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Forces
Guest Editor: Odysseas Kontovourkis1
Department of Architecture, University of Cyprus
1
kontovourkis.odysseas@ucy.ac.cy

This issue of ArchiDOCT e-journal revolves around the notion of “forces”. “Forces”
have been revived, for their key role, in contemporary contemplations of architecture
conceived as a complex and speculative process of dynamic interactions amongst agents
involved in an ecology. “Forces” are met in both deterministic, top-down processes of
form generation and they can be generative in bottom-up, emergent form generating
scenarios and narratives. Literally or metaphorically, consciously or unconsciously,
the notion of “forces” lies at the heart of decision-making, simulation, control and
physical realization of urban, architectural, structural and material systems in the built
environment. Most importantly, however, it is their ability to trigger changes of existing
situations, to reformulate, to revive, to regenerate and to renew existing material or
immaterial systems in a way that their optimization and renewal, in virtual and physical
space, can be achieved. They drive, shape and influence design decisions on both
theoretical and practical levels and at various scales. “Forces” can become activation
principles, as they may be determined by aesthetic, sociological, economic, ecological,
geopolitical, constructional, media, networks, data or other influences. They may span
from “social forces” used to explore interactive relationships between humans and/
or machines, to “topology optimization” methods whereby the best distribution of
forces and material in a system can maximize structural performance. The importance
of “forces” can be found in exploring architectural and structural systems’ efficiency,
buildability, virtual simulation, interactive attraction or repulsion and so on, always
aiming to redefine and renew an existing state towards a new improved form of
existence.This can be done by any means, analogue or digital, allowing users to activate
such forces, through which the results can be interpreted, revisited and implemented.
This ArchiDOCT issue contains papers that explore the concept of “forces” in
theoretical and practical terms and highlights the breadth and scope of the results their
implementation can bring about.The issue includes one good practice example and five
essays related to doctoral research activities worldwide.
The good practice example titled “Path systems connecting forces, materials and
robotic tools. Integrated computational design and robotic fabrication workflows” has
been written by the Guest Editor of the issue, Odysseas Kontovourkis from the
Department of Architecture, University of Cyprus. The paper examines the role of
path systems in architecture through examples found in nature and discusses the work
by Frei Otto in relation to the development of optimal path systems using physical
models.The examination of computational methods for path systems’ form-finding and
the work done by author on “virtual force” modeling is exemplified, while the ability
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of path systems to provide seamless connection of forces, materials and robotic tools
is emphasized. This idea is further supported through two integrated computational
design and robotic additive manufacturing research workflows for the development of
tensile mesh structures and building components using polyurethane elastomeric and
clay-based materials respectively.
The first essay by Ghali Bouayad from Graduate School of Fine Arts, Department
of Architecture, Tokyo University of The Arts, describes his doctoral research work
titled “Three-dimensional translation of Japanese Katagami patterns. An investigation
through agent-based algorithms applied to architectural elements and space planning”.
This work investigates design possibilities by adopting a methodology, where Japanese
Katagami patterns are translated into three-dimensional spatial morphologies and
architectural configurations through the implementation of agent-based algorithms
with focus on flocking behavior. Within this framework, a series of case studies and
respective parameters influencing the results are exemplified, accompanied by possible
design applications. This work attempts to provide an approach that allows greater
freedom in creating unpredictable and unconventional space formation in the early
design phase, and at the same time opens possibilities for investigating alternative
architectural planning solutions.
The second essay “Environmental aware shell design. Using solar paths as a form finding
force” is authored by Evangelos Pantazis from the Viterbi School of Engineering,
University of Southern California. In his doctoral research work a design methodology
and a toolkit is proposed for the form-finding of shell structures using multi agent
systems, together with the introduction of environmental parameters and particularly
daylight as a shaping force apart from typical loads.The suggested methodology is tested
using an existing thin shell concrete structure design by H. Isler, showing possibilities
for developing different topologies. The results of experimental design demonstrated
in this paper shows that it is possible to extend the traditional form-finding techniques
and find solutions that fulfil both structural and environmental performance objectives.
Also, this methodology allows generation of designs and visualization performance
metrics by designers.
The third essay of this issue titled “Behaviour and performance analysis against
gravitational loads of a non-traditional, precast, removable and reusable shallow
foundation” is authored by Juan José Rosas Alaguero from the ETS Arquitectura
del Vallès, Universitat Politècnica de Catalunya. In this paper, results derived from the
investigation of the function of a non-traditional foundation typology, which can be
prefabricated, mountable, removable and reusable, are presented. Particularly, the
analytical tool for calculating the resistance of the suggested foundation against vertical
loading is demonstrated by combining two traditional resistance mechanisms of analysis.
Specifically, the research conducted in this paper focuses on the analytical approach for
testing solutions, on numerical simulation and on experimental verification of loading
tests. The process allows verification of the results and determination of the ultimate
capacity of the suggested foundation to be on the safe side.
The forth essay by Panagiota Konatzii from the Department of Architecture,
University of Cyprus, describes her doctoral research work titled “Static performance-
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oriented design of variable modular bricks for automated fabrication using an adaptive formwork”.
This paper is part of an ongoing work on the development of an automated fabrication process for
the production of multi-modular bricks in various typologies using a suggested adaptive formwork.
Specifically, in this paper emphasis is given on morphological and static criteria based on three
different materials; adobe, concrete and clay mixture. Through the research study, a comparison is
made between different modular typologies and material volumes and their compressive strength.
The aim to evaluate the results and find desirable modular brick typologies during the early design
stage, aiming at minimizing materials and maximize static adequacy. In addition, the suggested
methodology provides a framework where integration between performance-oriented design and
kinetic and flexible formwork mechanisms can be achieved.
The fifth essay “(De)constructing and analysing a joint” is authored by Hector Cantos Coronel
from the ETS Arquitectura del Vallès, Universitat Politècnica de Catalunya. In his doctoral research
work a pin joint is developed with the aim to be easily fasten in order to support the stresses of
a conventional hexagonal structure. Analytically, this work aims at the prefabrication of a structure
based on an Hexagrid configuration, examining in parallel its possibility to be folded, transported,
deployed and assembled though the introduction of a pin joint. This paper consists of different
parts dealing with geometric functional design and validation of structural resistance through which
stresses and deformation are analyzed using finite element model.Also, it includes results of detailed
design in order to demonstrate the foldability of the suggested pin joint and the structural system.
The paper stresses the importance of prefabrication and transport that can be achieved through
the suggested joint but also the necessity for a right balance between the resistance of parts and
the simplicity of the design.
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Path systems connecting forces,
materials and robotic tools
Integrated

computational design optimization and robotic
fabrication workflows

Odysseas Kontovourkis // Department of Architecture, University of Cyprus

Abstract
This paper discusses the role of path systems within an integrated framework that involves
computational design optimization and robotic fabrication processes. After a brief and general
discussion on complex systems and their modeling approaches, as well as their impact on
architecture, the paper emphasizes on path systems, a special type of complex systems that
can be similarly found in non-living and living nature. Then, a discussion on the way these are
interpreted in the work by Frei Otto is developed, formulating at the same time our proposed
framework for integrating path systems into a seamless workflow where forces, materials and
robotic tools can be potentially connected. This discussion is further enhanced by presenting
two research case studies on toolpath development based on form-finding of systems that
carry certain properties derived from structures’ loading conditions and materials. At the same
time, their effectiveness to be used as integrated computational design and fabrication process
is discussed with the aim to improve existing workflows.

Keywords
Path systems; Forces; Materials; Robotic tools; Computational design; Robotic fabrication
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1.

Introduction

The investigation of path systems can be identified as part of the broader research on complex
systems, where the interaction behavior between automata and their environment at local level
is examined, evaluating at the same time the behavior of the system at global level. This can be
characterized as an interactive relationship between “automata”, “agents”, “particles” or any other
form of “individuals”. A theoretical discussion on such interactions can be found in the work A
thousand plateau: Capitalism and schizophrenia by Deleuze and Guattari, where the term “molecular
population” is introduced, particularly in “People are now at its most molecularized: a molecular
population, and people of oscillators as so many forces of interaction” (Deleuze and Guattari, 1987).
Evidently, interactions at the level of “molecular populations” that lead to complex systems, can be
part of a broader field of study that deals with collective intelligence in natural and artificial systems
as well as with the way these interactions can be modelled using computational processes, aiming
at emergent and self-organized behavior (Williams and Kontovourkis, 2008). This field of study has
different directions and objectives including, among others, works in the area of Cellular Automata,
Swarm Intelligence and Agent-based modeling. In each case, observations regarding the behavior
of organisms and their interactive relationship are transferred on the computer based on specific
simple rules, achieving their simulation, as close as possible to their natural behavior.
The example of Cellular Automata, first examined by John von Neumann (1903-1957) and Stanislaw
Ulam (1909-1984), is characterized as a dynamic descried system consisting of cells with a finite
number of states (Flake, 1998). Such systems have been used to simulate emergent behavior in
physical, or artificial, organisms evolved through time based on a simple set of rules with unpredictable
results. Another simulation approach is Artificial Life, which, as in the case of Cellular Automata,
employs individual components called “agents” to achieve dynamic self-organized behavior. In this
case, the result is described as continuous. In this direction of modeling, natural behavior and selforganized phenomena, found in living systems like school of fishes, flock of birds and ant colonies,
can also be included. As in the cases described above, such systems have been initially introduced to
examine organisms that exhibit a complex behavior, such as the foraging patterns developed by ant
colonies based on their movement behavior in space (Bonabeau et al., 1999). Similar principles can
also be found in flocking behavior modeling, initially examined in the work of Reynolds (1987), where
the interaction between “boids” enables the simulation of bird movement with simple flocking rules
like “separation”, “cohesion” and “alignment”. In another case of behavioral modeling with routes
found in nature, namely that of social insects, the simulation of individual particles such as ants and
termites, which interact with each other within a given environment based on “stigmergy” and
“sematectonic communication”, was examined in the work by Resnick (1994).
Since the first development of complex systems, their role in architecture has also been examined
with pioneering applications to include, among others, the work on the use of Cellular Automata
for the development of the Universal Constructor by John Frazer at the Architectural Association
School of Architecture (Frazer, 1995) and the work on spatial growth of cities by Michael Batty
at the Center for Advanced Spatial Analysis, UCL (Batty, 2005). Also, other examples include the
work on emergent movement patterns for configuration analysis of space by Paul Coates at the
Centre for Evolutionary Computing in Architecture (CECA), University of East London (Coates and
Schmid, 1999), and the work at the same institute by (Carranza and Coates, 2000), where Swarm
Intelligence was applied to achieve interaction with the environment following a collision detection
algorithm based on the flocking movement approach introduced in the work of Reynolds (1987).
Similarly, in design and construction field, the interaction between particles and their potential was
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discussed in the paper Swarm Tectonics by Neil Leach (2004), within the framework of a conference
undertaken at the University of Bath in 2002 under the title Digital Tectonics (1). In this work,
parallelisms between Swarm Intelligence and structural design were drawn, identifying structures as
“self-organized” systems involving “a ‘population’ of smaller, nomadic components operating within
the logic of swarm intelligence” (Leach, 2004).
2.

Path systems in the work of Frei Otto

Path systems can be characterized as a type of complex systems whose role in architecture has
been extensively discussed among architects and theorists. In particular, their importance has been
emphasized, describing them as a special form of interactive systems composed of vertices and
edges similar to networks. According to the work Occupying and Connecting (Otto, 2009) by
Frei Otto (1925-2015), a pioneer architect and structural engineer at the Institute for Lightweight
Structures (IL), University of Stuttgart, path systems can “assist in the communication of animals
and humans, the movement of individuals, groups and herds, and the transport of masses and forces,
often made easier by various aids”. In the same work, path systems were distinguished into the
ones that can be found in non-living and living nature. Specifically, non-living nature examples include
among others branching that might be generated by water transportation, path systems made from
spread of light where materials and forces are transported, and sound waves that allow travel and
transport of energy. As Frei Otto stated, such examples “show forms of distancing or attractive
occupation” (Otto, 2009). Examples in living nature include, among others, fluid paths that serve the
transportation of micro-organisms, plant fluid transport systems that operate similarly to energy
transport and path systems generated by the movement of animal colonies (ants, termites and bees)
that leave traces for air supply, food provision and transport of building materials (Otto, 2009); a
complex behavior that has also been discussed in the sub-section above.
References to similar systems, and their relationship with architectural examples, can be found in
the field of biomimetics or biomimicry (Pawlyn, 2011), particularly regarding the way path systems
derived from non-living and living organisms are interpreted as architectural and construction
systems. This can be done either based on their behavior or their properties, mostly to fulfil a task
or to express usefulness, effectiveness, optimality, etc. (Otto, 2009). A direction of investigation
that dates back to the well-known and significant work On growth and form by D’Arcy Thompson
(1966), where various examples of natural systems are discussed, draws analogies with man-made
structural systems. More precisely, discussion on the form and branching can be generated, for
instance, through the example of blood-vessels, whose form and arrangement help circulation
with minimal effort and with minimum of wall-surface, investigating at the same time, the angle of
branching so that the least possible loss of energy can be achieved (Thompson, 1966). Furthermore,
discussion on the form and mechanical efficiency, particularly with regard to the structure of bones,
evidences that the specific line arrangement in the interior of bones achieves a match between
density of bone filament and concentration of stresses (Pawlyn, 2011). Moreover, in the example
of birds sculls (Pawlyn, 2011, Finsterwalder, 2011), the economy of materials and their lightweight
nature increases the ability of birds to fly, formulating, at the same time, a three-dimensional system
of beams in the interior of bones (Finsterwalder, 2011).
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In addition to the search for path systems found in nature, the work by Frei Otto (2009) concentrated
on physical experiments, by following “analogy research”, where, apart from “optical comparison of
forms and objects”, investigation on “physical origination processes” was conducted, similar to chain
hanging modelling techniques by Antoni Gaudi (1852-1926).Within this framework, Otto’s work on
“optimal path systems” attempted to generate minimal path systems, ideal for traffic routes (Otto
and Rasch, 1995), using wool threads as the material of implementation. Specifically, starting from
direct path systems with all target points around a circle which, in this case, were represented as
houses, connections were made by stretching the threads between start and end-points. After the
threads were loosened at 8% of their actual size and dipped into water, they were stuck together
resulting to the development of a system with “minimal detours”, showing that “the area needed
for the transport routes to be constructed and their overall length is significantly smaller” and
“only 30-50% of the direct path system” (Otto and Rasch, 1995) (Figure 1). In addition, following
similar principles of “analogy research”, investigation into occupation area occupation has also been
conducted by Frei Otto and his team, in this case using bar magnets that were dipped into water
based on repulsion and attraction forces enabling, in this way, the investigation on distancing and
attractive occupation of spaces (Otto and Rasch, 1995; Otto, 2009). In his work NOX: Machine
architecture, the architect Lars Spuybroek (2004) followed and discussed Frei Otto’s work on path
systems and described the process as “analogue computing”; a machine of design in which materials
act as “agents” with certain flexibility and a certain amount of freedom, achieving restructuring from
a liquid to a rigid system through interactions among elements in time (Spuybroek, 2004).

Figure 1.
Direct and optimal path systems
(Otto and Rasch, 1995)
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3.

Computational methods for path systems form-finding

Almost two decades after the conference on Digital Tectonics at the University of Bath (1), the role
of complex systems in architecture and construction industry, and the way these are observed and
interpreted, continue to essentially influence how architectural and construction systems are developed and implemented.This is because architectural and construction systems, from the conceptual
design to the fabrication stage, involve dynamic interactions between a large number of individual
components which, in most cases, carry contradicting parameters and objectives that can be seen as
forms of complex systems. Nowadays, more than ever, architectural investigation on such systems
is reinforced by advanced computational tools and robotic fabrication processes, aiming at a more
unified connection between the two initially separated design and physical implementation parts.
In order to achieve this, fully operational workflows are required, where forces, materials and robotic tools can be inseparably connected to transfer information as accurate as possible, from the
design to the fabrication stage. Such investigation can take different directions which include, among
others, computational design for form-finding, and later on, robotic fabrication by direct transferring
of complex design results to a sort of computer-numerical control (CNC) machines for physical
execution. The first part, i.e., that of design through form-finding and analysis steps, has been extensively discussed in literature, especially in connection with the simulation and investigation of the
static behavior of structural and construction systems.
3.1

Form-finding

As mentioned above, computational form-finding techniques follow the pioneering work on physical models conducted by Antoni Gaudi and Frei Otto (1995). The further development of those
techniques, through the use of computational design tools and simulation approaches, undoubtedly,
offers the possibility for the investigation and analysis of structures accurately and close to their
natural behavior, but also for the analysis of their performance under the influence of particular
forces. The work of Phocas et al. (2019) gives an overview on the use of computational techniques
which, on one hand, deals with geometrical development and physics-based simulation of systems
and, on the other, allows numerical analysis of results, with special emphasis on their application in
advanced tensile and bending active systems, including tensegrity, tensile and bending-active structures. In this case, two main form-finding approaches are distinguished, the Force-density (Schek,
1974) and the Dynamic relaxation methods (Day, 1966; Barnes, 1998). In the first case, the equilibrium state of any structure consisting of nodes and edges is described based on the force-length
ration or force-density that is applied to every single element while, in the second case, the static
equilibrium state is achieved by the gradual finding of the motion of structural nodes (Schek, 1974;
Day, 1966; Barnes, 1998). The investigation on geometrical development, conducted at the early
design stage, along with the simulation of forces and material behavior, are today more feasible and
simplified due to the rapid development of parametric design programs and the physics-based computer modeling approaches. Such tools, as the Kangaroo plug-in for Grasshopper (4), a parametrically controlled physics-based engine (Piker, 2013), offers an ideal environment where form-finding
of structures can be investigated through a range of physics-based rules such as the well-known
particle-spring technique based on Hooke’s Law of elastic stress-strain behavior (Kontovourkis et
al, 2013; Ahlquist and Menges, 2011). By applying gravity and self-loading to particles and by assigning spring behavior, stiffness and damping properties to lines, the geometry consisting from nodes
and edges can gradually find its equilibrium position in space.
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3.2

String effect based on virtual forces

Within the framework of the author’s doctoral research, entitled “Computer-generated circulation
diagrams” (Kontovourkis, 2009; 2010; 2012), conducted at the University of Bath under the supervision of Dr. Chris J.K. Williams, a computer program, based on the idea of “virtual forces”, was developed to describe people movement behavior. Specifically, the “virtual force” model simulates, in
real time and in parallel, a continuous movement of people in space, based on forces, real or virtual,
which are acting upon each individual (the term individual represents particle, agent, etc. that might
be used in different research works), motivating their motion and interaction behavior. The model
is coded using C++ language with OpenGL graphics and it consists of a number of movement behavior rules that represent effects, which include the repulsive effect, the obstacle avoidance effect,
the boundary avoidance effect (Figure 2), the attractive effect (Figure 3), the string effect, the sigh
effect (Figure 4a and 4b), etc. Different types of individuals are subjected to different virtual forces
(effects) at local level, accelerating their movement or interaction with other individuals and the
environment. The summation of all forces, or effects, acting on each individual results in an overall
behavior at global level, generating circulation diagrams based on the movement performance of
people in space. In this context, different phenomena emerge; for instance, the application of the
repulsive effect in cases where a large number of people move in opposite directions causes self-organized movement; a real situation phenomenon called stripe formation, which was discussed in the
pioneering work on crowd simulation by Helbing et al. (2005).
As part of this research investigation, an attempt to simulate Frei Otto’s work on path systems
(Otto and Rasch, 1995) was made that was called string effect. In this case, strings consist of lines
and particles were arranged randomly in the perimeter of a circle, which represented wool threads.
Virtual attractive forces were applied, accelerating motion of particles. Specifically, particles in the
same string attract each other due to the tension of strings and particles from different strings
attract each other by surface tension under a certain distance (Kontovourkis, 2009; 2010; 2012)
(Figure 5).
3.3

Structural and topology optimization

Form-finding techniques offer the opportunity for rapid geometrical development of structures at
an early design stage, necessary to be accompanied by a more accurate static analysis of structure
performance through the use of Finite Elements Analysis tools (SAP2000 (2), Abaqus (3), etc.). In
addition, Topology Optimization, a method for optimizing material distribution in structures based
on given space and boundary conditions, enhances a more direct relationship between static analysis and generated geometry, aiming at reducing material while maximizing static performance.
Well-known techniques include, among others, the Solid Isotropic Microstructure with Panelization
(SIMP) and the Evolutionary Structure Optimization (ESO) (Gardan and Schneider, 2015; Donofrio,
2016). Furthermore, tools like Ameba (5), a plug-in for Grasshopper based on Bio-directional Evolutionary Structural Optimization (BESO) (Li et al. 2018; Xia et al. 2018) offers a more direct rela-
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Figure 2.

Figure 3.

Boundary avoidance effect (Kontovourkis, 2009)

Attractive effect (Kontovourkis, 2009; 2012)

Figure 4a.

Figure 4b.

Model that describes individual-sign geometry

(Left) Path curve produced by sign effect (Kontovourkis,

(Kontovourkis, 2009; 2010; 2012)

2009; 2010; 2012) , (Right) Path curves controlled by
different parametric values (Kontovourkis, 2009;)

Figure 5.
Path system generated using string effect (Kontovourkis, 2009)
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tionship with design investigation through parametric control and results of Topology Optimization.
Either form-finding, structural or topology optimization techniques, all refer to the digital exploration of structures and their static analysis, or configuration, in order to achieve their geometric and
static viability.At the actual construction phase, problems often arise, especially during the construction of non-conventional architectural and structural systems. In these case, the implementation of
robotic processes could allow the reduction of construction time and cost, and at the same time,
it could provide a higher degree of accuracy compared to conventional construction approaches.
4.

Integrated computational design optimization and robotic fabri
cation

The design development and physical construction of architectural and structural systems through
integrated approaches have a number of advantages over other processes, where the two parts are
operating independently, particularly when referring to non-conventional forms. Thus, integrated
approaches achieve precision, flexibility, economy and time efficiency since computational design
optimization informs robotic fabrication and vice versa.
Within this framework, two case examples are summarized in the section below. Specifically, reference is made to projects undertaken in the research laboratory for Digital Developments in
Architecture and Prototyping – d2AP (5) in the Department of Architecture at the University of
Cyprus, where the development of path systems plays an important role in shaping the methodological frameworks towards robotic construction. In the first case, the particle-spring technique,
based on Hooke’s Law of elastic stress-strain behavior, determines the form-finding process in case
of tensile mesh structures using polyurethane elastomeric threads, a process that interrelates with
the static behavior of systems and the toolpath that robotically-driven end-effector mechanisms can
follow for their physical realization (Tryfonos, 2018; Kontovourkis and Tryfonos, 2016; 2018a). In the
second example, Topology Optimization principles are used as mechanisms to optimize material
distribution.Then, hexagonal infill patterns are applied and pass through a form-finding procedure in
order to allow possibilities for redefining their infill geometry according to the optimal distribution
of material; in this case, clay-mixtures. Finally, generated infill patterns are employed to control the
robotic toolpaths and the material for the 3D printing of building components (Kontovourkis et
al, 2019). Path systems are used as a common feature in both cases, whereby they are translated
into robotic toolpaths, through form-finding as an approach for computational design optimization,
aiming at developing sustainable and efficient design and fabrication workflows.
4.1

Robotic additive manufacturing of tensile mesh structures

In the first case, an integrated approach that investigates the design, simulation and robotic fabrication of elastic tensile mesh structures has been developed. In parallel, an innovative custom-made
end-effector tool has been introduced and tested (Tryfonos, 2018; Kontovourkis and Tryfonos, 2016;
2018a). In particular, the need for high precision manufacturing of complex elastic systems, due to
their geometrical characteristics and the elastic behavior of polyurethane elastomeric material, has
led to the design exploration of systems through form-finding, static analysis and optimization. This
has been done in order to achieve pretension control of the elastic threads, while transferring the
information easily and effectively to the robot and the end-effector tools for physical execution. To
this end, a weaving elastic mesh geometry has been proposed, which has been form-found, statically
analyzed, and finally optimized in order to find the best fitting results that satisfy geometrical, struc-
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tural, and robotic fabrication requirements. Important parameters include the weaving typologies
used for additive manufacturing, the elasticity and diameter of material, as well as the capabilities of
the robot and the end-effector tools.
At the level of design, the weaving patterns have been parametrically defined and controlled in
Grasshopper environment (Figure 6). The physics-based software Kangaroo (Piker, 2013) has been
applied to the same platform for form-finding using particle-spring behavior in order to simulate
thread relaxation. The application of pretension forces on threads has enabled the deformation
of the tensile mesh structure and its stabilization (Figure 7). Finally, the static analysis software
SAP2000 (2) was used to evaluate the results derived from the form-finding process. Due to the
large number of parameters and the complexity of the process involved, the results have been
optimized using multi-objective genetic algorithms (Deb, 2002), whereas best fitting solutions for
robotic fabrication have been selected based on the Pareto front graph by taking into account
static and geometrical criteria. At the physical prototyping level, an industrial robotic arm, the ABB
IRB2600 with IRC5 controller and the custom-made end-effector tool, were applied for the additive
manufacturing of elastic threads, evaluating, at the same time, the ability of fabrication mechanisms
to accurately execute specific tensile mesh systems with specific pretension behavior and toolpaths
(Figure 8a and Figure 8b).
3.2

Robotic additive manufacturing of building components

In the second case, a methodological framework that describes the form-finding and the robotic
fabrication of building components has been conducted.This was done through robotic 3D printing,
using specific clay-based material mixtures (Kontovourkis et al, 2019). At the same time, the current
role of 3D printing in construction-scale applications is discussed, particularly with regard to construction time and cost; two aspects that are associated with material minimization and structural
efficiency. In this direction, the design development and static analysis of construction components
has been achieved through topology optimization and form-finding principles, aiming at optimizing
infill patterns for 3D printing execution and at finding solutions that satisfy geometrical, static and
fabrication criteria. In this case, path systems in the form of hexagonal infill patterns played an important role during the process due to their ability to act as structural and construction systems.

Figure 6.
Weave sequence (Tryfonos, 2018; Kontovourkis and Tryfonos, 2018a)
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Figure 7.
Tensile mesh structure
(Tryfonos, 2018;
Kontovourkis and Tryfonos,
2018a)

Figure 8a.
Additive manufacturing of
an elastic thread (Tryfonos,
2018; Kontovourkis and
Tryfonos, 2018a)

Figure 8b.
Custom-made end-effector tool (Kontovourkis and Tryfonos, 2016)
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At the form-finding level, the topology optimization tool Ameba, a plug-in for Grasshopper, which
is based on Bio-directional Evolutionary Structural Optimization (BESO) was applied in the initial
solid geometry in order to iteratively remove inefficient and add efficient material in the body of
structure (Li et al. 2018; Xia et al. 2018). Then, hexagonal infill patterns were associated with the
results obtained from optimization, which were further investigated in order to achieve the best
distribution and minimization of material but also to preserve their static performance.Their development consisted of stretching and loosening the infill patterns for best deviation of their geometry
in relation to the loading and material distribution areas using the Kangaroo physics-based engine
(Piker, 2013). The programing of the relative speed of 3D printing followed in order to deposit
thinner and thicker material filaments on hexagonal infill according to the results obtained from topology optimization (Figure 9a and Figure 9b). In order to verify the results, a finite element analysis
in Abaqus was conducted, showing the allowable limits of compressive strength. At the robotic 3D
printing level, the toolpath planning for robotic execution was achieved through a suggested parametric algorithm (Kontovourkis and Tryfonos, 2018b), which integrates the proposed geometry derived from infill pattern optimization with 3D printing extruder capabilities, particularly in terms of
their nozzle diameter and 3D printing speed (Kontovourkis et al, 2019) (Figure 10a and Figure 10b).

Figure 9a.

Figure 9b.

Material density mapping based on the results of topology

Overall toolpath development

optimization (Kontovourkis et al, 2019)

(Kontovourkis et al, 2019)
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Figure 10a.
Continues infill toolpath
planning
(Kontovourkis et al, 2019)

Figure 10b.
3D printing execution (Kontovourkis et al, 2019)
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5.

Conclusions

In this paper, the role of path systems within an overall framework that includes computational
design optimization and robotic fabrication is briefly reviewed. With references to Frei Otto’s pioneering work, where such systems were extensively investigated using physical models, the paper
discusses a number of available capabilities to be introduced within an integrated framework of
computational design optimization and robotic fabrication. The latest developments in computational processes, especially in the first part of the investigation where form-finding procedures
are implemented, as well as the rapid development in the area of robotic fabrication, formulate
the framework under which new and more integrated fabrication processes driven by automated
mechanisms can be developed in construction-scale examples. Although several years have passed
since their first introduction in architecture, the discussion on issues related to complex systems,
with emphasis on path systems, shows their potential to be continuously considered as a dynamic
mechanism that can be investigated through contemporary means in order to achieve an effective
interaction between forces, materials and robotic toolpaths.
This is evidenced through two research projects developed in our research laboratory for Digital
Developments in Architecture and Prototyping – d2AP.The first refers to an integrated form-finding
and multi-objective optimization approach that informs tensile mesh results complied with geometrical criteria, material constraints and robotic fabrication possibilities. The second project refers to
an approach for robotic 3D printing, where building components are explored in terms of material
minimization by investigating and optimizing infill patterns. In both cases, common aspects are correlated to path systems used as pathways where robotic tools execute the given assignments while,
at the same time, they function as mechanisms for force and material distribution with the aim to
achieve an optimum balance between material minimization and structural adequacy.
Notes
(1) Digital Tectonics: http://www.bath.ac.uk/digitaltectonics/
(2) SAP2000: https://www.csiamerica.com/products/sap2000
(3) Abaqus: https://www.3ds.com/products-services/simulia/products/abaqus/
(4) Grasshopper: http://www.grasshopper3d.com
(5) Ameba: https://ameba.xieym.com/index_en/
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Three-dimensional translation of
Japanese Katagami patterns

An investigation through agent-based algorithms applied
to architectural elements and space planning
Ghali Bouayad // Graduate School of Fine Arts, Department of Architecture, Tokyo
University of The Arts

Abstract
The aim of this ongoing doctoral research is to rely on the incommensurable creativity held in
the Japanese Katagami patterns in order to translate them into three-dimensional speculative
architectures and architectural components to give architects more design approaches differentiated from the systemic usual space configurations.While many designers are diving in
the generative and computational design world by developing new personal methods, we would
like to recycle the existing production of Katagami Patterns into three-dimensional architectural
elements that will perpetuate the artists work and make their design go beyond time, borders
and scope of applicability, all the more the current digital shift has given us more computation
power, new fabrication strategies and new methods to explore, produce and stock geometry
and Data. In this paper, we rely on the Processing library IGeo (developed by Satoru Sugihara)
in order to build bottom-up agent-based algorithms to study the architectural potential of the
Katagami patterns as a top-down clean and simple initial topology in order to avoid imitation
of standard templates applied during the process of configuring and planning architectural
space.

Keywords
Katagami patterns; Digital craftsmanship; Emergent and Self-organizing systems; Art and
technology; Agent-based algorithm; Swarm Intelligence
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1.

Introduction

Katagami (型紙) are the stencil tools that Japanese artisans and artists used in the process of dyeing patterns on fabrics of Kimonos and Yukatas. Japanese Mino-Washi paper is sculpted by material
removal through carving techniques (see Figure 1 and 2); as many layers are necessary to produce
one unique pattern, paper is glued together using PersimmonTannin then dyed using the Katazome
method that consists of applying a resisting paste developed during the Kamakura period (11921333). At the end of his career, an artist reaches a level of accomplishment as he spends a whole
lifetime mastering one technique and making his own tools (Ikuta and Maruyama, 2013).
Japanese patterns are a result of the ‘’point of view’’; which makes them new creations and not just
a mere reproduction of nature. They are not real representation but are produced by intuition,
imagination, the unreal and the irrational (Belfiore and A.Liotta, 2012). The point of view is what
turns raw nature into a content. Especially since everyone is able to see the plant, but not everyone
will see it in the same way (Yanagi1, 1972).
Our globalized societies have evolved and are becoming more complex while developing new
versatile social modes. As architects, and as human beings before all, we need to focus our current
debates on relationships, boundaries, buffer and transition spaces and especially on more inclusive
and narrative experiences (Kuma, 2009). All the more architecture is the art that has the most influence on the daily life and social organization of human being; an art that creates a physical difference
(Balmond, 2008). In order to meet these needs today, a synthesis between nature, energy, culture,
society, user, spatial experience and technology is essential.
In a mono-cultural and metropolitan society like Japan, symbolic communication will be easy to
incorporate all the more symbols, iconographies and patterns have been codified through various
consensus (Dower, 1990). Investigating the expressionist materiality of architecture is the opportunity to find new methods in order to interact with the urban configuration and to converge towards culture (Moussavi and Kubo, 2005). For this, not only new recycling mechanisms, could help
in the production of concepts, diagrams, and new ways to see, understand and imagine architectural
elements in opposition to the usual space configurations, but translating and recycling the existing
production of Katagami Patterns into three-dimensional architectural elements will perpetuate the
artists work and make their design go beyond time and borders, which could lead to “another form
of Japonisme2 ”. As of today, approximately only fifty Katagami carvers, two businesses that produce
paper and fourteen sellers of Katagami are still protecting such valuable cultural assets (see Figure
3)(Ikuta and Maruyama, 2013).
The idea of using Japanese patterns in architecture has been proposed in the past and has been
studied and explored by diverse architects (Kuma, 2010) and researchers ((Belfiore and A.Liotta,
2012; Obuchi, 2012) to cite a few. Their design mainly applied patterns on building envelopes by
extruding the pattern geometry and remapping it on the wall or ceiling surfaces (Figure 4).
While we also investigate a potential application of Katagami patterns on building facades, our alternative approach focuses mainly on bottom-up agent-based algorithms as it allows greater freedom
in creating unpredictable and unconventional space formation while using the Katagami patterns
as a well defined top-down input. The role and the impact of the pattern are thus reinvestigated to
imagine alternative space organization and are considered as an alternative to standard architectural planning templates (see Figure 5).
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Figure 1.

Figure 2.

(Nanbu Yoshimatsu (1894- 1976) working

(Tsukibori (push cutting)(Photo by Suzuka City)

on tsukibori (push cutting)(Photo by Suzuka City)

Figure 3.
A sample and preview of the diversity and richness of the Katagami pattern production, from
organic to geometrical and multi layered (Ikuta and Maruyama, 2013)
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Figure 4.
Example of a Japanese cloud pattern remapped
on walls and ceiling surfaces
(A design by Salvator John A.LIOTTA)

Figure 5.
A conceptual diagram suggesting an imaginary
situation of how a Katagami pattern’s geometrical
topology could be used for implementing activity
and usage of spatiality. A different scenario could
emerge according to every architect’s inspiration
and imagination
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2.
2.1

Pattern selection and investigation methodology

Katagami Pattern selection

Up to today, Katagami production has been referenced by the Isetan Mitsukoshi Collection and
contains more than 1600 patterns (Ikuta and Maruyama, 2013). For this ongoing research, a total
of twenty patterns were chosen and organized in two groups (structured, and un-structured) in
order to study their three-dimensional architectural potential with the hypothesis that these two
geometry criteria will have different sort of outputs when used as a top-down input patterns to
our agent-based algorithms.
Criteria for such differentiation were based on the ideas of the architect and systems theorist
Christopher Alexander who assumed that each system -either artificial or natural- can be analyzed
thanks to fifteen properties that help us understand and appreciate its physical and geometrical
character (Leitner, 2015). Helmut Leitner, who summarized Alexander’s lifetime work on patterns,
describes the fifteen properties as the following : scale, strong center, boundaries, alternating repetition, complementarity (when centers expand more and more to fill the available space and come
in contact to each other), good form, local symmetry, ambiguity, contrast or difference, gradients,
individuality, similarity, voids, simplicity, and connectedness. According to him, some properties are
conflicting by character and therefore only up to four or 5 properties can occur within the same
pattern.
As a personal assumption, a structured Katagami pattern will therefore have few of the above
properties or is made of different layers of sub patterns. Figure 6 is an illustrated example of one of
the structured pattern that has been disassembled for layering and geometrical property analysis.
By contrast to the previous example, an unstructured pattern will not be made of layers of sub
patterns and will be inspired by nature or depicts a landscape or an every day life scene (Figure
7).
2.2

Basic Setup

The behavior of various animal species and social insects produce very complex architectures that
demonstrate great sense of proportion while fulfilling multiple functions such as protection from
predators, humidity regulation, reproductive activities, etc. (Hansell, 1984; Jeanne, 1975;Wilson,1971
cited in Bonabeau et al, 2000, pp 1-2). In the very recent years, various researchers have relied on
biological and animal behavior where agents reacts to their environments such as stigmergyc planning (Gerber and Lopez, 2014) and (Ireland, 2010), parasitic behavior (Alborghetti and Erioli, 2015)
and cellular growth (Klemmt, 2019) to cite a few.
In this paper, we will focus on the flocking behavior (Figure 8) described by Craig Reynolds (1999)
in order to give our top down initial Katagami pattern the ability of locomotion and self organization in the three dimensions while we store each particle coordinates at each time frame update
and build geometry on it in order to get a spatial structure that emerges as a consequence of the
system’s behavior.
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Figure 6.
Ink-Rapidrograph on tracing paper

Figure 7.
Example of two unstructured patterns
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Figure 8.
Flocking behavior explanatory diagram

Figure 9.
Katagami pattern’s architectural potential exploration methodology
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As we did not have prior solid skills in computer sciences, we needed to train first and get knowledge of programming languages.We chose to use the IGeo library (Sugihara / ATLV, 2011) developed
for the Processing environment (Fry and Casey, 2009). Sugihara (2014) developed IGeo in order
to fight obscurantism in computation design field and bring more easy and ready to use tools for a
larger number of architects and designers by minimizing the coding effort. The website not only offers full training tutorials to get familiar with the fundamentals, agent-based algorithms and swarms
simulations, but also explains and illustrates in detail different situations for interaction depending
on the population number and the computation power needed IGeo3.. The following diagram (Figure 9) explains the workflow for geometry and architectural exploration.
Each Katagami pattern can take from 200 to 8000 points in order to reconstitute it and transform
it into particles.They have been manually implemented to keep room for imperfection as an analogy
to the Japanese artisans who will never use perfect or regular tool and will appreciate asymmetry
and irregularity, a concept contained in the word of “Fukinsei - 不均斉’’ (Okakura, 1906).
3.

Case Studies

In IGeo, the flocking swarm behavior is coded by Sugihara as a Class named “IBoid” that has three
parameters for threshold distances and three others for force ratio that control the strength of
cohesion, separation and alignment. For the case studies discussed in this paper, our agent-based
algorithms were based on the following parameters:

Table 1.
Flocking parameters
used in the agent
based algorithm
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Table 2.
Case 01-02

Figure 10-1.

Figure 11-1.

Elevation of the pattern’s

Elevation of the pattern’s

flocking simulation

flocking simulation

Figure 10-2.
Figure 11-2.
Perspective view of the pattern’s flocking simulation Perspective view of the pattern’s flocking simulation
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For the behavior simulation of the cases 1 and 2, the same pattern has been used. Flocking IBoid
class’s parameters are also identical except for the initial direction and velocity vector. When
increased, the enclosure’s height, indicated by the white arrows (comparison between Figure 10
- 1 and Figure 11 - 1), is stretched as the system agents need more time frames to reach their
positions according to the IBoid parameters. Through this parameters, the pattern is investigated
potentially as a space configured with circulations, enclosures of different heights according to the
architectural program needs (see Design Applications chapter).
The cases 03 and 04 investigate potential application as wall surface (see Design Application chapter) and bring another agent class to interact with the flocking IBoid class. A branching behavior
was added to create branches between each particle’s current position and other particles previous position within a distance threshold in order to control the density of the geometry and
therefore the porosity of the facade thanks to the branching threshold and the frames count.

Table 3.
Case 03-04

Figure 12-0.

Figure 13-0.

Input pattern

Input pattern
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Figure 12-1.

Figure 13-1.

Simulation top view at 20 frames

Simulation top view at 8 frames

Figure 12-2.

Figure 13-2.

Simulation perspective view at 20 frames

Simulation perspective view at 8 frames

4.

Design applications

The flocking simulations using Katagami patterns as a top-down input were applied as cited above
on two case studies : first, in Figures 14 and 15, the renderings-photomontages showcase the application on a wall surface representing building facades.
On the other hand, Figures 16 and 17 demonstrate how a Katagami pattern can emerge into a
morphology that has the possibility to host circulations, enclosures, open air spaces, galleries and
therefore can host diverse activity.
Finally, Figure 18 is a design of a tower put in an urban context (here Shinjuku district). Each floor of
the tower is made of a unique Katagami pattern that, using our research methodology, emerged into
a unique spatial configuration and therefore each floor can host a different architectural program
in the case of a mixed use tower.
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Figure 14.

Figure 15.

A Katagami pattern applied to a building facade

A Katagami pattern applied to a building facade

Figure 16.
Photomontage of potential user activities within a 3d translated Katagami pattern.
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Figure 17.
Photomontage of potential user activities within a 3d translated Katagami pattern

Figure 18.
Mixed-use tower implementing different Katagami morphological configuration at each floor
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5.

Conclusions and future works

The methodology adopted in this paper for the morphogenetic experiments has demonstrated its
ability to generate a wide variety of spatial morphologies through the translation of Katagami patterns and show relevant potential for applications on architectural configurations.
By contrast to standard architectural process where an architectural planning and design are made
following a design brief and constraints, taking inspiration from Katagami patterns using swarm intelligence offers us new possibilities to explore forms of design and architectural composition. Our
goal is not to produce algorithmically clean geometries, but to nurture our imagination for early
esquisse phases by generating basic data (coordinates at each time frame) before starting to sculpt
form using softwares such as Rhino/Grasshopper, creating architecture that offers a new interest
in space and forces the user to question his practice and curiosity. In this surrealist method of exploration, we abandon the search for the “best” solution (Ogrydziak, 2011) and disrupt rationality,
alienation, oppression, and predomination of existing design methods (Eagle, 2018). Just after the
delivery of the Serpentine Gallery pavilion,Toyo Ito then described Cecil Balmond as someone who
used algorithms to produce rules : «He claims that when people try to imagine on their own they
run out of ideas very quickly and instead begin to think of conventional spaces. An approach based
on algorithms offers greater freedom. It allows you to create unpredictable complexity and hybrid
situations».
While we wrongly thought that all patterns behavior can be studied through one same algorithm,
up to today’s trials showed that each pattern needs its own algorithmic strategy and agent-based
model to explore its potential. As Katagami artisans spend a lifetime developing their tools and
techniques to deliver unique mind-blowing patterns, we consider that our algorithms are digital
craftsmanship as each agent method must be personalized for each pattern. The purpose is to be
able to develop an algorithmic tool that takes advantage of the pattern structure. For now, our
pattern selection and assumption about structured and unstructured patterns has not shown a
satisfactory conclusions. Our future work will tend to study how does the flocking behavior impact
the bi-dimensional pattern, and study if the structure or criteria are translated into 3d. In the 3d
space formation, can we still read any sub layers of patterns and therefore layering of space? Despite
the fact that all the properties of the pattern are not assimilated at the beginning, the process of
«trial and error» will discover new generative aspirations. On a programmatic and morphologic
level it would be interesting to also explore how multiple patterns can generate enclosed spaces by
blending into each other when growing vertically. For now, as seen in figure 18, each level, pattern
and architectural configuration are separated by simple slabs.
On a more pragmatic investigation level, an implementation of a user interface to control the sensitive algorithm is necessary. For now, input parameters are difficult to control, the process is time
consuming and we are obliged to rewrite the inputs directly in the script and launch a new simulation every time. Using control sliders is for now incompatible with IGeo library as explained by
Satoru Sugihara via an email exchange : «unfortunately because of my direct use of JavaGL, it hijacks
the drawing process of Processing».
Finally, other fields of interest include other agent-based algorithms such as chemotaxis, stigmergy
for decision making for real time structural optimization of our spatial morphology, an agent class
that constructs a ready 3d-printable mesh on top of the geometry track coordinates, cellular automata and use of the Katagami pattern’s layers as a force vector fields.
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Notes
(1) Soetsu Yanagi has been described as the first philosopher and artist who tried to
understand, to decode and emulate theories about Japanese pattern.
(2) Comparable to the effect of Ukiyoe on the Impressionist painters.
(3) IGeo, 2011. Available at http://igeo.jp/tutorial/32.html.
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Environmental aware shell design
Using solar path as a form finding force
Evangelos Pantazis // Viterbi School of Engineering, University of Southern California

Abstract
This work focuses on the development of a design methodology and the implementation of a
design toolkit that can be used for the form finding of shell structures by incorporating environmental parameters.This study aims to extend traditional form finding approaches by introducing agent based modelling and simulation tecnhiques which allow for the integration of daylight
as a shaping force apart from typical loads such as the gravity force. Within the developed
Multi Agent Systems (MAS) framework the steering of form beyond purely form found shapes
is explored by introducing behaviors which relate to the orientation of the site and the related
solar path. An experimental design is developed using an existing thin shell concrete structure
design by H. Isler to apply and test the proposed methodology and prototypical toolkit.

Keywords
Form Finding;Multi Agent systems; Shell design; Agent Based modeling and simulation
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1.

Introduction

Architectural design so far has been rooted into descriptive modelling which is used to produce
the geometrical models that are then passed to engineering disciplines to conduct analysis before it
moves to construction. Advances in information technologies and the development of custom digital design tools on different programming platforms have brought about a shift towards integrated
design approaches between the fields of Architecture, Engineering and Construction (AEC). Digital
fabrication and the rapidly growing research on robotic construction has presented an exciting opportunity to merge digital and physical tools and processes for constructing non-standard building
structures faster and at lower costs (Gramazio and Kohler, 2014).
The realization of large-scale projects with free form geometries in the last 20 years has also presented the AEC industry with challenges. Firstly, it has shown that there is a necessity for a close
collaboration between architects and engineers from early design phases in order to provide elegant and efficient design solutions(Rahman, 2010). Additionally, it has shown that despite the overall
successful integration of parametric design models in practice, as can be seen in façade construction,
environmental benchmarking or structural design; parametric design for complex building projects
remains labor intensive and rather manual. In other words, current design methodologies could be
characterized as computer based than computational (Marincic, 2016). As a result, these technological advancements have created a demand for addressing the architectural form finding in a more
methodological and computational way in order to be able to provide sustainable solutions that
can cater for environmental and structural parameters as well as human behavior (Rahman, 2010).
One of the most prominent and rigorous research paths on developing formal computational design methods come from the field of shell design and form finding (Block et al., 2017, Rippmann et
al., 2013). Despite the increasing interest and application of computational design approaches, the
capacity of computation is not fully utilized as,a lot of times, there is no direct connection between
the tools that are generating designs and those that perform analysis (Grabner et al., 2013). Thus,
there is a necessity for design tools which support integrated design solutions and enable the extension of forms established through conventional analytical techniques (Von Bülow, 2007). Digital
tools should help retain and extend the designers’ creative capacity in the early design stage but
also enable them to more rigorously consider design solutions that reduce the energy footprint of
both the design to construction processes and the life-cycle of buildings.
To be able to manage increasing building complexity our hypothesis is that the analogy which currently exists in digital architecture between the designer (user) and machine (digital tool) should
be reversed. In this analogy the designer acts like an apprentice that uses an interface (i.e. a design
software) or a specific language (python, C++, Java) to pose questions to the master (computer)
and respectfully awaiting the answer. In order to promote the designers creativity, future design
tools need to be conceived not as drafting aids but as the designer’s collaborating partners, which
are capable, when given a set of specifications, to generate proposals (design alternatives) that the
user/designer can evaluate and critique. In such a situation the tool is expected to build knowledge
through the interaction with the user and the processing of multiple data sets.
Along those lines, this paper discusses the problem of introducing environmental parameters such
as the position of the sun in the form finding process of free form shells within the framework
of multi agent systems (Figure 1). The introduction of behavioral form finding attempts to extend

ISSN 2309-0103

50

Evangelos Pantazis

Environmental aware shell design

//

www.archidoct.net
Vol. 7 (1) / July 2019

existing digital form finding which have been based upon empirical models introduced in the 20th
century such as the hanging chain and fabric (cloth) models as well as graphic statics (Rippmann et
al., 2013). It also attempts to shift the focus from exploring structurally optimal solutions towards
developing tools that can help designers extend their creativity by predicting behaviors and steer
form finding beyond structurally optimal solutions by introducing environmental parameters.
1.1

Structure of the paper

In the following sections the proposed design methodology is described and tested in an experimental design. A short review of existing form finding methods shows the relevance for implementing a MAS framework which allows for the modelling of design objectives into agent behaviors.
Our approach is based on the combination of particle physics, agent based modelling and analytical
solvers. The paper is structured as follows: In section 2, a brief overview of existing design tools
and form finding approaches are surveyed along with the basic concepts of multi agent systems. In
section 3 the MAS framework and its related components are presented. In section 4 we present
the implementation of the methodology into a case study. In section 5 we discuss our conclusions.
2.

Background

Early research efforts in the field of design computing focused in developing Computer Aided Design (CAD) tools which reduced complexities relating to drafting and the automation of drawing
production rather than developing new design methods and tools which transcribe fundamental
formative processes, into architectural design (Scheurer, 2010). Parametric and subsequently performance based design, emerged as an integrated approach, which allows designers to consider
environmental and structural parameters in the design development stage (Gerber et al., 2012,
Keough et al., 2010). With it has a come a new maturity that promises to transcend the formal and
geometric innovation that were mainly driving the interest in using digital technologies (Oxman,
2008). More recently, research in the field of architectural design and building engineering has
largely focused on bridging the gap between physical and digital real and the integration of fabrication and material constraints in the early design stage (Oosterhuis, 2011). Examples such as the
New Elephant House in the Copenhagen Zoo, or the grid shells of the Cooled Conservatories
in Singapore demonstrate the potential of using computational techniques to create sustainable
designs by integrating multiple disciplines such as architectural with structural and environmental
design(Davey et al., 2010; Peters, 2008).Such built structures have proved the advantages of using
multi objective optimization and multiple analyses in order to generate complex yet coherent and
sustainable buildings (Peters et al., 2018).
By surveying the literature one can observe a dichotomy between two main paths in developing
digital workflows for architectural design. The first path has led to distributed yet disconnected
solutions, where multiple task specific tools are being developed based on generalized project
requirements (i.e. energy modeling, structural modelling). The second path, strives for a centralized
approach, which assumes a streamlined design process where all team member add their data into
a central model built within one software package.
This approach can be useful for later design stages but is rather inflexible in the early design
stage(Mackey et al., 2018). The former approach is manifested by the increasing number of computational design tools and communities while the latter one is manifested by the increasing adoption
of Building information Modelling (BIM) in the last decade (Eastman et al., 2011).
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Figure 1.
Illustration showing diagrammatically three different approaches towards form finding of shells. On the left. The
resulting shape is the outcome of free form morphing, in the middle the shape is the outcome of physical forces
(gravity and tension) and on the right the shape is the outcome of physical and digital forces (gravity, tension and
light attraction)

Figure 2.
Three different design software integration methods as they have evolved over time in the AEC industry

Figure 3.
Flowchart diagram of the proposed behavioral form finding workflow
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Although both of the aforementioned approaches have their advantages and have been adopted
to a big degree from the Architecture Engineering and Construction (AEC) industry, they share a
common disadvantage. They both focus on the tools themselves rather than on the established design workflows and the interconnection between tools (Mackey et al., 2018). Instead of developing
numerous disjointed design tools or an all-in-one tool solution, intuitive and task specific toolkits
that are focused on enhancing existing workflows between software may be more effective towards
managing building complexity. Moreover computational techniques can help reconsider and revive
traditional design methods which were developed in the past but became obsolete due to being
particularly tedious or time consuming.
The ability to generate and evaluate multiple design alternatives is essential in architectural design, as it has been shown by Woodbury and Burrow (Woodbury et al., 1999) and computational
methods can extend the designers cognitive capacity by enabling more rigorous design exploration
(Gero et al., 2008).
2.1

Computational Form Finding

For instance, several physical form finding techniques were developed independently in the 20th
century by practitioners such as A. Gaudi, H. Isler, F. Candela and F. Otto(Adriaenssens et al., 2014).
These techniques were empirical and were driven by the motivation to create open plan spaces with large spans that were conditioned by economic and material constraints. Although they
opened a new set of possibilities to designers, due to their complexity they remained largely unexplored until recently. An increasing number of researchers working on the intersection of design,
engineering and computing have started revisiting such methods from a computational perspective
in an attempt to enable architects deal with hard design problems that include engineering and
fabrication constraints in a more rigorous way(Gerber et al., 2013).
In the last two decades a number of computational based approaches have been developed for exploring architectural form based on the concepts of form finding and optimization (Kilian, 2014b),
evolutionary computation and behavioral design (Menges, 2007) as well as rule based models (Fricker, Hovestadt et al., 2007). Kilian, inspired by A. Gaudi hanging chain models developed one of
the first digital form finding tools (Kilian, 2006). The tool was based on the hanging chain principle
which was introduced by Hooke in the 17th century and demonstrated how fabrication schemas
can be linked to real time form finding simulation (Magna, 2017). Piker has introduced a particle
physics engine for simulating structures based on the combination of Dynamic Relaxation and the
co-rotational formulation of Finite Elements Methods(Piker, 2013). Rippmann introduced an interactive form finding tool based for compression only vault design which is based on graphic statics
(Rippmann et al., 2012). The tool is based on Thrust Network Analysis (TNA), a method which
generates possible 3d shell geometries by combining projective geometry, duality theory and linear
optimization (Block et al, 2007).
In the field of Multi Agent Systems and Agent Based Modelling (ABM) there have been developed
a number of design tools inspired by complex adaptive systems and emergent behaviors observed
in nature (Bonabeau, Dorigo et al., 1999). These tools are driven by environmental conditions and
allow behavioral modelling but have mostly focused on specific agent models such as the “boids”
developed by C. Reynolds (Reynolds, 1987). Additionally, although in many disciplines MAS has been
used for optimization processes in architectural design, they have been mainly used for generating
designs.
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More recently there has been a significant effort towards developing integrated design approaches
that narrow the gap between modelling and analysis by using data to drive the design exploration
process.Yet in most cases the rationalization is happening after a design is generated and thus more
research is necessary to develop tools which use local relationships and analytical data that generate models that are pre-rationalized.
The aforementioned approaches have pushed the boundaries of integrated architectural design and
generative design respectively. However, the former approaches have mainly emphasized in the integration of geometric and structural design (boundary condition, supports, loads etc.) but are not
considering environmental parameters such as the location and/or position of the sun in the form
finding process (Kilian, 2014a), while the latter ones have yet to develop agent models specific to
the AEC, which are relevant in the contemporary practice (Pantazis and Gerber, 2018).
3.

Methodology

The current study focuses on the early design stage and introduces a methodology which enables
designers to form find different design alternatives by considering also the position of the sun and
evaluate them based on their structural and environmental performance. By introducing a MAS
approach where environmental and structural parameters can be modelled as behaviors the objective is to extend existing form finding approaches and enable designers augment purely form found
shapes but also provide them with the capacity to evaluate them.
Another objective is to implement and test a toolkit that supports agent-based modelling, connect
existing analytical solvers and enables the automated generation of design alternatives. The generation of design alternatives I based on a combination of bottom up rules that relate to design
intentions and top down rules that relate to regulations and constraints.
Specifically, a Multi Agent Systems framework has been developed and a toolkit has been implemented (Gerber et al., 2017, Pantazis et al., 2018) that is built on top of Processing IDE (Reas, 2007),
the 3d modelling software Rhinoceros 3d as well as a group of analytical plugins that we access via
the visual programming editor Grasshopper. IGeo library is implemented in Processing in order
to develop different agent classes and behaviors for generating design alternatives (Sugihara, 2014)
while d3 library has been implemented for visualizing analytical result (Bostock et al., 2011). The
Rhinoceros/Grasshopper software is used to generate 2d topologies, the Karamba plugin is used
in order to perform Finite Element Analysis, while Ladybug and Honeybee plugins (Roudsari et al.,
2014)are used to gain access to environmental analysis software such as Radiance and Energy plus.
Custom python scripts are used in order to ensure communication between the different platforms
and for developing the custom agent behaviors.
Within the proposed framework the modelling procedure can be summarized as follows: 1) provide
a footprint of a structure in 2d (i.e. polyline), 2) specify support points (i.e. 3d Points) 3) generate
a network topology for the area within the footprint (i.e. rectangular, triangular etc.), 4) generate a
solar path by defining the location and orientation of the footprint 5) select specific time periods
that she is interested, 6) model a form finding agent by specifying initial position (x,y,z), gravity force
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Figure 4.
Graphical User Interface of the alpha version of the tool. On the top left side (control panel) are all the input
parameters, in the middle is the geometry viewport and on the left is the window where we call Rhinoceros 3d
and Grasshopper. In the bottom panel the generated results are shown

Figure 5.
Scaled fabric models (a)circa 1977, photos from the construction process of the Heimberg Tennis Hall (b) in 1973
as well as photos from the building in its current state (c,d) in 2013
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(loads), sun attraction force, tension, friction and a probability to connect with other agents (i.e. p
= 1 , agent connected with neighboring agents, p=0 agent has no connections), as well as objective
targets for solar radiation and stress.
Once the above are defined the designer can specify agent behaviors i.e. photophilic or photophobic behavior depending on what they are trying to achieve (Figure 4 - Control Panel). The purpose
of defining these behaviors is conceived as a way to explore shapes beyond the purely form found
ones. In the case of the photophilic behavior each agent is leaning towards sun positions (specified by the user), thus resulting into shell designs that allow light to enter , while in the case of the
photophobic behavior the agents tend to avoid sun positions. The designer runs the system for a
specified amount of time or number of iterations by calling a java applet.At each iteration the agents
interact up until they reach a state of equilibrium, depending on the forces applied to them (Figure
4 - Geometry Panel). The geometry is then exported as a .3dm file and is automatically passed to
Rhinoceros 3d where a daylight analysis on and below the form found geometry is performed using
Grasshopper/Ladybug tools as well as a Stress analysis using Grasshopper/Karamba (Figure 4 Analysis Panel). Once each analysis is finished the results are saved in a .csv file along with an image
of the design. The csv file is parsed in order to visualize the results using parallel line plots (Figure
4 - Results Panel). The designer can define an objective function, such as reach an X amount of daylight/area (measured in kwh/h) and run the system using a stochastic method such as hill climbing
or simulated annealing or can simply interact with the tool. In short, each iteration consists of four
steps: First generate a design given the input geometry and the agents’ parameters. Then perform
structural and environmental calculations. Next archive and visualize both geometry and analytical
results and lastly evaluate if the results meet the objectives and if not adjust the sun force or initial
topology and run again the simulations.
4.

Experimental Design

In order to test our methodology, we apply it on an existing building which was designed in the
1970’s using (physical) form finding techniques. The objective is to explore design alternatives of
the purely form found shape by introducing the solar path. Specific positions of the sun throughout
the year are used as attractor points which augment the purely form found shape, in order to meet
desired environmental performance underneath the structure, (that is a specific amount of daylight).
4.1
Revisiting the Sports Center at Heimberg by H. Isler
The building we are using to run our pilot study is a sports center in Switzerland designed by
Swiss designer H. Isler (1926-2009). The Sports center of Heimberg comprises of multiple thinshells, which are constructed with reinforced-concrete. The structures were completed in 1978
and are still in use (Figure 5). Isler designed this structure by studying meticulously fabric models, a
method which he became known for (Chilton et al., 2017). After the successful completion of the
shell in Heimberg he went on and used the same model for a number of similar structures across
Switzerland which were used as tennis halls. The same structural solution was uniformly applied to
four sites and therefore in none of those cases the location and orientation of the structure were
considered in the design. All the realized structures have a span 48.00m m and length that varies
from 75 to 105 m.
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In this study we explore how a) the topology of the line network –i.e. our digital fabric can affect the
form finding, b) how we could come up with alternative designs by integrating the solar path in the
form finding process and c) how can we specify agent behaviors that can create alternatives which
satisfy the environmental performance targets without hurting the structural integrity of the shell.
In order to achieve the above we add a solar force to each agent apart from the basic forces used
in traditional form finding approaches such as gravity loads, tension, and friction. By introducing and
modulating this “virtual” force we can develop abstract behaviors that relate to the position of the
sun namely a photophilic and a photophobic behavior. In terms of the topology of our line network
we test four different cases (rectangular, triangular, rhomboidal/diagonal, hexagonal) and test how
each one affects the stiffness of the global geometry.
Three performance metrics are used in order to evaluate the behaviorally form found shells against
purely form found ones. For each generated design we calculate:
- the principal stresses (kN) on the shell surface
- the solar radiation on the shell surface
- the daylight radiation underneath the structure
As it has been described in the previous section, Grasshopper plugins Ladybug and Karamba together with some simple objective functions are used as external solvers for the evaluation of the
performance values. The developed MAS toolkit functions as an interface between the different
platforms and facilitates the data passing between the different softwares.
5.

Results and Discussion

In Figure 6, we tabularize the different shells that have been generated using four different topologies and three different form finding approaches. On the left, we illustrate the different outcomes
using pure form finding while on the middle and right rows we illustrate the result of two different
behaviors namely: a photophobic and a photophilic behavior
In the tables, we compare the purely form found shells against the behavioral ones. It is shown that
by adding an extra force to the agents, we can augment the purely form found shapes while by
changing the topology of the initial network, we can modulate the stiffness of the global geometry.
The rhomboidal/diagonal topology results into stiffer global geometry which consequently is not
affected by the solar force while the hexagonal one seems to be least stiff and is the most affected.
We show the extreme values for the agent behaviors after which the shells start failing structurally.
6.

Conclusions

This paper introduces a behavioral form finding method and demonstrates that Multi Agent Systems and the introduction of environmental parameters can be used as a design driver to explore
the design beyond pure form finding approaches. The experimental design shows that by introducing the solar path and combining agent based modelling with analytical solvers the traditional form
finding techniques can be extended. By using abstract behaviors, it is demonstrated that it is possible
to form find shell geometries that consider the trade of between structural constraints and environmental parameters such as solar radiation and daylight.
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Figure 6.
(Top) Table with the different topologies that have been tested in the experimental design and (Bottom) table with
combined analytical results for the purely form approach as well as two behavioral form finding approaches namely
photophilic (middle) and photophobic (right)
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The designer can modify the behaviors to generate designs and by visualizing
performance metrics can rapidly asses them. By testing different values for each
behavior we can map the solution space within which we can generate alternatives that
satisfy both structural and environmental performance objectives. As a future step, we
aim to apply the tool in multiple sites where similar structures have been places and
explore how can we alter the geometry based on the different orientations in order to
achieve the same environmental performance.
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Behaviour and performance analysis
against gravitational loads of a nontraditional, precast, removable and
reusable shallow foundation
Juan José Rosas Alaguero // ETS Arquitectura del Vallès, Universitat Politècnica de
Catalunya

Abstract
This communication shows part of the investigation done by the author related to the operation
of a superficial, non-traditional foundation typology, commercially known as PILOEDRE®,
designed for lightweight structures and prefabricated, with manual assembly, removable, and
reusable. Specifically, this article is focused on the operation of the foundation against vertical
descendent (gravitational) loads.The strategy of the investigation presents this new foundation
as a combination of traditional foundation typologies, where current and accepted analytical
methodologies are utilized. The proper functioning of the new analytical method is verified
with numerical models and several real scale tests. Finally, a strength verification method
is presented. The investigation shows how a systematic methodology based on established
scenarios, combined with numerical tools of modelling and experiments, allows the study and
comprehension of a non-traditional element within the foundations field.
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Shallow foundation; Numerical modelling; Piloedre; Light structures
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1.

Introduction

As our society has increased its complexity, new aspects of structure requirements have started to
be considered, and nowadays the importance of these aspects are increasing, such as the environmental impact, facility of construction, industrialization, etc.These new requirements have produced
changes in most of the structural elements, but small changes in the design of the foundation elements, most of them still following traditional criteria without nearly any significant change.
The first idea about the new foundation treated in this research was conceived in 2013 with one
fundamental objective: searching for a solution that allows the construction of foundations for
structures on Spanish beaches. The main motivation was the presence of regulations that limit
the possibility of using traditional founding solutions like the Spanish coast law. That law forces
businesses to dismantle most of the structures, including foundations installed during the summer
season.
Therefore, knowing that the installation has to be done in the middle of the beach, it has to be
simple and able to be built with manual tools without the usage of heavy machinery, as well as
reusable in order to be installed the following summer. The design of the new foundation is based
on a reinforced concrete piece that weighs approximately 30 kg with four steel bars diagonally inserted into the concrete piece. The bars are driven into the ground forming a 40º angle in relation
of the vertical axis (see Figures 1a and 1b), the whole structure (concrete piece and bars) weighs
approximately 50 kg.
The design of this new foundation allows industrialisation, to create a prefabricated element that is
easily transported to the installation site. The ease of the assembly, as well as the capacity of being
dismounted, recovered and reused make this foundation technology more attractive for installations where its special features are appreciated, among them, lowering the environmental impact.
(see Figures 2 and 3).
As a result, this new foundation is used as a support element for more complex structures and
structures that require a higher level of responsibility (see Figure 3). Therefore, it was necessary to
have a formal approximation to the foundation function and the resistant mechanisms associated
with the interaction of the foundation with the ground, as it was shown in a previous publication at
2017 Seoul Congress (Tarrago et al, 2017).
This article documents part of the research on the function of this non-traditional, shallow foundation, called PILOEDRE®. Specifically, the article focuses on the function of the foundation against
descendent vertical loads.
2.

Methodology

The non-traditional nature of the foundation involves the lack of an established theoretical framework which allows for an adequate analysis of the foundation. The strategy to achieve a deeper
understanding of the behaviour of the foundation is raised on three levels that arrive at the object
of the investigation. These levels are an analytical, numerical and experimental approach.
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Figure 1a.
New foundation (left) and new supporting of a structure

Figure 1b.
New foundation drawings (centimetres)

Figure 2.
Package with 4 and 8 foundations (above) and some elements of the new foundation holding up a modular
structure (below)
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Figure 3.
Installation (2016) of the new foundation holding up the Möbius building in Oñate Square, Donosti (Spain).
Installation done by students from Superior Architecture Technical School of UPV/EHU

3.

Analytical approach

The analyzed foundation, due to its non-traditional quality, lacks a particular theoretical framework
that allows for analysis of its performance, so was planned a new theoretical framework based on
suitable traditional frameworks or combinations of some of them (see Figure 4) in order to have a
tool that allows for the verification of the final capacity of the new foundation.
A first analysis allows us to reasonably consider that against the vertical loads transmitted by the
structure. There are two kinds of foundation reactions: on one hand, the resistance to the subsidence of the concrete piece, a behaviour intuitively associated with a traditional shallow foundation
(concrete footing), and on the other hand, the resistance to the vertical penetration into the ground
of each of the four tubes of the foundation. It is important to realise, concerning the resistant
mechanism related to the penetration by the tubes, that given the symmetry of the piece and the
considered loads, the tubes will have a vertical movement rather than a longitudinal movement.
In conclusion, it is considered that the new foundation resistance can be analysed as the sum of the
following resistance mechanisms (see Figure 5):
• Resistance mechanism related to the subsidence of a traditional superficial foundation with the
same area as the concrete piece (aprox. 30 * 30 cm).
• Resistance mechanism related to the ground penetration by each of the tubes in a vertical direction, equivalent to a continuous deep foundation with a thickness of 43 mm (diameter of the
tubes) and a variable depth.
This breakdown of the resistance mechanisms is consistent with the results and conclusions
reached by the numerical models based on 3D finite elements (see chapter 4), corroborating that
the prior hypothesis may be considered reasonable. Regarding the new foundation’s total resistance , it is taken into consideration that the combination of the mechanisms implies the sum of
the capacity of both mentioned resistance mechanisms. This hypothesis is coherent with a security
standpoint based on Ultimate Limit States (Eurocode 7) and is traditionally accepted in other types
of foundations, such as pile foundations, where its resistance mechanism is seen as the sum of the
base and shaft resistance mechanisms.
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Figure 4.
Reinterpretation of the resistance mechanism of the non-traditional foundation as a union of traditional
foundations resistance mechanisms

Figure 5.
Two opposing mechanisms against the foundation
vertical load

Table 1.
Variation of the ultimate resistance with the
soil parameters: cohesion and friction angle. An
embedment of 20cm and homogeneous ground
are assumed
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For the resistance mechanism associated with the subsidence of both the concrete piece and the
tubes in the ground, and after analyzing some theoretical frameworks, the methodology proposed
by Brinch Hansen (1961) was selected. This methodology is based on the Terzaghi equation (Terzaghi, 1943), and some corrective parameters are applied that allow us to approximate the existing
mechanisms in the studied foundation, as well as the consideration of drained or undrained situations (see below).

where:
qu: unit ultimate resistance.
c: cohesion.
γ: density.
q: Pressure on the base of the foundation (depends on the depth)
B: Width at base of the foundation
Nc,Nq,Nγ: capacity load factors (dimensionless)
The ultimate resistance of the foundation will be

where:
Ru: Ultimate subsidence resistance of the foundation
Rh: Ultimate subsidence resistance of the concrete piece as an isolated piece.
n: Number of segments that the tubes are divided into. This allows for the consideration of the
variation of the pressure (q) with the depth, as well as considering the existence of diverse kinds of
ground or the water level if it exists.
Rpi: Ultimate subsidence resistance of the studied segment of the tube
The theoretical framework previously described allows for the evaluation of the maximum capacity
of the new foundation for diverse types of soils, introducing the variables:
Φ : Internal soil friction angle
C: Cohesion
γ: Density.
H: Foundation embedment (depth of the inferior face of the concrete piece).
In the next table (table 1) the proposed method is applied, considering a foundation with 20 cm
embedment , a soil density of 15 kN/m3 and homogeneous ground with varying values of internal
friction angle and soil cohesion.

ISSN 2309-0103

68

Juan Jose Rosas Alaguero

Behaviour and performance analysis against gravitational loads of a
non-traditional, precast, removable and reusable shallow foundation

//

www.archidoct.net
Vol. 7 (1) / July 2019

4.

Numerical simulations

The interaction between the new foundation and the soil has been analysed using the numerical
tool, PLAXIS 3D, a common software used for the analysis of the interaction of foundations with
the soil. This analysis allows for the consideration of three dimensional resistance mechanisms as
well as the introduction of the geotechnical features of the soil and strength-deformation characteristics of the concrete piece and the steel bars that form the foundations. The points highlighted
in the model are:
• The geometry is generated based on a 5m×5m×2.5m prism, the piece and the four tubes that
form the foundation inside the prism. The elements that form the discretization mesh have and
average length of 0.03 meters (see Figure 6).
• The concrete piece of the foundation is modelled following an elastic linear model with non-rigid
interactions on ground-piece interfaces.
• The tubes are modelled with elastic ‘embedded pile’ elements, commonly used to simulate piles.
• In order to simulate the soil geotechnical features a Mohr-Coulomb elasto-plastic model is used.
The model was calibrated with the data obtained in some load tests. The next figure 7 shows the
adjustment of the model to the data of a load test, where four cycles of vertical increasing loads
were applied on the foundation.
The numerical model provided several conclusions. Among them:
• It is reasonable to consider that the ultimate strength of the foundation against the vertical
loads transmitted by the structure is the sum of the resistance to the subsidence of the concrete
piece and the resistance to the vertical penetration in the ground of each of the four tubes of the
foundation. In a comparative analysis, considering the presence and the absence of the tubes gave
the new foundation an important added resistance and more stiffness (see Figures 8 and 9).
• The numerical modelling, once the relevant calibrations had been done, was good enough to
predict the load/settlement relation observed in real essays.
• The numerical model can simulate the behaviour of diverse types of soil through the variation of
its geotechnical parameters. Therefore, the model can estimate the maximum load capacity of the
foundation, allowing for a comparison with the maximum load capacity obtained from the analytical
analysis. This analysis shows that the capacity obtained with the analytical analysis was inferior to
the capacity obtained from the numerical model (see Table 2).

Figure 6.
Discretization mesh (left) and analysis where movements are represented (right)

//

69

ISSN 2309-0103
Behaviour and performance analysis against
gravitational loads of a non-traditional, precast,
removable and reusable shallow foundation

www.archidoct.net
Vol. 7 (1) / July 2019

Figure 7.
Results of the load test where loads were applied in phases (left). Photograph of the test assembly (right)

Figure 8.

Figure 9.

Movement field considering only the concrete piece (left).

Comparison of the load/deformation relation

Movement field with the full foundation (right)

considering the concrete piece without
tubes(red) and the complete foundation (green)

Table 2.
Estimated ultimate resistance in the numerical model (column 4) compared to the estimated ultimate resistance
using the proposed analytical method ( column 3)
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Figure 10.
Load test assembly sketch (left). Load test photograph (right)

Table 3.
Estimated ultimate resistance on the load test (column 4) compared to the estimated ultimate resistance using
the proposed analytical methodology (column 3)

Figure 11.
Components of the loads: lateral, pull up and torsion
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5.

Experimental testing

In order to better understand the performance and behaviour of the new foundation, a series of
load tests was done (Figure 10). For the realisation of these tests, nine test fields were identified
and characterised with geotechnical surveys and field tests.
The load tests required a previous study for their design, with the objective of providing the researched data and agreeing with the generally accepted regulations. The regulation used for the
elaboration of the protocols was the Standard Test Method for Pilar Under Static Axial Compressive Load from ASTM [1]. This regulation is usually applied to static load tests on deep foundations.
The data obtained from the load tests was used to adjust the numerical model explained in the
previous chapter, and allowed us to verify that the proposed analytical method used to estimate
the ultimate capacity of the new foundation resulted in estimations inferior to the ones obtained
in load tests (see Table 3).
6.

Conclusions

This article shows a few of the results from part of the investigation on the function of a non-traditional foundation typology formed by a concrete piece with four steel bars inserted diagonally at
a 40º angle with the vertical axis. All in all it weighs about 50 kg. This foundation is characterised by
being prefabricated, mountable with manual tools, removable and reusable.
Specifically, this article presents an analytical verification tool for calculating the ultimate resistance
of the new foundation against vertical descendent forces. This analytical method is based on the
assumption that the resistance mechanism of the new foundation can be reinterpreted as the combination of two traditional resistance mechanisms: the associated mechanism of the resistance of
the concrete piece to subsidence and the mechanism associated with the vertical sink resistance
of the four tubes.
The validity of the developed analytical method has been proven using numerical modelling to simulate in 3D the interaction of the foundation with different kinds of soils. These numerical models
have allowed us to get close to the actual behaviour of the new foundation and to verify that the
designed analytical method estimates lower resistance values, so it is on the safe side, if you compare it to the ultimate resistance obtained by a complex numerical 3D model.
With the exposed analytical and numerical study, an intense series of load tests on the new foundation has been done. The data obtained has allowed us to develop numerical models and to verify
that the result of the analytical method for determining the ultimate capacity of the new foundation
is also on the safe side.
This article is focused on analysing the behaviour of the foundation against vertical descendent
loads. This is the first step towards understanding the behaviour of the foundation against generic
loads with ascendant, lateral and torsion components (Figure 11).
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Static performance-oriented
design of variable modular bricks
for automated fabrication using an
adaptive formwork
Panagiota Konatzii // Department of Architecture, University of Cyprus

Abstract
This ongoing research work aims to develop an automated fabrication process for the production of multi-modular bricks by using a custom-made end-effector tool as adaptive formwork
and by integrating different design criteria that are associated with static and environmental
impact analysis based on different building materials. In the current paper, the investigation
undertaken based on criteria related to the morphology of modular bricks and their static adequacy in the digital environment are demonstrated, together with an overview of the proposed
robotic fabrication process. In order to achieve this, three different building materials are proposed; adobe, concrete and clay mixture based on soil and cement.The aim is to compare the
compressive strength of modules between different materials and to evaluate the amount of
material used in alternative typologies. The integration of digital investigation and robotic fabrication processes using as design objective a brick configuration upgrades and complements
conventional approaches that are currently followed in this field of study.

Keywords
Static performance-oriented design; Modular bricks; Variable design; Robotic fabrication;
Adaptive formwork
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1.

Introduction

Latest developments in the area of computational design and fabrication open up possibilities for a
more robust and effective integration of workflows from design and then to construction using as
case studies whole structures or building elements in actual scale. Advantages of this new paradigm
shift towards more seamless processes might include minimization of failures and misfits during
different design to fabrication stages, which are found to be fragmented in case of conventional implementations (Kontovourkis and Konatzii, 2016). In the literature, this direction and especially the
involvement of automation and robotics in construction is in continues development (Bock, 2008;
Bock and Linner, 2015) with different scenarios of such integrations to be included, for instance
robotic pick-and-place of bricks, achieving the development of complex wall structures (Giftthaler
et al, 2017; Dörfler et al, 2016), robotic cut-and-place of timber for the development of wooden
structures (Willmann et al, 2012) and flexible formworks for concrete casting of free-form building
components (Kristensen et al., 2013).
Towards this direction, automation and robotic mechanisms that are responsible to accomplish
the given tasks are of great importance, mainly due to their ability to be flexible, accurate and numerically controllable allowing transferring of design data from the design platforms to the mechanism for construction execution. In most of the cases, construction tasks require custom-made
end-effector tools, such as flexible or kinetic formworks (Kontovourkis and Konatzii, 2018) and
3D additive mechanisms (Kontovourkis and Tryfonos, 2016; Keating and Oxman, 2013), considering
minimization of time (Ena et al., 2013) and maximization of accuracy as important factors to be
taken into account. In the area of building components and overall wall construction, examples like
the work by (Hack et al, 2013) achieves to minimize wall thickness and improve the environmental
performance of conventional walls through the development of a custom-made end-effector tool
that produces the rebar and coffin before concrete pouring. In another case, the work by (Oesterle,
2012) aims to reduce waste material by developing a flexible mold using hot wax that is casted and
then solidified in order to be used as temporary concrete formwork. In addition to casting kinetic
formworks, the 3D printing method is currently expanded in the construction sector and is studied
in terms of application scale, process cost, construction time, material type and other criteria (Wu
et al, 2016).
In both cases, casting kinetic formworks and 3D printing, aim is to search for practicality and
precision in solutions of non-conventional formatting. On the one hand, 3D printing enables the
construction of any form to a great extend due to the versatility of the process, provided that the
printing size is within the boundaries of the machine (Kontovourkis and Tryfonos, 2018; Holt et
al, 2019). On the other hand, in case of kinetic formwork casting, the process can be speed up by
using the same mechanism, however this can be done within a certain range of geometrical limits
according to the mechanism applied. In general, although bricks have been widely used in construction as an inexpensive material, practicality and precision in case of customized design and non-start
morphologies development have not been examined in full extend yet.The use of flexible molds and
robotic machines can automate the process of manufacturing and positioning of such unit elements
(Dörfler et al, 2016).
Inevitably, such attempts are directly associated with investigations conducted in design and analysis
stages. For instance, in several cases, automated fabrication processes take into account static behavior assessment of structural elements to be constructed. In this context, examples can be found
where integration with static analysis processes is made as part of brick design and fabrication
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investigation. In particular, digital model simulation through loads exercising aims to investigate their
static behavior (del Coz Diaz et al, 2011). The process of calculating the behavior of masonry in the
physical environment is a complex process and this is why simulation under different loading conditions through modeling in digital environment for different morphologies is required (Viswanathan
et al, 2014). Through calculation, the maximum strength of the specimen can be determined and
thus its compressive strength can be derived (Karadoni, 2012; Illampas et al, 2011). For investigation
of wall structures at the design and construction level, static analysis confirms the adequacy of the
proposed outcome, especially when developed on the basis of different typologies.
2.

Methodology

Within the framework of this ongoing research work, a methodology is developed, which aims
towards an automated fabrication through the development of a flexible kinetic formwork that is
capable of adapting its configuration according to a variety of brick morphologies. This is used as
a custom-made end-effector tool that can be mounted at the edge of an industrial robotic arm,
achieving the gradual production and placement of custom bricks and masonry systems according
to their predefined design.
The suggested methodology lies within two equally important pillars of investigation, on the one
hand static and shading performance – oriented design with the aim to find appropriate typologies
that minimize volume and hence material of brick modules, and on the other hand, Life Cycle Analysis that include material selection, CO2 emission and energy consumption evaluation during the
whole fabrication cycle (Figure 1). Static and shading performance are in the same pillar of investigation, influencing design decisions regarding the morphological investigation of variable modular
bricks. Both performance analyses are integrated with objectives related to minimum ecological
footprint throughout the fabrication life cycle, a part of study that has been presented in (Kontovourkis and Konatzii, 2018).
This paper focuses on static performance-oriented design, which allows design-decisions to be
made regarding the morphology of the modular brick results in the digital environment. These
decisions are associated with various design parameters, formulating the type and dimensions of
the overall shape and openings of a folding-porous wall consisting of modular bricks. Design results
are analyzed to find desirable solutions that meet the objectives of maximum compressive strength
and minimum material use. Analyses are conducted for three different materials; adobe, concrete
and clay with cement, so that a comparison between derived results will allow decision to be made
regarding the best environmental friendly material to be implemented.
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Figure 1.
Research methodology diagram

Figure 2.
Brick typologies and geometrical parameters /constraints

Figure 3.
Custom end-effector tool development
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3.
3.1.

Digital to physical development of variable modular bricks

Geometrical and static parameters/constrains

The investigation starts by examining the geometrical configuration of modular bricks that can be
used in the construction of walls allocated in semi-open spaces in order to protect and act as filters
for shading and natural ventilation purposes.
The selected geometry of modular brick is a cuboid, either with a central opening or without or a
combination of the two. In typologies that consist of openings, their inner edges are formulated by
folding faces. The folding faces together with the size and rotation angle of openings, in addition to
their contribution towards an improved shading performance of modules, help towards material
minimization, keeping structural adequacy but at the same time following limitation and possibilities
offered by the automated regarding its ability to produce the desired morphologies. Thus, their
design takes into account the parameters and constraints that arise from the adaptive formwork
mechanism, which enables the production of variable morphologies with flexible opening size and
angle as well as inclination of edges folds.
Three main types of bricks are investigated (Figure 2), approaching the adaptation logic of the flexible mold. In the first category, large material removal formulates a central opening, in the second
category, small removal of material formulates a smaller opening and in the third category, material
subtraction creates recess with folded faces. In addition, another parameter influencing geometry is
the rotation of opening or recess in each typology of brick units.This is defined at specific angles of
00,150,250 and 450 with axis of rotation perpendicular to the elevation of module.
The boundaries of geometry are defined by taking into account the criteria governing holes/openings based on the European Eurocode, the orientation of the masonry and the design of the end-effector tool, and more specifically, the limitations imposed by the flexible mold mechanisms. Based
on the geometric requirements of the masonry walls in Eurocode 6 (EN: 1996-1-1, 2005) and the
Seismic Regulation (Eurocode 8), which determines the volume of a single hole/opening, the minimum thickness in and around the holes, the effective thickness (ttot) of the masonry and the total
height (Htot) (Figure 2) of the masonry, the proposed geometry of the modular brick is defined
with external dimension of 120 × 120 × 80mm and with maximum dimension for the rectangular
opening of 70 × 70mm.
The parameters and limitations regarding the design of the flexible formwork influence the dimensions of the total brick thickness, but also the size of the compressed surface of the material or the
size of the hole/opening. The automated mechanism can be activated at specific power values, also
the linear actuator, which is responsible for controlling the thickness of the wall, and has a maximum
elongation of 30mm. Based on the design of the flexible formwork, the thickness of the modular
brick ranges from 40-80mm.
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Figure 4.
Robotic procedure in physical environment

Table 1.
Materials’ characteristics.

Table 2.
Characteristic values of compressive strength of the three materials under investigation
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3.2

Material mixtures investigation (adobe, concrete, clay)

As it has been mentioned, the three materials selected for analysis are adobe, C20/25 concrete and
clay with the addition of cement. In particular, for the composition of the adobe samples, this study
uses ground clay and calcium sand mixed in 1:1 w/w ratio based on the work of (Houben and Guillard, 1994; Illampas et al, 2017). The resulting mixture consists of 13% clay (d <0.002 mm), 44% silt
(0.002 mm <d <0.075 mm) and 43% sand (0.075 <d <2.36 mm). Also, 4% fiber content, 29% water
content and 18% homogeneity of fresh mixture.
In the case of concrete, ready-made mix concrete C20/25 is used. This consists of 10% recycled
binders in cement (300kg/m3). The composition of materials in this type of concrete is defined according to BS 8500-1: 2006, where the water/cement ratio=0.6, 300kg/m3 in which Portland cement
and binders are used. In the case of ground clay as the building material, its composition consists of
ground clay, water and soil stabilizer. In the present study, a blend of clay is used, which is combined
with a maximum percentage of cement at 8% according to (Minke, 2006). Generally, this is a hybrid
mix that contains cement and clay.
3.3

Custom-made kinetic formwork design and physical development

The brick production scenario is conducted in the workshop and includes three phases: pressure,
demolding and positioning of bricks on a flat surface, remaining there until they reach a maturity
stage. Then, the bricks are transferred to the building site for construction.
In order to achieve the automated brick production, the design and physical development of the
custom-made kinetic formwork is influenced by the geometric and static parameters/constraints
that are explained in previous sections. Briefly described, the custom tool consists of two parts, the
press and the pressing container, which are supported by an aluminum base (1,2) mounted at the
edge of the industrial robot. The press system is designed to be adaptable to the different typologies of modular bricks. In particular, the press part is responsible to compress the material after
being placed in the pressing container and consists of two pneumatic pistons (3). In each end of
the pistons, the two parts of formwork are adjusted, one static (5) and one flexible (7), which are
responsible to press material and formulate the two surfaces of the brick. The flexible mechanism
is responsible to adapt its shape according to the different typologies of bricks based on their hole/
opening size and rotation as well as their thickness dimensions. In order to achieve this, a linear
actuator and a stepper motor are placed on the flexible part (7), controlling different behaviors like
expansion and rotation (Figure 3).
Apart from the production of a single brick, the robotic procedure includes repetition of physical
development and placing of bricks on a flat surface for a certain time period (Figure 4), a workflow
that is programmed in HAL [1], a plug-in for Grasshopper [2] and executed through Robot Studio
6.0 [3]. The automated and robotic programming incudes the actuation and deactivation of kinetic
formwork and particularly the control of the formwork mechanisms, the task programming of robotic motion behavior together with the calculation of the time duration of the press mechanism.
4.

Numerical static analysis and results

As it has been mentioned, the brick element is distinguished in two types: brick with hole/opening
and brick with recess. In the first case, the holes/openings vary in size from 2x2cm to 7x7cm. In
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the second case, recesses are formulated by simply removal of material with the assistance of the
flexible mold. In all brick types, the openings or recesses are able to be rotated.
In the first stage of numerical static analysis, the static behavior of brick typologies is examined
under vertical loading.Then, the strength of the structural element is calculated based on additional
loads from beams and slabs, i.e. when elements are part of load-bearing walls. The numerical static
analysis explained in this paper is followed by physical tests in a future stage of experimentation.
In the following investigation, the characteristic compressive strength of adobe, concrete and clay
is calculated to confirm the sufficient static behavior of the brick typologies. In the current stage,
a method for calculating the compressive strength of the bricks produced in conjunction with the
simulation of their static behavior in the ABAQUS CAE software [4] is conducted. First, linear analysis and second, non-linear analysis is performed for each brick typology.The investigation examines
the strength of the bricks against the three different materials and the geometrical limitations of
brick typologies according to the size of hole/opening.
4.1

Linear static analysis

In case of linear static analysis, calculation of the load is based on the equation P = F / A, where P is
the total load (N) that exert force F on brick elements above support base on typical masonry with
3m height, and A is the surface area on which the loads are applied (Equation 1).

(1)
The pressure load for brick masonry is calculated at 42,241.13 Pa in case of adobe, at 84,482.7 Pa
in case of concrete and at 63,361.695 Pa in case of clay with cement addition. The results show
that concrete has the largest pressure exerted compared to the three materials examined in this
research. For the analysis, a brick was used as a finite element model (FE), having three elements
(C3D8) and 8 nodes. The FE grid consists of 5093 elements and is considered as a simple isotropic
model of elastic material component.This is based on the plasticity theory of metallic elements and
uses the typical von Mises yield surface.
Numerical simulation of adobe bricks
For the simulation of adobe bricks, parameters defined in the FE model takes into account the results of the work in (Illambas R. et al, 2017). In particular, Mass density is defined as ρα = 1400 kg /
m3, Poisson ratio as vα= 0.3 and Young coefficient as 300e6 (Table 1).
Numerical simulation of concrete bricks
For the simulating of concrete bricks, the parameters defined in the FE model are in line with Eurocode 6 for concrete (EN: 1996-1-1, 2005). In particular, mass density is set to ρα = 2565 kg/m3 and
Poisson ratio is set to vα = 0.175. Also,Young coefficient is set to 208e8, tensile stress is set to 30e6
and maximum value of inelastic area is set to 0.0035. Finally, maximum compressive stress is set to
2e2 and breaking point at 0.0001 (Table 1).
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Figure 5.
Graphs showing compressive strength to brick volume for the three investigated materials

Figure 6.
Case of maximum and minimum compressive strength of brick types in case of adobe material
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Numerical simulation of clay and cement bricks
For the simulation of bricks with clay and cement, the parameters defined in the FE model are
derived by the research work conducted in (Lorenzo and Bergado, 2006), and particularly Mass
density is set to ρa = 1520 kg/m3, Poisson ratio at vα = 0.4, and Young coefficient at 122e6 (Table 1).
4.2

Results of linear static analysis of brick typologies

The linear static analysis provides a number of results associated with von Mises, U22 and S22 maximum values. Analytically, U22 is defined as the maximum permissible displacement value according
to the brick strength and it is measured in mm. This is caused on z-axis, perpendicular to the brick
opening, after the uniformly distributed load is applied to the top surface area of the brick. S22 is
defined as the compressive stress, it is differentiated on the basis of the materiality, the type and the
maximum permissible value of the percentage of the brick’s openings, and it is measured in Pa. This
is caused on the z-axis and perpendicularly to the opening of the brick, after the evenly distributed
load is applied on the top surface area of the brick. The displacement and the stress on the z-axis,
due to their parallel action to the load pressure, define the elastic-tension limits of the brick geometry and hence are considered as the most critical values.
The results of analysis show that higher values occur in the case of concrete compared to the adobe material. Also, in both cases, maximum compressive stress in z-axis can be observed in the cases
where holes/openings are rotated in 150 degrees. Moreover, displacement is decreased in cases
of minimum dimensions of holes/openings and increased in cases of their rotation. Finally, in most
of the cases, maximum values of compressive stress are observed when the holes/openings are
rotated 150 degrees. In the case where clay mixture consisting of soil and cement is examined, an
intermediate situation of static behavior is observed if this is compared with the behavior of adobe
and concrete materials. The results of linear static analysis in the case of clay mixture and particularly the von Mises, U22, S22 maximum values of all brick typologies show similar static behavior as
the one derived in the analysis of adobe material but with more resistance.
4.3

Results of non-linear static analysis related to brick-force compression

In order to investigate the strength of bricks, a displacement force is evenly distributed over the
upper surface of the brick. In this way, the value of maximum force that can be applied to each brick
until it is cracked and crushed is exposed. Respectively, by having a physical prototype of the brick,
its resistance under compression can be tested in the laboratory.
During the digital process, the model is gradually loaded with 50000N/m2 in all cases, causing
a 0.001-0.0009mm maximum displacement in its overall height. The results are presented in a
force-displacement graph from which the maximum force that can be exerted in each model is
derived. The characteristic compressive strength is the result of the maximum force divided by
the area on which the force is exercised (Equation 2). Calculation of the compressive strength of a
modular brick follows:

(2)
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Figure 7.
Case of maximum and minimum compressive strength for ground clay with cement

Figure 8.
Case of maximum and minimum compressive strength of brick types in case of concrete
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The force-displacement graph is derived by calculating the sum of forces that are uniformly applied
to the nodes of the mesh geometry on the bottom surface area of the brick, divided by the displacement value occurred at a central node of the top surface.
(3)
In case of concrete material, the compressive strength of the brick has its lowest value at 10,241
MPa and its maximum value at 34,537 MPa. Values up to 30 MPa are within the allowable limits, so
models that exceed these limits are under investigation, in terms of their morphology and their total volume. In case of adobe material, the minimum compressive strength is 0.14 MPa and the maximum is 0.4 MPa. Based on Eurocode 6, cases that exceed 1 MPa are not within acceptable limits.
In case of clay mixture with the addition of cement, the range of compressive strength values is
from 0.11 MPa to 0.30 MPa. Based on Eurocode 6 for adobe materials, compressive strength of up
to 1 MPa is allowed (Table 2).
4.4

Comparative analysis and discussion of result

The graph of compressive strength-volume demonstrated in Figure 5 represents the strength values
for all three material mixtures in relation to the volume of all modular brick typologies. The values
are presented based on the highest strength of the bricks in compression. As it can be observed,
most brick typologies in all three materials (adobe, concrete and clay with cement) with greatest
material volumes are most resistant. Correspondingly, brick types with small material volumes have
lowest strength values.
Analytically, with respect to the results of the static analysis compared to the volume of each brick
unit type, maximum compressive strengths are observed in all case of materials where there is little
material removal, that is, brick typologies with small holes/openings. The graphs in Figure 5 show
that the strength of bricks is increased as the volume of material is increased non-linearly.
In case of adobe material, in all brick with volume 0.0018m3, maximum compressive strength is
observed (Figure 6). These brick types have no holes/openings but recess with minimum material
removal. In brick types with volume 0.001m3, which have large and rotated holes/openings, minimum
compressive strength is observed.
In case of clay mixtures, maximum compressive strength is observed mainly in bricks with maximum volume of 0.0018m3. Minimum compressive strengths are detected in brick types with volume
0.001m3. In the first category cases where brick types with recess and minimum material removal
are observed, while in the second category cases where brick types with large and small holes/
openings that are rotated are observed (Figure 7).
In case of concrete, maximum compressive strength is observed in bricks with volumes of 0.0018m3
and 0.0016m3, and minimum compressive strength in bricks with volumes 0.001m3 and 0.0014m3. In
the first case, the brick types are the ones with minimum hole/opening and with/without rotation,
as well as types with recess and minimum removal of material. In the second case, brick types with
holes/openings and large material removal are observed (Figure 8).
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5.

Conclusion and future works

This ongoing research works considers a series of investigations including static performance-oriented design in order to find desirable modular brick typologies with and without hole/opening
based on three types of materials. Aim is to integrate performance-oriented design investigation
with an automated fabrication process and particularly a kinetic and flexible formwork mechanism
in order to allow the production of variable modular bricks accurately and in less construction
time. Purpose is to examine the potential of different tools and analysis mechanisms incorporated
in the early stage of design in order to achieve minimum material and static adequacy of design
under investigation.
In this paper, the static performance-oriented design process is presented, aiming to assess the results in accordance to the suggested design under investigation. Static analysis is essential in order
to avoid errors and failures of the construction of the modular bricks. Currently, this is possible
through digital platforms, which allow an easy and quick evaluation of design attempts and imitate
extraction of quantitative results that can be used in the next stages of design investigation and
construction. Finding related to the compressive strength of brick type solutions through digital
computation in the first stage of design experimentation helps to distinguish solutions with sufficient and effective static performance and therefore helps to determine the solutions that can be
produced based on the suggested materials.
Further research work, in addition to the study of adaptive formwork mechanism and static adequacy of the modular brick units, will aim towards the development of an integrated methodology
where environmental criteria will be examined in the early stage of design process. More specifically,
work towards the quantitative analysis and evaluation of solutions based on the performance of
process and the products in terms of carbon dioxide emissions, energy, costs and time will be conducted. At the same time, the possibility of implementing the adaptive formwork in construction
scale scenarios for physical prototyping will be investigated.
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(De)constructing and analysing a joint
Hector Cantos Coronel // ETS Arquitectura del Vallès, Universitat Politècnica de
Catalunya

Abstract
This paper discusses the possibility of designing a pin joint that is also easy to fasten in position
in order to support the stresses of a conventional and not lightweight structure. It is believed
that it is possible to prefabricate a structural system based on a Hexagrid configuration that
can be folded, transported, deployed and assembled. The model is produced by means of a
process that goes from geometric functional design of the joint to validation of its structural
resistance using a finite element model through which stresses and deformations will be analysed in order to find a stable solution that is feasible to build.

Keywords
Hexagrid; Joint; Foldable; Modular
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1. Introduction
The content of this article is part of broader research that attempts to find a prefabricated and
transportable structural system to be implemented in areas of Latin America, where technology
is concentrated around large cities but where there is a great need to create new infrastructure
in areas relatively far from development poles, where there are no facilities to implement modern
building systems.
1.1

Using tubular systems

The systematic development of tubular structural systems in buildings started in the Master’s thesis
completed by Myron Goldsmith in 1953, under the supervision of Mies Van de Rohe, at the Illinois
Institute of Technology, Chicago. That thesis proposed three types of tube structure: variable irregular Diagrid frame, narrow regular Diagrid frame and a solution of mega-trusses (Goldsmith, 1953).
Fazlur Rhaman Khan paid greater attention to the development of the mega-truss system, while
the other two systems proposed have been developed more recently, since construction technology has allowed it and since the need to achieve taller buildings with more complex volumes has
demanded it (Montuori, 2015).
1.2

The Diagrid system

The Diagrid system consists of a tubular structure composed solely of diagonal bars that are capable of transporting the vertical and lateral forces of a building without columns. Its diamond configuration, together with the rigidity of the slabs, allows axial behaviour of the forces in the bars, which
makes it a very efficient system that at the same time has great aesthetic potential in the design of
architectural elements. Since the beginning of the 21st century, architect Norman Foster and ARUP
have used the Diagrid concept in their designs1 (Boake, 2013) and it has started to become used
more frequently to resolve high-rise building structures.
1.3

The Hexagrid system

Operating in antithesis to the mainstream2 (HTA Association, 2007), the development of an architectural language based on hexagons has gathered momentum over time in a non-linear yet continuous way, taking as examples Buckminster Fuller’s geodesic frames seen at the 1957 World’s Fair
in Montreal or the contemporary Islamic architecture of Zvi Hecker with Alfred Neumann. One of
the major reasons for using hexagonal frames in architecture is based on verifying the honeycomb
conjecture, which was mathematically demonstrated at the end of the twentieth century. The conjecture states that a regular hexagonal grid is the best way to divide a surface into regions of equal
area with the least total perimeter (Hales, 1999).
The HTA Association hypothesised that a tube structural system might be developed based on
hexagonal modular frames that are rigid enough to be considered viable for use in the construction of building structures. This system was called honeycomb tube. The honeycomb tube system
demonstrated as a way of designing and building at all scales is explained, from planning to possible
application, in three informative books3 4 5.
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1.4

Foldability of structural frames

The idea of packaging complete sections of structure to reduce their volume is nothing new. In fact,
for lightweight structures there are several solutions based on bars that can be folded for transport
and then deployed and placed in situ (Escrig, 2013).
Although there are certain types of structural framework with the capacity to stabilise their position of use, normally at the cost of subjecting their elements to great stresses during the deployment process (Franco, 2010), which can even lead to deformation of the structure, such as the
experimental developments of Bricard linkages (Chen, 2003), the majority of frames need elements
to be added in order to stabilise their shape and behaviour as a structure, either in the form of
cables or bars. A framework may be stabilised by changing a pin joint to a fixed joint. This task
often requires complex designs that adapt to the scale, building possibilities and stresses that the
structure will have to support. In the search for pin joints that can be stable in their position of use,
we have looked at joint patents at different scales, ranging from camera tripods6 to the design of
lightweight structures7 8 9.
2. Description of the structure to be resolved
Within a set of previously developed and analysed multi-storey building models, ranging from four
floors to 15 floors, the tallest possible building height for the proposed conditions is taken as a
sample. This square-based building has a volume contained in a parallelepiped, the dimensions of
which are 16.17 m by 16.17 m at the base by 52.5 m height. The structural layout is tubes within
tubes, which spreads the load distribution between the perimeter structure and a core. The perimeter tubular system is made up of four surfaces identical in their geometry and the load distribution
means that each face is subject to equivalent stresses, with behaviour and deformation that can be
correlated. Each surface is composed of a horizontal hexagonal frame five hexagonal modules wide
by 15 hexagonal modules high. Of all the joints and bars that make up the perimeter frames, joint
number 14, corresponding to the intersection of bars 11, 12 and 17, was chosen as a reference.
The choice of this joint is justified in the structural analysis indicating that, within the type of joints
receiving three bars, it is this joint in which the greatest amount of stress is concentrated (Figure
1 and Figure 2).
2.1

Choice of profile type

The profiles used are rectangular hollow tubes, similar to those used in analyses conducted by other authors (Montuori, et al., 2015) and (de Meijer, 2012), as they simplify the joint design and also
work for structures subject to bending and compression.
3. Frame folding method
With a Hexagrid we are looking for a packaging system that, by taking advantage of the vacuum
that exists between bars, reduces the volume of the frame as much as possible, with the intention of
being able to transport sections of frame as large as possible, reducing and simplifying the assembly
work required on the building site (Figure 3 and Figure 4).
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Figure 1.

Figure 2.

Bars 11, 12 and 17 stress diagram (N/mm2 S11 Max/Min.

Joint no. 14. Intersection of bars 11, 12 and 17

UDSTL7)

Figure 3.

Figure 4.

Hexagrid building structure, floor plan distribution

Hexagrid building structure, axonometric
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Figure 5.
Conceptual folding of the system, plan view

Figure 6.
Conceptual folding of the system, elevation view

Figure 7.
Conceptual folding of the system, axonometric
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3.1

The folding system

The frame is defined as an ordered set of joints connected by means of bars that form a surface
that extends in the X plane, and with measurements X1,Y1 and Z0 modulated by means of regular
hexagons, each side of which has the same L dimension. The intention of the folding system is that
by rotating each articulation connecting the three arms that make up the joint with their respective
bars, the frame is transformed into a volume with measurements X2, Y2 and Z1 so that measurements X2 and Y2 are smaller than X1 and Y1, tending hypothetically to zero, while Z1 reaches
a measurement similar to L. To validate the folding method, it must be possible to return to the
frame’s initial state (Figure 5, Figure 6 and Figure 7).
4.

Joint design conditions and limitations

In order to meet the expectations of the mechanism/structure duality, the design of a hybrid joint
with the following characteristics is required:
• Simple mechanisms with simple fastening methods.
• Small number of parts.
• Standardisation of parts.
• Possibility of replicating and adapting the model to different load requirements within the logic
of the system.
The design process takes into account that the material used will be S355 steel joined by welding
and that connections with bars will be done using bolts.
4.1

Scope of the design

Three types of joints are required to assemble the Hexagrid frame:
A: a joint that receives three equal bars, one along each arm, forming an angle of 120 degrees between any bar and its adjacent bar.
B: a joint connecting the structure to the foundations.
C: a joint at the edge of the structural frame that receives two bars and connects the frame with
its adjacent frame at the corners.
This article will look at joint type A, since types B and C may be considered designs derived from
the original model.
5. Designing the joint type A
The design methodology applied corresponds to linear and delimited phases. A more in-depth description of the design phases is explained below.
5.1

Geometric and functional design

From the dimensions taken from the building model, a series of joint models are made that evolve
to a level that meets the proposed conditions. Each piece of the model takes a section thickness
within the range of 80% to 120% of the section thickness of the bars. In order to look at the joint
and check the way it operates, a 1:5 scale model is printed in 3D, in which the pros and cons of the
model are noted for correction.
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Figure 8.

Figure 9.

Model of finite modules by colour for the application

Model of finite modules with section thicknesses

of section thicknesses

applied

Table 1.

Table 2.

Distribution of section thicknesses in finite element

Colours of force application groups per bar

models

Figure 10.

Figure 11.

Location of force application points in joint type

Diagram of force application groups explained in
colour
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5.2

Constructing the finite element model

The aim is to be able to transform the results of the search process into a comparable yet simplified
model that can be made in design10 software and entered into the interface of the structural analysis software11. We have created a three-dimensional model composed of two-dimensional finite
elements, assigning the material corresponding to S355 steel to these modules, with the determined
thickness. In order to facilitate the application of section thickness properties, different layers corresponding to a specific thickness are used (Figure 8, Figure 9 and Table 1).
5.3

Force application area

The equivalent forces of each bar are distributed in the upper and lower flanges of each of the
model’s arms, causing the joint loads to be distributed across the vertexes of the finite elements
around the holes through which the joint parts would be connected to the bars via pins (Table 2).
The forces are distributed between 384 points per group on each flange on each of the arms (Figure
10 Figure 11).
5.4

Obtaining forces

From the previous analysis of the overall building model, numerical stress data is obtained for nine
load cases corresponding to bars 11, 12 and 17 in the joint from the building model (Table 3).

Table 3.
Resisted forces in joint type, extracted
from the building model
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5.5

Transforming forces into applicable joint loads

In order to be able to apply the forces extracted from the building model to the joint model, resisted forces (F1, F2, F3, M1, M2 and M3) need to be transformed into applicable point forces (F1A, F2A,
F3A; F1B, F2B and F3B). Moments (M1, M2 and M3) are transformed by simple geometric processes
into applied forces, with a characteristic direction and sign. Once the magnitudes equivalent to the
moments are obtained, they are added vectorially where they correspond to the magnitudes of
forces (F1, F2 and F3) in the original model (Table 4 and Table 5).
5.6

Calculation and analysis of model type A

Once the mechanical properties, forces and support conditions of the model have been applied,
it is analysed using Sap2000 V.20 software. A static linear calculation is performed for each of the
load cases applied. The parameters analysed are: maximum absolute Von Mises stresses and deformations.
5.7

Support conditions and application of loads

To analyse Von Misses stresses, fixed support conditions are used at the end of bar 12, while the
loads corresponding to bars 11 and 17 are applied to their respective flanges. To analyse deformations, fixed support conditions are used at the ends of bars 12 and 17, while their respective forces
are applied to bar 11(Table 6).
5.8

Von Mises analysis

When analysing the maximum absolute Von Mises stresses, the aim is to find areas where forces are
concentrated which may jeopardise the stability of the parts, and to make the respective geometric
amendments to counteract the tendencies observed. Knowing that the nominal yield strength (fy)
of S355 steel is equal to 355 n/mm2, the stress analysis is done graphically with a range between 100
n/mm2 and 355 n/mm2 (Table 7).
5.9

Deformation analysis

The deformation analysis seeks to ensure that the displacement of the joint arms does not affect
the correct functioning of the general structure to which they belong (Table 8 and Figure 12).
6.

Description of the joint type A model

The model consists of three parts made of S355 steel, a central part (TYPE A) that acts as a skeleton
and two twin parts (TYPE B) that cover the first part symmetrically on each side.
The result of the design process resolves the articulations of the bars forming the joint in such a
way that the joint has radial symmetry and bilateral symmetry.
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Table 6.
Joint type model with supports and applied forces for Von Mises stress and deformation analysis

Table 8.

Figure 12.

Maximum deformation joint type / 12-17

Maximum resulting deformation UDSTL10 model type /
12-17 (mm)

Figure 13.

Figure 14.

Type A part, plan view

Type A part, elevation view
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Figure 15.
Type A part, axonometric

Table 7.
Maximum absolute SVM stress analysis (n/mm2)
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6.1

Type A part

The core of the part is three steel plates welded together to form an equilateral triangle. This triangle has three symmetrical arms, each made up of two steel plates with three pairs of holes that
help, through bolts and pins, to connect the bars to the parts of the joint (Figure 13, Figure 14 and
Figure 15).
6.2

Type B part

The part comprises a large steel plate, the shape of which resembles a triangle that covers and goes
beyond the surface of the type A part and appendages, of the same material and thickness, symmetrically located on each of the arms of the joint (Figure 16, Figure 17 and Figure 18).
These appendages or flanges are perforated in such a way that their holes coincide in number, position and length with the holes of the type A part and extend longitudinally beyond the limits of the
superficial steel plate. The type A part is attached to two type B parts and to the bars by means of
screws screwed under pressure. In addition, each arm of the joint includes a pin in the pair of holes
furthest from the centre, which acts as a pivot to allow the necessary rotation of the bars (Figure
19 and Figure 20).
7. Application of the folding system
The foldability of the system is achieved by creating an articulation in each of the three arms thanks
to a pin allowing each of the bars to be rotated. Releasing the free type B part makes it possible for
the bars to rotate 900, going from a vertical position (folded) to a horizontal position (deployed).
The type B part is then repositioned and secured (Figure 21, Figure 22, Figure 23 and Figure 24).
8.

Conclusion

• The proposed joint allows for packing of the framing bars, which means that the structure will
be easier to prefabricate and transport.
• When we move away from the field of lightweight structures, the geometry of the joint mechanism is subordinate to its structural functioning, so that the joint must be capable of supporting
and efficiently transferring the building’s own forces.
• The right balance between the resistance of parts and the simplicity of the mechanism has led
us to look for a design that avoids superfluous use of materials.
• In response, we have tried to reduce to a minimum the number of joint parts and ensure that
they have dual purpose, hence the choice of the position of the pins to achieve articulation, or
the shape of the type B part, which serves to stop the joint moving during transport.
• Despite not having a connection with the slabs, joint number 14 of the building model is chosen
as we are seeking a joint that is representative due to concentration of forces, but at the same
time avoids elevating the complexity of the model by introducing shear forces to the joint.
• In the Von Mises stress analysis it is observed that, for almost all load cases, the material stress
is below 30% of the allowable stress, and that the concentration of stress is centred on the angle
formed by the joint arms.
• With the support conditions applied, the maximum deformations at the ends of the arms should
be taken as a trend rather than an absolute value.
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• The deformations follow a pattern similar to that shown by the bar model of the building to
which this joint belongs.
• More complex finite element models need to be created and non-linear calculations applied to
understand the plastic behaviour of the parts in greater depth.
• The efficiency of the design lies in how compact the joint can be. This is easier to achieve if the
stresses from the bars have magnitudes that allow them to be distributed among the least number
of bolts possible, which means that the system works best for low buildings with less load.

Notes
(1) See London City Hall (2002), Swiss Re (2001-2003) and Hearst Tower (2003-2006).
(2) “Hexagonal architecture does not form a single flow in history, nor has it ever generated a
dominant trend. However, looking back upon it now, we might perhaps say that these designs have
always played the role of posing an antithesis to the main current”.
(3) “Honeycomb Tube Architecture: The spatial potentialities of hexagons” (2007).
(4) “Honeycomb Dynamics Architecture” (2008).
(5) “Honeycomb Tube Architecture Technology” (2009).
(6) Locking Means for tripods (TORR., 1917).
(7) Hub Assembly for Collapsible Structure (Beaulieu, 1986).
(8) Tent System Employing an Improved Spider Hub and Associated Frame Structure and Method
of Compacting the Frame for Reduced Storage Size (Samuel, 2018).
(9) Self-locking joint for folding structures (Pérez Valcárcel, et al., 2018).
(10) Autodesk AutoCAD 2017.
(11) In this case, SAP2000 V.19 software has been chosen.
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Figure 16.

Figure 17.

Type B part, plan view

Type B part, elevation view

Figure 18.
Type B part, axonometric

Figure 19.

Figure 20.

Joint with bars folded, axonometric

Joint with bars deployed, axonometric
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Figure 21.

Figure 22.

Folding process 1, axonometric

Folding process 2, axonometric

Figure 23.

Figure 24.

Folding process 3, axonometric

Bar deployment process, axonometric
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The 14th issue of the ArchiDoct e-journal addresses the notion of “meta”, a term
typically used to denote something of a higher or second-order; or a change of position
or condition; or a position behind, after or beyond. “Meta” in Greek is an extremely
wide-ranging word, used to denote, among others, the way in which, in accordance to,
after, in-between, with. We use the term “meta” to define our current condition, of a
higher or second-order, one that comes after and goes beyond but also with the one
that came before and more importantly, describe the intermediate, betwixt, in-between
nature of our times.
Our Meta- age is difficult to define as many separate conditions of the past coexist and
are blended and merged together in a new, hybrid and fused reality.The pre-modern, preindustrial, pre-alphabetic world, reigned by handicraft, orality, immersion, randomness,
aggregation, nowness and emotion and the modern, industrial, alphabetic world, ruled
by machine-made, text, theory, regulation, analysis, perspective and rationality; are now
merged in this meta- condition, where new hybrids are conceived and engendered and
a new and programmed wilderness emerges.
Relation and mediation characterizes this meta- age and architecture as a formerly
principal mediator is challenged.The Meta- issue aims to examine this challenge in different
aspects of architecture. Design as a detached and separate process from construction is
reconsidered; typologies and customization are re-examined; representations no more
aim to describe buildings or objects but rather to relate the experiences of subjects
in or with them; unbuilt simulations become autonomous and even more seductive
than the experience of physical space; materials are no longer classified as natural,
artificial or industrial as they are all calculable or even programmed; description of
forms surrenders to the survey of in-formation through abstract modeling conceptions;
subject and object opposition becomes irrelevant as interconnected subjects and recontextualized things that form part of an almost animated standing reserve, define
new possibilities for novel interrelations and configure dynamic atmospheres.
The 14th issue of ArchiDOCT invites doctoral students and researchers to submit
essays that examine the notion of “Meta-” and the way this radical but subtle paradigm
shift creates novel possibilities but also demanding challenges for architecture.
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