. The scalar ﬁelds simulate the function
of temperature in nature: each agent reads the surrounding environment and tends to move towards
areas characterized by values similar to those neces-

sary for the construction. As a consequence, the general development of the structure has a tendency to
follow ﬁeld isovalues.
Interaction with pre-existing structures. To allow
the adaptation to wide variety of environmental conﬁgurations and spaces, each agent is able to read potential obstacles and modify its own movement according to them, so as to avoid them. In case there
are still the right conditions, each agent continues to
deposit material. The particles, if they are in close
proximity to the obstacle, will adhere to it, by constraining to it their own position and becoming anchor points for the whole structure.
Voids generation. In order to increase the tectonic
and architectural potential of the system and introduce the possibility of design choices, the agents
have been equipped with additional behaviors than
those in the role model. They are able to read volumes and repulsion points (created for design purpose) and change their motion in order to respect
these spaces. These behaviors allow the designer
a possibility of interaction with the system, without limiting the properties of self-organization. The
structure, in fact, in the stabilization phase remains
free to reach its optimal conﬁguration.
Material optimization. The deposited structure, besides tending to stability in every moment of growth,
it is also continuously tested in terms of local and
global deformation by checking the elongation percentage with respect to its rest length. If this value is
negligible (which means so is its load), the evidently
unnecessary element is removed, so as to limit the
number of springs to those strictly necessary. From
a global point of view, in the case of great instability
of more springs, the particles, during their collapse
will approach to other parts of the structure and they
will tend, if it possible, to connect to the more stable
elements.

Tectonic research
The encoding of the multi agent system required
a careful evaluation especially of relations between
the introduced behavior (see Figure 5). To do this,
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Figure 5
Behaviours
relationship
diagram: the
picture shows
schematically the
behaviours of each
agent, and as the
process that
emerges from these
interactions it is
not-linear.

Figure 6
Examples of
diﬀerent structural
conﬁguration
emerging from
variations in the
agents behavior
(with increasing
complexity).
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at the introduction of any change in the system we
have generated several phenotypes (see Figure 6)
based on the properties introduced until then (genotypes). The study of these partial results allowed us
to progress in our research on continuous tectonics
until arriving at architectural scale.

tural continuity and to ensure greater stiﬀness
at the node, in the beginning of each spring
has been imposed to the robot a small circular motion, for increase the deposition of material and allow a better connection between
diﬀerent elements.

FABRICATION SIMULATION
During the entire research we considered the possibility to build a prototype through the use of a 6 axis
robotic arm and the realization of a nozzle for plastic deposition. This step preceded by the study about
hardware (robot and extruder) and material (ABS and
PLA) it required the reorganization of deposition pattern through the following phases (see Figure 7).
1. Initially all the springs have been ordered according to the Z coordinate of their starting
point (the one on the lower level).
2. Then the possible intersections were detected
(between the elements and between elements and the robotic arm during its movement). After identifying the collisions, the
aﬀected springs were divided at the critical
points.
3. At this point all the springs (in an higher number) have been re-ordered according to the Z
coordinate of the starting point.
4. At the end of this process, to restore the struc-

ARCHITECTURAL APPLICATION
To demonstrate the potentiality of homeorhetic assemblies, the system described was applied to architectural scale. To do this it was necessary to deﬁne the boundary conditions. In addition to the
anisotropic space in which to run the simulation
(characterized by scalar and vector ﬁelds similar to
those found in reality), two trajectories were designed. The mesh constructed from these curves represents the spaces to be respected, and to be left
empty. In this way, the fundamentals volumes for
the generation of the pavilion are imposed by the
designer. The last required inputs were the starting points from which the structure starts to growth.
During the growth of the system a lot of information
emerge (in the form of data such as stiﬀness, deformation, etc ...) and show the constant interactions
between the three main subjects involved: the environment, the agents and the structure that they realize. The extraction of these data makes it possible to verify the emergence of stabilization pattern,

Figure 7
Above: principal
phases for the
reorganization of
the deposition
pattern. Sorting,
collision detection
and new sorting.
Under: digital
simulation of the
fabrication process
for the prototype.
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Figure 8
Patterns that
describe the
changes of
mechanical and
physical properties
of the system
during its growth.
These images show
the evolution of the
deformations (from
green to red) and
the stiﬀness for the
each springs (from
cyan to magenta).

Figure 9
Principal steps of
the growth of
system.
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Figure 10
Top and side view
of the complete
structure.

Figure 11
Side views of one of
the resulting
conﬁgurations.

which are fundamentals for the global development
(see Figure 8). At the end of the process (see Figure
9) the coded system produces a morphology that is
not predictable, and it reveals interesting peculiarities from an architectural point of view (such as the
creation openings, cavities etc...) (see Figure 10). The
result is then a complex structure, redundant and organized from a material point of view, characterized
by a continuous tectonic and able to also generate
a good spatial continuity (see Figure 11). The individual structural elements (all with same shape and
material) assume diﬀerent values depending on their
position generating diﬀerent gradient of density and
permeability.

CONCLUSION
At the design level, the process resulting from this
research is an example of coexistence between
bottom-up and top-down approach. Bottom-up
strategies are the main features: they are manifested
by stigmergic self-organization, the morphogenetic
capacity of material, the environmental adaptation
and they highlighting pattern of stability. The topdown strategy, instead, allow us to inﬂuence the expression of self-organization, through the setup of

the system and the introduction of voids and spaces
that will be observed by agents during the simulation.The outcomes can be deﬁned as high-res continuous tectonics that appear extremely redundant
and heterogeneous in their spatial organization. The
heterogeneous density and the spatial organization
emerge from the process of self-organization and entail the development of continuous tectonics, created for aggregation (and not for juxtaposition) of
many elements all similar to each other that undergo
a transformation so that the whole is characterized by
a set of emerging singularities (i.e. surface, columnlike and truss-like conditions), seamlessly ﬂowing
into one another. High redundancy is a deliberate
choice, enabled by the possibilities of automating
construction through the behavioral programming
of robots: a 6 axis robotic arm (for which a custom
nozzle for plastic deposition is currently being developed) will be used for prototyping. The introduction of this further constraint required the reorganization of the deposition pattern and had consistent
feedback also in the computational simulation phase,
while not aﬀecting the quality and complexity of the
outcomes. Possible future developments will certainly be targeted at overcoming the two main issues

GENERATIVE DESIGN | Applications - Volume 1 - eCAADe 34 | 443

addressed in this research. The ﬁrst one is the fabrication (especially in large-scale) achievable by optimizing the hardware and using them to prototyping
more elements assembled together, or even through
the use of more robotic arms that can be used in parallel. The second fundamental step will be the overcoming of computational limits appeared in this research. In fact, in these simulations many emerging
eﬀects were limited by the low number of agents and
structural elements (each simulation involved about
200 agents and up to 300,000 springs). The use of a
single CPU therefore seems to be the main computational bottleneck. However, these problems can be
overcome through the use of technologies such as
GPU or cloud computing. Homeorhetic Assemblies is
an attempt at the application of continuous tectonics
and an exploration of their aesthetic consequences; it
constitutes an example of how they can be harnessed
for the complex articulation of architectural spaces
through high resolution assemblies and material behaviors coordinated by the intricate interaction of elementary agents endowed with simple rules.
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