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Abstract. This paper demonstrates a preliminary research and teaching investigation that
attempts to use virtual forces in order to achieve interaction behavior between individual
components as mechanism for the development of physical prototypes in various scales.
Through case studies, the current research examines possibilities for the design of global
systems, structural components and joints aiming to construct prototypes that can be
characterized by continuity in their forms, structures and materials. In parallel, a number
of questions are raised. Is the process from design to fabrication linear? What can be the
relation between digital and physical processes? In which level this integration can be
achieved? This work attempts to investigate the application of such methodology, both
in design and fabrication, and to examine its contribution in the design and construction
process. 								
Keywords. Virtual forces; assembly; construction; physical prototypes.

INTRODUCTION
Nowadays, the process from conceptual design till
materialization of design outcomes is strengthened
by the application of techniques and methods that
are based on digital principles. Digital tools are used
in design and fabrication of systems and structures
offering new possibilities for further investigation.
This becomes more necessary in cases where the
complexity or the morphology of design do not
allow accurate and reliable use of conventional
means.
Different processes have been used, which
might be categorized within the broader fields
of Computer-Aided Design (CAD) and ComputerAided Manufacturing (CAM). In some cases, these
can be recognized as linear showing clear transition
from the digital production to the physical development. In other cases, these processes are found to

be obscure due to the methods applied. However,
in all cases the question remains the same; in which
extend such processes can be part of a continuous
loop mechanism where the digital design is able to
inform the digital construction and vice versa?
Through various case studies, this paper tries to
discuss those issues by introducing the idea of virtual forces and its influence in design and fabrication
process. Preliminary results are the starting point for
further discussion aiming to achieve closer collaboration between those methodologies.
For the purpose of current paper, a number of
research and teaching investigations are developed
that are distinguished in two main categories focusing on the relation between virtual forces as mechanism for the development of systems and structures.
Virtual forces affect the way systems of structural
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components and joints are organized in order to
create outcomes that take into consideration static
function, material behavior and morphology.
In the first category, components’ interaction
behavior is used to specify local connectivity and
hence the design of global morphologies aiming
to optimize final outcomes through the gradual readjustment of components and their joints in space.
In the second category, attention is given on the
way structural components are assembled together
creating large scale prototypes that extend the
working dimensions of fabrication machinery. This is
directly related with the ability of components and
their joints to support loads applied in the structural
system under investigation. Internal systems of connectivity act as supportive systems of the overall
structure and are fabricated using subtractive and
additive fabrication processes.
In this category, a series of experiments are developed including those produced by students within the parametric and fabrication courses taught
by the author. The investigation attempts to use
this idea as the starting point for the development
of structural systems. In this case collectiveness is
achieved through collaboration between students
who are producing individual components and then
common structural systems.
All experiments intend to investigate possibilities of interaction and collaboration in digital and
physical levels. Virtual and real forces accelerate
interaction behavior between particles and hence
structural components – joints aiming to investigate
fabrication strategies.

OVERVIEW
This paper is structured as follows: the first part
gives a brief introduction into the virtual forces, interaction behavior and its application in different
fields of study including digital fabrication; the second part gives an introduction into the current design and fabrication process following by the development of virtual force methodology for the design
of structural systems; the third part discusses the design of structural components and joints; the fourth

part focuses on assembly and construction process;
the fifth part draws some general conclusions; and
finally the sixth part discusses future plans.

RELATED WORK
The interaction behavior between individual components that leads to the generation of complex
systems and structures can be positioned within
a broader field dealing with issues of collective intelligence in natural and artificial worlds. Modeling
of such behavior can be found in different areas of
study and for different purposes using names like
swarm intelligence and agent-based modeling. Natural or artificial examples can be used for computer
simulation, for instance the well known investigation of flocking behavior modeling (Reynolds, 1987).
Also, various attempts to model other structures
and behaviours found in nature like ‘stigmergy’ and
‘sematectonic communication’ involve interaction of
social insects within given environments. In the case
of flocking behavior the interaction is developed between particles (birds) achieving simulation of their
movement based on simple rules. In the second
case individual particles (termites, ants, etc) interact
with the environment and in turn this influences the
behaviour of other particles (Resnick, 1994).
Such methodologies have been used for design
and construction purposes. Work on the interaction
behaviour between particles influenced by built
environment can be found in (Carranza and Coate,
2000). The term ‘swarm tectonics’ has been introduced to describe the application of such mechanisms in design and construction process (Leach,
2004). Similar principles have been applied for
investigating the design and construction of structural systems (Shea, 2004) [1]. The process of components’ assembly and construction has been also
examined and integrated with computer-generated
design approaches leading to various morphologies, for instance by using shape grammars (Sass,
2005; Knight, 2008). Such methodologies result the
construction of overall systems consisting of individual components (Griffith et al, 2006; Sass, 2007;
Arpak, 2009).
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VIRTUAL FORCES IN DESIGN OF
STRUCTURAL SYSTEMS

•

In order to develop the current methodology two
systems are investigated, the system of structural
components and the system of joints that are interrelated aiming to produce physical prototypes
of continues structures. Such development offers a
number of advantages in various levels such as flexibility in regards to the scale of prototypes development, which moves beyond the actual dimensions
of machines’ working area.
The idea has been initiated from examples
found in wooden structures where mortises and
joints are used. This work aims to use similar technologies for creating massive structural systems. The
way parts are connected offers rigidity and massiveness to the system, allowing global unity of forms,
structures and materials. Hence, the systems of
structural components and joints are investigated in
parallel formulating the basis for any experimentation that takes into account either subtractive or additive fabrication processes.
Initially, the research examines possibilities of
interaction behavior, either between components
within the same system (structural components and
joints) or between components of different systems.
This allows investigation on issues related to the
generation and spatial arrangement of individual
components and overall structures.
Modeling of interaction behavior between components using virtual forces has been developed in
previous research in order to simulate pedestrian
movement and interaction in the built environment.
The computer program has been called ‘virtual force’
model since the movement and interaction is accelerated by forces acting on each individual component (pedestrian) (Kontovourkis, 2009; 2010; 2011a,
2011b; 2012). Similar principles are applied for the
purpose of current research although in this case individual components are represented by structural
components and joints.
By using force-based interaction principles between individual components the research aims to:

Investigate a number of design possibilities afforded by different virtual forces applied locally
and observe results in global level
•
Allow the self-organization of structural components and investigate emergence behavior
in the production of systems
•
Optimize final outcomes through the gradual
re-adjustment of components based on proximity and load conditions
•
Find best morphological and structural relations between individual components in structural systems
For the current research investigation a number of
case studies are developed. Force-based rules are
produced using Processing [2] programming language. Then, through gHowl [3] plug-in the interaction behavior is visualized in Grasshopper [4] (plugin in Rhino [5]) for further geometrical and detailed
development achieving real time simulation of
structural systems.
In all case studies, basic interaction between
components is achieved through repulsive behavior.
Such behavior can be produced when individuals
tend to keep a distance from each other. This can be
described by the diagram of force-distance relation
where exponential function is used to demonstrate
that the force magnitude is reduced while the distance is increased. The summation of all forces acting on each individual due to the proximity with
other neighbors accelerates its movement and
overall behavior (Kontovourkis, 2009). This results
the self-organization of individual components and
optimization of their position in space.
Following figure (Figure 1) shows a system of individual components and a network of relations in
space where repulsive behavior is applied. Initially,
through gradual or direct addition and random distribution of points, a network of relations is formed.
Each point in this network represents a structural
component that is formulated by the four surrounded points closer to it. As a result, the system of structural components and the system of joint network
is created.
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Figure 1
Random initial organization
of a structural system based
on virtual forces. Individual
points and hence structural
components gradually readjust their position in space
(three basic time steps).

Figure 2
Initial organizational structure
of a system influenced by
external surface boundary.
Individual points of the system
gradually re-adjust their x, y,
and z position in space (three
basic time steps).

In this case, a number of design possibilities are investigated leading to self-organized results. As it has
been mentioned in previous paragraph, points and
hence structural components can be gradually added to the system or can be part of the overall structure from the beginning. The program runs through
time and calculates the interaction behavior between individual components. In both cases, this
interaction results the re-positioning of all elements
influencing its overall structure and behavior. Similar
behaviors can be achieved by adding external influences like boundary conditions. Components of the
system try to find the best possible position in space
and be stabilized according to the new boundaries.
The next figure (Figure 2) shows another case
where repulsive behavior is applied. In this case,
points are organized in a rectangular grid. Apart
from the interaction between individual points, external conditions are added to the system influencing its morphology in real time. This might include
different kind of constrains affecting system’s behavior. In this example, the system is gradually re-ad-

justed due to the additional influence of an external
surface boundary. The resultant force acting upon
each individual point accelerates its movement in x,
y, and z direction. Again, each point within the system represents an individual structural component
that is created by its four surrounded points.

DESIGN OF STRUCTURAL COMPONENTS
AND JOINTS
System of structural components
Structural component is the main tectonic element
of any structure influencing its static behavior but
also its morphology. Hence, local decisions on the
shape of individual components are directly related with the static behavior and shape of system in
global level. In this experimentation, the design development of structural component is based on the
four points specified through virtual forces but also
on the parameters that influence its static behavior,
massiveness and rigidity (Figure 3).
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The design of structural components might not be
separated from the one of connections, which, in
many cases, appears in a later stage of the process.
Here, the system of connections is introduced and
integrated with the system of structural components becoming part of a holistic approach.

System of joints
In this part, attention is given on the way individual
components are connected together in order to produce global morphologies aiming to fulfill system’s
purpose, structural behavior, and to achieve rigidity
of the shape.

Following figure (Figure 4) shows different systems
that are introduced as part of research and teaching investigation interconnecting structural components and joints.
Subtractive and additive fabrication processes
are used for the construction of physical prototypes
is various scales aiming to extend the working dimensions of available machinery. In the first case,
this is achieved through the use of laser cutting machine. Here, the design focuses on the way materials (cardboard, wood, etc) behave according to the
proposed design. In the second case, 3D printer machine is applied. Again, the material used for printing is important to be considered as the starting
point for any development.

Figure 3
Proposed designs of structural
components. The design approach differs according to
the fabrication process used
(Examples developed by
Kontovourkis and Tryphonos,
2011; 2012).

Figure 4
Examples of interconnected
structural systems. Decisions
on the way joints are designed
and positioned on each
component are influenced by
morphological and structural
criteria (Examples developed
by Kontovourkis and Tryphonos, 2011; 2012).
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ASSEMBLY AND CONSTRUCTION
PROCESS
In case of subtractive processes, the experimentation obtains information from the simulation of
structural components and their joints in space
based on virtual forces. By using laser cutting machine, parts that consists the structural components
and joints are cut and then assembled together
(Figure 5).

In case of additive fabrication process, the work develops a series of experiments as part of research
and teaching investigation. For teaching purposes,
the organizational structure of systems is achieved
through other digital tools including Paneling Tools
[6] plug-in in Rhino. Based on these principles, rectangular grids are developed representing overall

systems, which allow positioning and arrangement
of individual components and joints.
Structural systems are developed based on the
idea of local connectivity-global continuity of forms,
structures and materials. Within this framework students are asked to work in groups in order to develop structural components and joints. In this case,
main emphasis is given on the process of assembly
and construction and secondary on digital design
mechanisms applied to investigate interaction behavior. Suggested steps and design criteria are given
as follows:
•
Design development of morphologies based
on the logic of part-to-whole including the design components and joints
•
Generation of alternative design solutions as
results of the interaction between individual
components within the system
•
Structural functionality and optimization of the
materials usage
Physical prototype used as an example for the students’ projects development. Assembly of individual
structural components and overall Figures above
(Figure 6 and 7) show physical prototypes that have
been introduced as examples used for the students’
project development. Figure below (Figure 8) shows
various students’ projects using the same principles.
In this paper, various results and their relation
with the processes applied can be observed. Diversity of physical outcomes can be produced due to the
decisions taken in different stages of the processes
but also due to other criteria that cannot be specified explicitly like personal intuition and choice. The
way parts of structural systems are interact in space
influences overall behavior of the system and hence
its appearance in space. It is believed that such methodology can provide large number of solutions and
alternative outcomes.
In terms of teaching benefits, results show that
through this process students are beginning to understand the relation between components and
joints starting their investigation from the individual and not from the whole. In parallel, this allows
awareness on issues related to morphology, struc-
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Figure 5
Subtractive fabrication process. An example of assembly
and construction of physical
prototype based on spatial
arrangement proposed by
the interaction between individual components (Example
developed by Kontovourkis
and Tryphonos, 2012).

Figure 6
Physical prototypes used as
examples for the students’
projects development.
Assembly of individual structural components and overall
systems (Examples
developed by Kontovourkis
and Tryphonos, 2011).

Figure 7
Physical prototype of four
structural components connected together, an individual
component, and its joints.
Example used for students’
projects development (Example developed by Kontovourkis
and Tryphonos, 2011).

Figure 8
Additive fabrication process.
Examples of physical prototypes produced by student
during the design and fabrication courses (Students of
course ARH-421. Left: Students
team: Athinodorou, Patroklou,
Hatzigiorki, Hatzicharalabous,
Spring 2011. Middle: Students
team: Anagiotou, Anthrakopoulou, Prodromou, Protou,
Spring 2011. Right: Students
team: Anastasiadou, Konatzi,
Konstanti, Stilianou, Christou,
Spring 2012).

tural and material behavior as well as detailed design process. In this way, bottom-up thinking can be
developed considering interaction between components and not overall behavior at the first instance.

CONCLUSIONS
Preliminary design and construction outcomes show
that the process from design to fabrication can be developed using different methodologies. This research
attempts to develop processes where digital mecha-

nisms are used for the self-organization, design and
fabrication of components and overall structures.
Whether such processes leading to physical prototyping can be characterized as linear or can be distinguished into digital and physical is under consideration. In general, some processes can be recognized
in discrete steps, from design to fabrication, others
can move back and forwards in a bidirectional manner.
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Aim of this preliminary research and teaching investigation is to examine and apply both processes in
ways that physical prototypes can be produced as
results of integration between digital and physical
mechanisms that involves force-based interaction
behavior of individual components.

FUTURE PLANS
In this paper a number of questions are raised as
regard the way virtual forces are applied achieving
interaction behaviour between individual components. However, this investigation showed that the
influence of current methodology in design and fabrication is still in a preliminary stage.
What can be suggested for the future is a more
direct relation between the design of structural systems through interaction of individual components
and the construction of those components aiming
to apply such methodology in a bidirectional manner. This might provide opportunities for investigating alternative fabrication methods that are not
solely based on the use of commercial machines but
involves other fabrication strategies. This might allow innovative real time interaction and collaboration between design and fabrication processes.
Also, important part in this investigation is the
analysis and evaluation of results based on design
and static criteria specified in each case. In order
to achieve this, structural analysis and simulation
of proposed designs will need to be investigated in
parallel.
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