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This Master Thesis research investigates the concept of `integrated tectonics' as a
new way of thinking sustainability in architecture, intended as an ecology of
different, integrated factors which take part in a seamless design-to-fabrication
process. In particular, this new paradigm is applied to the design of a pavilion
made of a fiber-reinforced (FRP) sandwich shell integrating multiple systems and
performances. A differential growth algorithm mimicking cellular tissue
development modulates performance across the surface through ornamental
features in the form of corrugated patterns. Iterative feedback simulations allow
the exploration of the mutual relations connecting morphogenesis and
performance distribution patterns at the architectural scale. Problems connected
to simulation inaccuracies and difficult software integration are discussed. A 1:2
scale prototype of a shell portion was fabricated to test material properties and
production feasibility.
Keywords: Fiber-reinforced polymers (FRP), integrated tectonics, differential
growth, composite materials, ecology, sustainability

INTRODUCTION
This research starts from the intent to design a
pavilion hosting spaces for students located on the
rooftop of an existing University building in Bologna.
The idea of using FRP composite technology comes
from its impressive resistance/weight ratio, coupled
with a broad morphological freedom, which makes
it a prime choice for extreme performance in automotive, aerospace and boat racing. The textile nature
of ﬁbers and the production process of composites is
strongly surface-oriented, pushing the integration of

functions and performances beyond pure structural
stiﬀness as surface features. Therefore, the main potential of this construction system shows up through
integrated tectonics approach, one that channels architectural articulation through morphology and organizes tectonic features (massing, structure, ornament) as behaviors deployed across scales throughout the architectural system. Basic principles such as
double curvature and thickness variation patterns at
the local scale, orientation and layering of the ﬁber
textiles are key factors for structural behavior. That is
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why it becomes interesting to develop a system that
allows design ﬂexibility and complex control within
a continuous surface logic, instead of a stack of discrete, independent systems. Inspiration for the systemic control of corrugation features comes from cellular growth and tissues morphogenesis processes in
biology.

BACKGROUND
FRP integrated tectonics
The organization of a whole in parts is an essential
feature of systems in order to process complexity and
growth in the intricate relation between ontogeny
and allometry. Architecture makes no exception up
until the aftermath of the industrial revolution, in
which intensiﬁcation of labor division and individual parts optimization for the economy of production eventually resulted in the heap of separately designed subsystems that characterize the widespread
practice. Even the contemporary architecture characterized by curvilinear forms and ﬂuid aesthetics,
still uses framed structures concealed under the surface for load-bearing function and a jungle of diﬀerent pipes and channels hidden inside unused and
resulting spaces for technical systems. Integration
is always sought, but never completely reached because functions, physical components and materials
are ﬁrst optimized for a single function and condition and then just put next to each other with little
to none interdependency, remaining essentially separated.
Composite materials, instead, allow for a radical
shift in the way tectonics can be conceived in architecture. The word ‘composite’ itself means made up
of various parts or elements - the analogy with cooking used by Greg Lynn (2011) is particularly explicative here, as it focuses on the transition of the design perspective and scale from a mechanical to a
chemical one. Composite thinking is all about layers, fabrics and ﬁbers, glue, additives and resin, all
possible materials embedded and consolidated in a
unique object. According to Lynn (2011), this new
paradigm breaks the traditional juxtaposition of hori-
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zontal planes, seen as spaces where organization and
motion happens, and vertical elevations, representative of structurally static dimension. Composite shells
need double curvature as structural strategy. The
same curves and undulations that characterize the
shape of boats, aircrafts and cars can be introduced
in architectural design, introducing ﬂuid transitions
between horizontal and vertical elements, new perceptions and original ways of living the space. This is
an unexplored frontier of eﬃciency and integration,
because surface and structure are fused together, so
that the envelope can have at the same time loadbearing, insulating and aesthetic properties. Moreover, as explained by Tom Wiscombe (2010), integration can go even one step further and include building systems. In the history following industrial revolution, systems have progressively been considered
as a separate and secondary aspect with respect to
the supposedly ‘real essence’ of architecture, which
was mainly concerned with shapes and structures,
objects devoid of processes. They have been either
stuﬀed inside walls and ceilings or exhibited and elevated to an expressive feature, as happened with
High Tech. Anyway, in both cases they remained
independent and scarcely integrated with architecture. With new composite technologies, instead,
true integration of systems in the building envelope
discloses new unexplored possibilities. As shown
in Wiscombe’s project ‘Batwing’, composite surfaces
are highly customizable both in shape and material
properties, so that surfaces can fold and wrap creating cavities while resistance to corrosion is no more
a problem. Channels can be created inside the composite shell itself and they can conduct ﬂuids and energy systems. Wiscombe (2010) thinks that an extreme interdisciplinary approach and recognition of
the relationship between the diﬀerent parts in terms
of ecology are fundamental. Technology can be embedded so deeply inside the architectural surfaces
that “high-tech snaps into a higher level of order
and begins to appear low-tech again” . This means
that biological world is no more so far away. In Wiscombe’s vision, in the future integration between dif-

ferent features will be so rich that elements will start
losing their individuality and functions will blend together. In the end, the goal is interdependency: a
single function or task will be performed by a multiplicity of elements, while each element will be able
to perform a multiplicity of tasks and functions.

Morphogenesis and growth
Cellular morphogenesis is a well-known phenomenon in biology and science-related ﬁelds and
literature is full of studies about the relationship between growth and form in nature. A particularly interesting reference for this research is the paper ‘Cellular Forms’ by Andy Lomas (2014), in which digital
experiments are aimed at creating extremely complex, organic structures emerging from a relatively
simple model of cellular growth. Results show an
incredible similarity to biological organisms, organs
and plants. The model is inspired by cellular division
and deliberately conceived as simple as possible,
allowing a wider range of possible developments.
Each cell is represented by a sphere connected to a
certain number of uniformly distributed cells around
its surface. Cells can receive nutrients from the environment and they can split in two when these nutrients reach a certain threshold. Cell division causes
the creation of new links with neighbor cells, altering the overall network topology. At the same time,
internal forces compete to determine cells relative
positions until local equilibrium is reached. Links
between cells tend to maintain their original length,
like a sort of elastic bond, while other forces stimulate
cells to assume planar arrangements or, otherwise,
boost their tendency to bulk. Depending on various
combinations of these forces intensities, diﬀerent
spatial arrangements arise. It is interesting to outline that all the diﬀerent structures generated by this
algorithm arise without cell diﬀerentiation; that is,
cells are all the same type and behave the same way.
In case nutrients are evenly distributed in space, a
uniform growth takes place, producing emergent arrangements which mainly look like internal organs.
Otherwise, if nutrients production is stimulated by

incident sun rays and their diﬀusion rate among cells
is low, plant-like structures tend to arise.
Another interesting reference project related to
diﬀerential growth is ‘Floraform’ by Nervous System
(2014). This work is inspired by growth mechanisms
of plants and, in particular, it follows L. Mahadevan’s
studies on the shape of rippled leaves and blooming
ﬂowers (2010, 2011). Mahadaven suggests that the
creased shape of many leaves and ﬂowers can be the
result of an increased growth rate at the edges of the
developing plant surface. It is all about some parts
of the surface that locally grow more than others,
generating macro-shape diﬀerentiation and speciﬁc
structures. Another example is tropism: a plant can
respond to light directional stimuli growing more on
one side of the stem than the other: as a macro scale
consequence, it bends towards the sun. Nervous System selects and analyzes a series of organisms and
plants that show this kind of ruﬄed shape and develops an algorithm to simulate diﬀerential growth
with digital tools. Unlike Andy Lomas‘ model, where
cells are discrete particles aggregating in space, in
Nervous System’s simulation they are represented by
vertices of a mesh, so that their arrangement follows a surface logic. Nevertheless, internal physical rules deﬁning elasticity and collision detection
among cells are similar in both the studies, showing that, not surprisingly, these principles are the
basis of every possible elastic material organization.
In Nervous Systems’ algorithm, the mesh longest
edges split when they reach the maximum length allowed, consequently creating new edges and changing the mesh topology. Changing the starting conditions of growth leads to diﬀerent mesh morphologies: in particular, increased subdivision along the
mesh perimeter leads to beautiful blossom-looking
structures.

CASE STUDY
The pavilion is designed to host students‘ spaces for
the University of Bologna’s School of Engineering and
Architecture building in Via Terracini, out of the city
center. Despite a planned major University expan-
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sion for an adjoining area in the near future, this currently is an isolated and uninviting place. In particular, except for a small cafeteria, there is an evident
lack of services and leisure spaces in general. The new
spaces are meant to ﬁll that gap and create socialization opportunities for the students’ community. The
chosen location is on top of the existing building, giving function and purpose to an easily accessible yet
unused terrace and avoiding the occupation of new
land. The pavilion is shaped following general design
principles of double curvature use for continuous surfaces and the necessary topology to accommodate
ﬂows and functional spaces within said principles. A
diﬀerential growth algorithm inspired by cellular tissues in biology is then developed in order to act on
its external surface and create corrugation patterns.

MODULATED CORRUGATIONS
This study is not meant to reproduce or emulate a
speciﬁc biological process or morphology in terms of
results. Instead, it aims to explore the relation between elementary behavioral principles at the basis of tissues growth and diﬀerentiation in general
and the range of achievable ordered complexity in
patterns and shapes. The ﬁnal goal is to channel
the potential these forms can oﬀer to architectural
applications, and, speciﬁcally, to the present case
study. Before undergoing diﬀerentiation and acquiring speciﬁcity, tissue development always starts

from the same set of simple rules. The environment
plays a leading role in giving direction to the process
through a feedback mechanism. Diﬀerential growth,
in particular, is based on the idea that the parts forming a whole grow with heterogeneous patterns and
rates, producing diﬀerentiated morphologies and arrangements, without any change occurring at the cell
level. In the present case study, the starting point
for the simulation is the pavilion outer shell surface,
modelled as a triangular mesh. Each mesh vertex represents a cell in a tissue and, therefore, it can be considered as a sort of moving particle constrained to
stay on the mesh itself. The growth is implemented
through an iterative process articulated in two nested
loops. The inner loop, called ‘β - Cycle’, allows the
mesh to act as an elastic membrane and represents a
basic relaxation process, driven by elastic and repulsive forces. The outer loop, called ‘α - Cycle’, selects
and subdivides the mesh faces, according to a feedback mechanism, and feeds them to the ‘β - Cycle’.
A variable number of both α and β cycles iterations
leads to completely diﬀerent growth processes: one
of them is represented in Figure 2 through successive
iterations of the ‘α - Cycle’. A diagram explaining the
overall process is shown in Figure 4.

Figure 1
Overview of
existing building
and the new
pavilion on the
rooftop.
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Figure 2
Schematic process
of growth,
represented by
successive
iterations of the
main loop (‘α Cycle’).

α - CYCLE
Feedback selection
In this phase, feedback criteria play a fundamental
role in driving the selection of mesh faces to be subdivided in the next iteration. This important step qualiﬁes the growth process as ‘diﬀerential’, as only the
selected and subdivided faces will be able to grow.
Selection operates in both bottom-up and top-down
approaches, as described below.
Top-down selection. Top-down selection takes
place at the beginning of each α - Cycle, according to a series of environmental criteria based on
performance principles and design decisions. Those
external inﬂuences are color-mapped on the pavilion outer shell mesh, creating diﬀerent scalar ﬁelds
which are used to assign speciﬁc values to each mesh
face. Performance criteria aim to interpret and address real structural and energy problems previously
detected through speciﬁc dedicated simulations
(Nerla et al. 2017). The growth process makes use
of a simpliﬁed implementation, avoiding the inclusion of over-complicated simulations with negligible
impact on the workﬂow. From the point of view of
energy performance, detailed simulations based on
the software EnergyPlus show that the most critical period for the pavilion is the hot season. That is
because its lightweight structure has low thermal inertia and is highly exposed to solar radiation. For this
reason, the ﬁrst performance criterion included in the
process is a whole year solar radiation analysis: faces
with higher values of solar radiation are selected for
subdivision. The aim is to induce corrugations in areas where the surface overheating is more likely to
occur in order to introduce a distributed self-shading
eﬀect. From the structural point of view, preliminary
analysis carried out with the Grasshopper plug-in
Karamba displays that excessive deformation is likely
to occur on the thin composite shell; the second performance criteria introduced depends therefore on
the shell deformation data: faces in areas of high deformation are selected for subdivision. Here, the idea
is to use the curvature activated by corrugations as
local stiﬀening device.
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Moreover, in order to partially address the process
with top-down design decisions, the outer surface
of the pavilion is mapped with a speciﬁc distribution of “nutrients”. It is generated starting from
ﬂow lines, representing functional criteria, relationship with the existing building and, again, simulated
structural force ﬂow. Zones with higher concentration of nutrients cause the faces next to these areas to
be selected before the others. In other words, growth
starts where there are more nutrients and then it progressively expands to other areas. This mechanism
is further explained in the bottom-up selection section. In conclusion, faces are selected combining
data from radiation or deformation analysis and with
nutrients concentration, with the resulting set undergoing the consequent bottom-up selection process.

division stage is repeated twice only on faces along
the borders of the selected areas.

Bottom-up selection. Mesh faces from the topdown selection are then checked by bottom-up criteria. The latter are meant to act at the micro-scale
of the individual face, regardless of the overall geometry. The ﬁrst check controls that all the faces have
an area which is greater than a certain threshold. In
this way, smaller faces are excluded from selection.
This is meant to avoid selecting faces that have just
been subdivided in the loop before and have not yet
had the time to grow enough. This principle explains
why the top-down selection based on nutrients is different at each cycle: while areas with higher concentration of nutrients are still growing up, other areas
with lower nutrients are progressively selected. After
the ﬁrst subdivision has occurred, a second selection
is made to isolate the faces adjacent to the borders of
the previously subdivided areas. These border faces
are then subdivided a second time.

• An elastic force is represented by springs
along the mesh edges: they connect the
points and tend to keep them at a certain relative distance from each other. Parameters inﬂuencing this kind of force are the springs rest
lengths and the springs strength.
• A repulsion force prevents the mesh from selfintersecting or overlapping: each point tends
to repel a certain number of neighbor points
within a ﬁxed distance and with a speciﬁc repulsion strength.
• Anchor points maintain a ﬁxed position during the entire relaxation process. In this case,
such points belong to the perimeter of the
mesh. Their neighbor points have a limited
mobility, in order to have a smooth transition
between the ﬁxed border and the other central points.

Subdivision rule
A geometric rule governs the subdivision of selected
faces. Each triangle is divided into three smaller triangles connecting each vertex to the barycenter (Figure
3). When multiple adjacent faces are divided at the
same time, a routine check compares old edges with
their ﬂipped equivalent and selects the shorter ones.
This ensures a better topology for the mesh. The sub-
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Figure 3
Mesh faces
subdivision rule.

β - CYCLE
Internal forces. Internal forces are introduced to
make the mesh behave as an elastic membrane and
help keeping it consistent, avoiding self-intersection.
This kind of forces govern the relaxation process.

RESULTS VARIABILITY
The process outcomes show high variability depending on the chosen combination of values assigned
to the diﬀerent parameters. Figure 5 shows how
one of the resulting morphologies, taken as a benchmark with ﬁxed parameters, can diﬀerentiate when
one or two parameters change their values. Parameters such as ‘Nutrients Gradient’, ‘Min Face Area’ and

Figure 4
Diagram of the
process workﬂow.
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Figure 5
Variations of
possible results,
obtained changing
some relevant
parameters.
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Figure 6
Picture of the
fabricated
prototype and
exploded view
showing the
diﬀerent layers. The
prototype was
fabricated by
Stilplast S.r.l. and
IDesCo, with the
precious
consultancy of
Mattia Mercatali for
mould engineering
and composite
design.

‘Neighbors selection’ belong to the feedback mechanism. The ﬁrst one is related to the scalar ﬁeld of nutrients assigned (mapping shown in Figure 4), whose
values can change their distribution or can be inverted, as shown in the sample number 1 in Figure
5, so that the highest value becomes the lowest and
vice versa. In the benchmark, ‘Min Face area’ is variable between two values because it is diﬀerent for
each mesh face and based on the amount of solar
radiation they received. Examples such as samples
number 3 and 5 in Figure 5 show what happens when
this parameter gets a ﬁxed value, respectively the
minimum and the maximum. ‘Neighbors selection’
refers to the number of faces which can be selected
around the points with highest concentration of nutrients, at each α - iteration. Parameters such as ‘β Cycle’ and ‘Repulsion Strength’ belong to the relaxation process and aﬀect, in turn, the number of iterations performed in the β - Cycle and the repulsive
force strength.

PROTOTYPE
A small part of the pavilion shell is selected and
adapted for fabrication. The idea is to test in a smaller
scale and with a lower budget approximately the
same workﬂow, techniques and know-how that can
be used for the entire pavilion fabrication oﬀ-site.
A scale of 1:2 is chosen for this prototype, resulting
in a 0.6m x 1.2m fabricated panel. The prototype
uses the same material system as the pavilion: an
FRP sandwich, composed of two thin FRP laminates
and a polyurethane (PUR) core of variable thickness
in the middle. The laminates are made out of textile
ﬁbers and resin: in particular, carbon ﬁber (CFRP) has
been used for the external laminate, while glass ﬁber
(GFRP) is in the inner side of the sandwich. This system is extremely light and resistant, it is load bearing
and thermal insulating. Moreover, electrical systems,
part of drainage and conditioning pipework is integrated inside the PUR core, as well as a LED lighting
system. The latter is placed adjacent to the GFRP laminate, exploiting their typical translucency to create a
glare eﬀect in the evening hours.
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DISCUSSION AND CONCLUSION
The resulting morphologies show interesting patterns that vaguely remind of biological distribution
systems and branching. Diﬀerent phases of growth
are present at the same time on the shell, showing a
wide range of possibilities and enabling smooth transition from ﬂat to corrugated surface. Aesthetic criteria, as well as energy and structural performance aspects, inﬂuence these patterns in a way that blurs the
boundary between performance and ornament. The
same occurs in biological organisms: it is impossible
to distinguish if a certain task is performed solely by a
single part, because it might be carried out by a multitude of diﬀerent components together, while at the
same time it is hard to detect the entire range of functions pertaining to a single part. Considering that
this extreme integration of diﬀerent aspects (interdependency) is one of the deﬁning characteristics of
ecosystems, brings up the concept of sustainability in
a broader sense. Nowadays, sustainability protocols
tend to be holistic, taking into account all diﬀerent aspects of a project by setting up checklists. There, the
sum of all the points assigned to every single aspect
gives an evaluation of the project sustainability. This
approach encourages designers to optimize each aspect taken separately, regardless of its interaction
with others. This scenario reduces complexity of reality, suggesting that the sum of local optimizations
gives the best possible solution. On the contrary, we
could rather say that the total is more than the sum
of the parts, because global coherence and interrelationships between diﬀerent aspects could matter
more than the sum of the single optimizations (Nerla
et al. 2017).
Implementing this kind of complexity and integration of diﬀerent aspects through the use of software is not easy. For this research, the authors used
Grasshopper for Rhinoceros 3D and a series of speciﬁc plugins for modelling, energy and structural
analysis, such as Karamba, Honeybee and Ladybug.
Unfortunately, these tools have revealed their weaknesses in trying to handle more complex, unusual
and detailed situations and correlations. For exam-
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ple, growth and energy simulations required models
with very diﬀerent resolutions, as the detailed corrugations in the overall model could not be precisely
handled by energy simulation software. This leads
to errors and imprecisions that make results unreliable. Energy Plus, anyway, is good for overall building simulation. As there is no software available in
the market which could be able to support this integrated approach, an ad-hoc software could be useful.
Nonetheless, software integration is not the main obstacle towards the direction proposed in this paper.
In fact, at the basis of innovation there should be a
radical shift in the common mindset, avoiding segregation of diﬀerent disciplines, industries and professionals during the design process.
Figure 7
View of the ﬁnal
pavilion,
North/West side.
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