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Abstract. Computer simulation methods have opened up new possibilities for design and research by introducing environments in which
we can manipulate and observe. For instance, architects utilise threedimensional modelling tools to simulate architectural geometries, and
engineers use Finite Element software to simulate structural behaviour. Simulation tools make certain aspects of architecture efficient,
but, on the other hand, they have brought new types of challenges into
the field. One such challenge is the structuring of so-called complex
geometries. These forms are often conceived in an environment where
gravity, scales, and material are absent and calculated in a model where
geometries are frozen and static. As a result, there exists little understanding between the two disciplines in solving the design to come to
a well-negotiated form. In the context thereof, our work focuses on the
development of interactive simulation environments that induce intuition towards the specific counter-intuitive problem of structuring in the
early stages of design. The paper gives insights into aspects of simulation relevant to architectural design and structural engineering. Subsequently, three simulation environments that we have developed are
presented to demonstrate our strategies.
Keywords. Computer simulation; finite element analysis; interactive
software.

1. Introduction
Computer simulation and visualisation methods have transformed the ways
we comprehend the world as well as how various professions operate today
(Turkle 2009). For instance, architects utilise three-dimensional modelling
tools to simulate architectural geometries and engineers use Finite Element
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software to simulate structural behaviour. Simulation tools enhance the efficiency of certain aspects of architectural practice, but, on the other hand, they
have brought new types of challenges into the field. One such example is the
structuring of so-called complex geometries.
The connection between form and its structural and material considerations
has been an integral part of architecture since its beginnings. However, after
the academic separation of the two disciplines was formalised in the 1740s,
the distance between the two has been increasing steadily despite attempts to
(re)unite the two (Holgate 1986). This has become increasingly apparent and
problematic due to the introduction of geometries conceived in a computer
environment where gravity and material are absent and scale is vague, calculated in a model where geometries are frozen and static. In other words, each
discipline is operating within its theoretical and methodological belief system,
which determines how it identifies and solves problems that are reflected and
reinforced by the simulation tools.
In the context thereof, our work focuses on the development of an interactive simulation environment that induces an intuitive understanding towards
the specific counter-intuitive problem of structuring in the early stages of
design.
2. Computer simulation in architecture and engineering
2.1. Current Use of Simulation

Since the construction of the first general purpose computer in the mid-1940s
and the development of high-level programming languages in the mid-1960s,
computer simulation has become accepted as a powerful approach and an
important area of study (Goldsman et al. 2010). The introduction of computer
graphics has been particularly important for the emergence of computational
perspectives in the field of architecture, which has developed into Computer
Aided Design, following the development of finite element analysis (FEA)
methods and other engineering tools. A wide range of simulation tools are
available today in the domains of idea exploration, risk assessment, information management, and problem solving. In the field of architecture, the
focus of modelling and simulation has been on geometric aspects. This is
partly due to the proliferation of digital design tools that enable architects to
create complex forms that were formerly difficult to manipulate with previous
design technologies. At the same time, other simulation tools, such as FEA in
structural engineering, have enabled us to assess the constructability of such
geometries, and these have been expanding the boundaries of what is possible
today in the construction industry.
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However, at the same time, we can observe various challenges in effectively controlling the design using simulation tools. For example, architects
utilise three-dimensional modelling tools to create a complex geometric form
with very little understanding towards its structural behaviour. Subsequently,
structural engineers, with the aid of FEA, try to fit and support this predetermined ‘ideal’ form with more or less homogeneous elements such as beams
and columns with very little understanding of its geometric flexibility based
the design intentions of the architect. As a result, both parties are required to
go through a tremendous amount of trial and error, often resulting in an enormous waste of time and material. Therefore, it seems important to find ways to
facilitate understanding between both sets of professionals, particularly with
regard to the simulation tools we use today.
2.2. Modelling and Simulation

Computer simulation involves the modelling of a reality of something, as an
abstraction, to facilitate understanding towards a specific aspect of interest.
Simulation is a manipulation of a model that enables us to perceive interactions, the relationship between parts, as well as its overall implications, all of
which would be difficult to observe otherwise. Generally, it is necessary to
iterate the cycle of modelling, simulation, and evaluation to develop a sufficient degree of understanding toward the specific aspect of interest.
As discussed in the previous section, architects and engineers look into different aspects of reality, thus the models they develop as well as manipulate
hold different structures and controls. For instance, an architect might model
a column with a given thickness in order to see its impact on the space. In an
FEA model, on the other hand, one requires the centre line of a column as
a geometric input, and the cross-sectional properties are assigned separately
along with its material properties. Therefore, at the current state of the art, the
models are not interchangeable and require much pre-processing to convert
one type to the other. In addition, architectural software gives detailed control
over the geometries, whereas an engineering FEA assigns controls to material
properties and boundary conditions such as fixings and loadings.
2.3. Modelling Techniques and Simulation Evaluation

A good model requires a skilled modeller. The quality and usability of the
model hugely depends on his/her practical experience and level of understanding of the subject. Similarly, enormous domain knowledge is required in
order to comprehend and evaluate the simulation results.
A way of overcoming the disparity between the simulation tools, naturally,
is to build an environment where both geometric and structural simulations co-
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exist. Major commercial software tools used in architecture, such as CATIA,
Solid Works, AutoCad Revit, and MicroStation all have structural modules to
perform FEA which can be attached to the geometric environment. However,
such modules are generally not used by architects but rather engineers, as it is
difficult to use them without the relevant experience and knowledge. In addition, the resultant visualisation of the FEA is often insufficient for an architect
to make design decisions based on the structural behaviour.
In this context, our belief is that it would be tremendously helpful to
develop simplified yet intelligent geometric and structural simulation tools
that focus on inducing the intuitive connection between the geometries and
their structural behaviour. The following discussions focus on the early stages
of architectural design where structural behaviour is particularly opaque to
architects. This is because, in many cases, it is difficult to think of structure
without a definite geometry. In addition, most of the critical decisions, including the general shape of the buildings, are made during this stage.
2.4. Intuitive Simulation for Design Creation

Here, we consider intuition as insight gained by practice (input) and feedback
(output) which allows one to make informed decisions in the context of a specific design problem.
As discussed, in the particular case here, the aim is to connect geometry and
its structural behaviour in a single simulation environment that would aid the
making of design decisions in the early stages of design. Computer simulation
is numerical and logical in its nature, which is suitable in expressing engineering problems. On the other hand, architectural design problems, for example,
are notably ill-defined in their inception; a designer cannot describe the logical
steps that led to a goal or even clear evaluation criteria (Simon 1973, Chan
1990). In fact, the development of a design problem itself is an important
aspect of design that involves ‘a series of additions and subtractions, decision
and changes-of-mind, continuations and reversals’ (Moira 2010). In the early
stages of design, architects use modelling tools mainly as a replacement for
sketching to generate their design ideas. In this process of conceptual sketching, visual representations are fundamental to architectural design. In fact,
they are not a mere record of an idea but an active hint for design generation.
Designers use visual cues in observing graphical elements that trigger mental
images, which in turn may suggest ideas for the current design (Menezes and
Lawson 2006). Therefore, in our simulation environment, we make particular
effort in (1) simplifying the user input, (2) speeding up the input-output loop,
(3) providing compelling visualisation, and (4) presenting a level of flexibility
in the simulation results.
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3. Simulation for intuitive structuring
In this section, we present three projects in which we attempt to induce
the architect’s intuition towards the counter-intuitive domain of structuring
(Table 1).
TABLE 1. Project strategies

3D
modelling

FEA

None

Real-time FEA
analysis with a
pre-set material
property

Assembly
of 3D line
elements

Animated
deflection and
stress distribution
of the input
geometry

Simplified
3D modelling
capabilities

A set of
parameters
for geometric
control

Potential errors
and crashes
between the
aesthetics and
the structural
elements

Real-time FEA
analysis with a
pre-set material
property and
boundary
conditions

Pre-coded
mathematical
description of
the designed
geometry

None

Input

Output

Simplified
boundary
conditions for
FEA

Various
visualisation
of the optimal
material
distribution

FoamTower

Shanghai
Expo

TopoStruct

3.1. TopoStruct – Mechanical Intuition

One of the applications we have developed (Kaijima and Michalatos 2011),
TopoStruct, is based on the theory of topology optimisation (Bendsoe and
Sigmund 2002). This is a well-documented methodology that produces notionally optimal geometric and material distributions with respect to structural
behaviour (Figure 1).

Figure 1. Screen captures of TopoStruct in 3D environment.
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TopoStruct was made for exploring lateral structural solutions but also for
enhancing a designer’s intuition into structural behaviour. In this method a
volume of variable density or porosity material is assumed in space and the
problem is set up as a set of support conditions and forces acting on this volume.
Iteratively the related algorithms attempt to find a topologically optimal solution of material distribution that best meets the given boundary conditions
while minimising material use. To enhance the understanding of the structural
behaviour of the solution, we offer different ways of visualising the information in 2d and 3d especially the densities, strains and principal stress directions
whose patterns can give an idea to the designer about the internal forces that
arise in volumes of materials and most importantly the tension and compression regions (Figure 2).
The software has allowed people with little prior knowledge of engineering to acquire an induced understanding of mechanics of material. In fact,
after spending some time “playing” with hypothetical scenarios and observing
TopoStruct, users tended to anticipate the results, as though they had gained
an intuitive understanding of the underlying principle.
Topology optimisation often converges to a familiar solution such as
a truss. While we are accustomed to considering trusses as made of nodes
and struts, our work offers a glimpse into the abstract concept of a truss as a
product derived via a process of continuous distribution of material in space.
This reintroduction of a conventional concept as simple as a truss is extremely
profound: it is an intellectual emancipation, a deeper recognition that the
objects of our world are not given, but shaped to reflect our understanding of
its principles.

Figure 2. TopoStruct 2D work flow and various visualisation options.
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3.2. FoamTower – Synthetic Intuition

The FoamTower software was developed for a two-hour workshop conducted
during an open house event at the Singapore University of Technology and
Design by the members of International Design Centre; a research institution
within the university. The aim of the workshop was to introduce architectural and engineering design concepts to prospective students through a collaborative learning and building experience of a large-scale design prototype.
Participants with no architectural or structural engineering background were
divided into a five-to-eight person team and were instructed to design and
build the tallest and most unique tower within given constraints. The constraints involved budget, time, material, footprint, and visual appearance. For
the construction setup, we used extruded polystyrene (XPS) foam material for
the beams, and we devised a joint system using pet-bottles and plastic balls
commonly used in the sport floorball, resulting in a joint that is not rigid yet
easy to assemble using heat guns and zip ties.
The FoamTower software used in the workshop was developed as an interactive educational tool where geometric, structural, financial, and resource
simulations are integrated into one. The interface was designed for team
members to quickly learn simple three-dimensional drawing and perform
real-time finite element analyses to observe the structural behaviour as well
as resource consumption. In addition, the tool allows for a quick stability test
with extra loading on the joints to account for the physical properties of the
joint system and to provide construction information, such as a list of beam
lengths, to ease the building process (Figure 3).

Figure 3. Left: Screen capture of the FoamTower software
Middle: joint system Right: a tower designed and built by the students.

Over the course of three days, we ran a total of five workshops comprising more
than twenty-five design teams, where each team came up with a unique solution
within the given constraints. It is notable that all teams were able to navigate
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themselves through the intricate and interrelated constraints, which would have
been difficult to process or track without the aid of the simulation environment.
In other words, the constraint boundaries were not only expressed within the
software but were present also in the minds of the participants. They developed a dynamic mental image of the problem-solution space where the design
process of the tower was a balancing of considerations rather than a representation of an imaginable form. Most of the participants were pleasantly surprised
by the outcome they arrived at and expressed that they would not have thought
of the solution prior to interacting with the simulation environment. The multitude of tower solutions that were able to satisfy all the constraints is proof of
the creative and innovative potential held by this approach.
3.3. Shanghai Expo British Pavilion—Collaborative Intuition

The Shanghai Expo British Pavilion is a project designed by Heatherwick
Studio and structured by the firm Adams Kara Taylor (Figure 4). For the
project, as a part of AKT team, we designed an interface for the early stages
of design where we could observe and discuss the properties and problems of
different distribution methods for the 7.5-m long rods both seen as individual
elements and as a continuum with statistical and smoothly-varying aspects.
This ability to operate intuitively at the crossroads of the discrete and the
continuum is critical for projects that are geometrically hyper-fragmented and
work in multiple scales.

Figure 4. Left: Screen capture of the bespoke software.
Right: Shanghai Expo British Pavilion. ©Hufton+Crow.

The pavilion is composed of 60,000 slender rods made of transparent polycarbonate material which perforates each side of the structural box of approximately 10 m × 10 m × 10 m. The unique interior of the pavilion is formed
by the end points of these equal-length rods smoothly distributed on a filleted offset of the cube. Achieving such a configuration means that, apart from
tweaking the distribution of the outer end points of the rods, one can only
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alter the angles at which they penetrate the box. Depending on the projection
method of the outer points to the interior, different distributions arise inside
the box with varied implied surfaces. From a computational point of view, the
initial problem is that of creating a parametric model that is able to handle
this number of components and asses in real time the implications of how
different decisions affect various problems. In the process, we identified and
communicated to the team that a satisfactory distribution of interior rod ends
will generate clashes with the structural grid on the box, especially in proximity to the corners. An intuitive understanding of the potential problem and an
understanding of the rod distribution logic helped the architects to develop a
solution that negotiates between their design objective and the positioning of
the structure (Figure 5). At the same time, the engineering side was able to
develop a subtle solution to accommodate the remaining clashes by applying
a simple curvature to the structural ribs.

Figure 5. Left: Sections and spike projection studies using bespoke interactive software.
Right: Interior-photos of Shanghai Expo British Pavilion. ©Hufton+Crow.

The tools were designed so that they would not necessarily yield a singular
optimal solution but would allow the team to interactively develop their intuition into specific design problems in relation to questions of structural efficiency and expressiveness.
4. Conclusion
The paper gives an overview and insights into aspects involved in utilising
computer simulation both in architectural design and structural engineering.
First, we discuss the consequences we can observe in using simulation tools
and then we identify key factors that would help create a better connection
and understanding between geometry and its structural behaviour by using
the simulation itself. Three simulation environments are presented to illustrate
our strategies.
While this instance specifically focuses on the relationship between architecture and structural engineering, similar lines of thought can be applied to
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other areas of architecture such as wind, thermal, and acoustic considerations,
that are often counterintuitive to architects.
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