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The application of optimization processes in architectural design has gained
significant attention among architects and recently has become a driving force
towards more robust, reliable as well as flexible design investigations. Such
application, require handling of multiple parameters, aiming at finding the range
of possible solutions in morphological or topological problems of optimization,
mostly during the design decision-making process and under the influence of
functional, environmental, structural, or other design criteria. This ongoing
research investigation puts forward the hypothesis that optimization processes
might be equally applied during the construction decision-making process where
architectural systems are examined in terms of their ability to be statically
efficient and easily manufactured through the use of robotic machines. This is
important to exist within a bidirectional platform of communication where the
design decision-making will inform decision taken during pre-construction stage
and vise versa. In order to test our hypothesis, two case studies are developed
that implements genetic algorithms to examine the geometric and static behavior
as well as the construction ability of proposed flexible three-dimensional modular
formworks and overall systems for concrete casting, aiming to be robotically
manufactured in actual scale.
Keywords: Optimization process, genetic algorithms, robotic manufacturing,
modular formwork system.

INTRODUCTION
The implementation of genetic algorithms in architectural design as a multi-objective optimization that
occurs during the design decision-making process
aims to ﬁnd suitable solutions in morphological or

topological issues based on a number of criteria.
Speciﬁcally, the process attempts to increase the
number of possible solutions using a feedback loop
logic that cyclically iterates between modiﬁcation
and evaluation of results through the use of genetic
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mechanisms of crossover and mutation of a population of solutions based on a number of generations.
In this process, the evaluation criteria are represented
as objectives and are used to evaluate the population of solutions. In order to produce optimal solutions, at least one or more evaluation criteria are important to be taken into consideration. These can
be values within a minimum or maximum range derived throughout the digital simulation process. In
the case of multi-objective optimization, the evaluation criteria and the number of possible solutions are
increased dramatically and as a result, mechanisms
such as Pareto front are used to search for solutions
in a multidimensional space.
Among others, these might involve geometrical
and volumetric criteria that are inﬂuenced by sound
(Foged et al. 2012), thermal performance (Poblete
and Ignacio 2011), etc. In other examples, with the
assistance of genetic algorithms, a large number of
data related to the natural lighting performance in
relation to the suﬃcient number of structural members and the minimum cost during manufacturing
of a static system are examined (Richardson et al.
2013). Similarly, the implementation of genetic algorithms in construction decision-making process is
found, mostly isolated from the decisions taken during the conceptual stage where the morphological
development occurs. In contrasts, examples can only
be found in cases where genetic algorithms are used
to calculate the formation and adjustment of formworks in already existing designs through the arrangement of slabs and columns. In this case, aim is
to calculate the size and position of formworks in order to minimize cost during construction (Lee et al.
2014) or to optimize shape and layout (Pronk et al.
2013).
On the other hand, the construction of any building part in actual scale has been largely controlled
by the ability of workers on site who are responsible to implement design ideas mainly through decisions taken during the construction stage and after
the design is completed. The introduction of robots
in construction industry appears to eliminate or re-

solve such issues and in parallel might oﬀer solutions
in cases where time and precision of executed tasks
or heavy-duty works are important to be taken into
account enabling accuracy and hence error elimination during the process.
Nowadays, robots can be involved and taken
into account throughout the whole manufacturing
workﬂow, from design to construction. Within this
frame, the standardization of dimensions and construction details of building elements during the design stage, which aim to automate the process of
manufacturing and the assembly of parts are important to be investigated. This can be found in cases
where the systems under construction are characterized as adaptable or ﬂexible, aiming to achieve optimized design results based on various criteria. In accordance with robotic manufacturing, the optimization processes and especially the use of genetic algorithms can be applied in research works where standardization of system's structural members and investigation of static behavior are examined, leading
towards physical prototyping of results that can be
implemented via robotic mechanisms. In a number
of cases (Søndergaard et al. 2013), the investigation
is concentrated towards the optimization and fabrication of space-frame structures through the digital
design process. Then, the robotic arm is used during
the production and assembly of structural elements
(Søndergaard et al. 2013; Kurilla and Svoboda 2013),
while in other cases a post-optimization procedure of
modules rearrangement is applied to check the feasibility of structure (Kurilla and Svoboda 2013).
The formwork development for concrete casting is a time consuming procedure, which requires
the assembly but also the disassembly of multiple
components after the concrete is cured. Contemporary and advanced methods are developed in order to minimize the time and automate the manufacturing steps of concrete structures. More specifically, design examples that require the assistance
of robotic arms to implement unconventional morphologies of concrete construction systems seek to
save time and cost in the manufacturing process. In
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the example of 'Smart Dynamic' system by Gramazio
and Kohler (Kristensen et al. 2013), the investigation
is concentrated towards the formation of columns using a ﬂexible formwork that is used as an end-eﬀector
mounted on the edge of an industrial robotic arm.
In a continuous process, the formwork is ﬁlled with
self-compacting concrete and in short time period
is moved to the next layer to achieve the desired
height of column. In a diﬀerent approach and specifically in the project 'Mesh molding' (Hack et al. 2014)
the robotic arm is responsible to develop a plastic
mesh using 3D printing principles, which in turn is
used as the formwork and reinforcement for the subsequent concrete ﬁlling process. In diﬀerent morphological cases that include the ﬁlling procedure,
the static behavior as well as the time needed for
the development of mesh construction system are
evaluated. Other techniques like in the example by
(Stavric and Kaftan 2012), the robotic arm is responsible to produce a number of formwork units made
of polystyrene using a hot-wire cutter as the end-

eﬀector tool. The positive and negative parts of formwork are then assembled in alternative ways formulating the mold system for concrete casting, leading
to the construction of diﬀerent morphologies.
The embedding of optimization processes and
especially genetic algorithms on the one hand
and robotic manufacturing techniques on the other
hand, presuppose a bidirectional form of communication between digital design and manufacturing respectively, aiming to ﬁnd desirable solutions that can
be functionally, statically and morphologically robust
and can be directly implemented in actual scale.
This research hypothesis is examined further in
several case studies including the ongoing work presented in this paper. In this case, the design and
robotic construction of an optimal concrete wall is investigated through the simultaneous development
of two cases of ﬂexible modular formwork systems.
The application of an optimization mechanism, in
this case genetic algorithms, aims to allow an in
depth investigation towards morphological and con-

Figure 1
Conceptual
framework of the
proposed
methodology.
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struction development of ﬂexible modular formwork
systems for concrete casting. Based on a number of
criteria related to the static performance of the concrete walls, the design of modular systems, the feasibility of manufacturing as well as the assembly logic
are examined.

PROPOSED METHODOLOGY AND RESEARCH DEVELOPMENT
The proposed methodology is deﬁned in the form
of a conceptual framework, describing various activities that take place in an interrelated manner (Figure 1). This consists of two basic levels of investigation, the digital design and physical construction.
Within this framework, the design development and
assembly logic of the modular formworks is followed
by the overall design and robotically driven physical
construction of the systems.
In a preliminary stage, the digital development
and conﬁguration of selected modular formworks as
well as the material ﬁll morphology are investigated
and optimized against static performance criteria using genetic algorithms. The analysis results feed the
process of modular formwork design reﬁnement and
improve the solutions in digital as well as physical
level, which are determined via robotic construction
principles. Then, the suggested design of modular
formworks and assembly as well as disassembly logic
are tested in relation to the physical construction performance of the overall concrete wall systems. In order to achieve this, physical prototypes in scale 1:2
are produced, examining in parallel potential manufacturing drawbacks and obstacles that might occur during the process. In parallel, through digital
robotic simulation, the robotic construction procedure is deﬁned according to the given scenarios. Last
step in this workﬂow is the execution of robotic construction process in real time, a ﬁnal stage of development that is inﬂuenced by previous conceptual and
reﬁned design stages, which consists of a number of
necessary cycles of evaluation in the form of feedback loops. Actions taken within the digital design
and physical construction levels are acting within an

interrelated and interdependent logic.
Throughout the process of investigation, two
modular formwork systems are developed that follow respective robotic construction scenarios. The
robotic construction criteria play an important role
in the design of modular formwork, dominating the
manufacturing process as well as the physical results
obtained during robotic construction in actual scale.
In addition, the robotic construction presupposes
an in depth investigation and construction decisionmaking in terms of the eﬀective assembly and disassembly of the modular formwork systems, the structural detail of the modular elements, the use of appropriate end-eﬀector tools, the scale of modular
formwork in regard to the dimensions of robotic tools
and ﬁnally the working environment and logistics regarding the robotic construction in actual scale.
Apart from all the above, the digital design process is also determined by the implementation of genetic algorithms, wherein the evaluation of the construction systems' static performance is examined
and optimized based on the minimum displacement
and volume of material ﬁll. Throughout the optimization process, a number of results are derived, that
consist the pool of possible candidate solutions for
physical construction in actual scale using a number
of robotic intervention scenarios. As it has been already mentioned, within the framework of this paper
the digital design level of investigation is followed by
the selection of two case studies that are physically
built. This is done in order to test our hypothesis in
an introductory and experimental level as well as to
examine the static behavior of the systems. Also, to
validate the robotic construction criteria applied in
these cases so that eﬀective assembly and disassembly procedures of the modular formwork systems can
be achieved.

MORPHOLOGICAL DEVELOPMENT AND
ASSEMBLY PROCEDURE
In the ﬁrst case study (case A), the alternation of the
system in digital design level is deﬁned by parametric
design exploration and criteria directly related with
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the assembly and disassembly of the formwork units
(Figure 2). In a preliminary phase, the appropriate
morphology is selected through a design optimization process and then, modules are assembled together using an articulated robotic arm, which is responsible to perform the overall manufacturing process. In the second case (case B), the design as well
the robotically driven assembly procedure is investigated using respective methodological principles
(Figure 3).
Figure 2
Morphology of
modular formwork
system and results
of material ﬁll in
case A.

Figure 3
Morphology of
modular formwork
system and results
of material ﬁll in
case B.

Figure 4
Preliminary design
investigation of the
end-eﬀector tool for
each case scenario.

In this preliminary phase of investigation, both
morphologies are parametrically deﬁned using the
parametric-associative design software Grasshopper
[1] (plug-in for Rhino [2]). The interchangeability of
geometry in both cases is based on the proliferation

of data of the height and width of the construction
system as well as on the thickness variability of the
module. By combining the three parameters in different ways, a range of possible morphological solutions in regard to the development of the system of
formwork can be achieved.
In case A, an identical morphology of module
based on a folded geometry is used that is repeated
and placed horizontally in layers from both sides creating an interior space enabled to be ﬁlled using
building material, in this case concrete (Figure 2). The
morphology of the case B is the result of a single module that consists of four side surfaces of which two of
them are folded. As a ﬁnal result, a perforated massive wall is developed, where the logic of layout assembly is performed based on individual units (Figure 3). In both cases, diﬀerent combinations of the
above parameters provide diﬀerent results as regards
the dimensions and volume of the overall construction system as well as the size and shape of openings.
In physical construction level, the suggested
modular formworks are evaluated against speciﬁed
assembly, disassembly and ﬁlling procedures, leading to the production of the ﬁnal construction outcomes. For each case, a respective scenario of manufacturing process that contains all the above is deﬁned. Regarding the construction scenario of case A,
two embodiments of the system assembly are suggested whereas in the ﬁrst case the entire formwork
system is constructed by the robotic arm through a
pick-and-place process using a gripper as the endeﬀector tool (Figure 4), and then this is ﬁlled with
concrete involving human assistance. In the second
case, the system is manufactured and then ﬁlled with
concrete using a process of layering, which contains
a simultaneous assembly and ﬁlling process in each
row. In this case, the robotic arm is responsible for
the assembly of system, which is ﬁlled in a later stage
through human intervention. The process is gradually repeated according to predeﬁned levels of the
system, leading to the production of a complete wall.
For case B, the process is deﬁned through the application of a custom end-eﬀector tool (Figure 4) in
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Figure 5
Selection of best
solutions (BS) and
design variables for
case A.

Figure 6
Graph of the
average values of
displacement
through
generations for
case A and B.

the form of a kinetic modular formwork, which, once
is ﬁlled with concrete, produces successive concrete
unit components, aiming to develop a single concrete wall system at the end of the repeated procedure. The end-eﬀector tool adjusts its morphology
through a number of kinetic behavior mechanisms
that contain rotation in longitudinal axis of formwork
and horizontal movement. For ﬁlling and construction of a single component, the assistance of constructors is required.

DESIGN OPTIMIZATION PROCESS
The optimization process is implemented in digital
design level via static performance criteria in order
search for best ﬁtting solutions, leading to results
that will be manufactured in actual scale. Also, this
might initially assess the possible design solutions
as regards the dimensions of modules and hence
the overall dimensions of the system, which subse-

quently inﬂuences manufacturing implementation.
The design optimization process is achieved using
the Octopus software [3] (plug-in for Grasshopper)
based on a number of objectives that includes minimum displacement under vertical loads and minimum material volume of the construction system.
The static analysis and the numerical results are obtained using the Millipede software [4] (plug-in for
Grasshopper). This provides a continuously iterated
feedback loop process, where results are statically
evaluated against the morphology of the construction systems and hence the modular formwork design.
In this research investigation, the optimization
is deﬁned as multi-objective since the static analysis
and overall evaluation contains not only morphological but also static performance objectives, formulating the overall range of criteria that are interrelated
and interdependent with each other. The Octopus
plug-in, an evolutionary search engine based on ge-
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netic principles, is able to produce and export multitude solutions through the iterative process of generations. Each displayed solution contains diﬀerent
combination of variables of design values in order to
achieve minimum objectives. In each generation two
solutions are reproduced to generate a new oﬀspring
and hence new combinations of variables.
Figure 7
Graph of the
distribution of
solutions according
to the objectives of
height and
displacement in the
second run of
optimization for
case A.

Figure 8
Selection of best
solutions (BS) and
design variables for
case B.

In each case, same parameters and objectives are
applied in order to compare and correlate the results
obtained during the optimization process. Initially,
the design variables are based on empirical measurements, involving robotically driven criteria that are
described in previous sections. The thickness values range from 0.2-0.5m and propagation parameters of units in height and width axes are deﬁned by
integer values range from 2-8. This preliminary para-

metric design procedure of experimental settings is
used as the starting point for the optimization process, aiming to search for best solutions that can describe the morphology of construction systems according to robotically driven and static performance
criteria. In case A, based on the results obtained during a ﬁrst run of optimization process, it can be observed that over the generations, a number of combinations that contain constant values in terms of thickness and number of units in height axis and variability
in terms of the number of units in width axis are obtained. The increase of dimensions of modules in the
longitudinal axis results reduction of the static displacement performance of the overall construction
system. Figure 5 demonstrates a number of best solutions (BS) together with the values of design variables. Also, Figure 6 demonstrates the objective values of displacement and volume, which are gradually
reduced during the evolution of generations. This
shows the tendency of best solutions to reach minimum values, which is also demonstrated through the
Pareto front, distinguishing in parallel the solutions
as dominated and non-dominated. The initial run of
optimization is followed by a second run where an extra objective is added and rearrangement of variables
is set, showing an alternative and improved method
of investigation leading to new results (Figure 7). In
the next stage, the results derived from the design
optimization process are feed into the robotic construction process to produce the system in physical
actual scale.
In case B, the results shows downward value
trend of the objectives (Figure 8). Also, it can be
observed that values in regard to the thickness and
number of modules in width axis remain ﬁxed, but
values that specify the number of modules in longitudinal axis are diﬀerentiated. Based on the best solutions derived from this optimization run, it is concluded that by reducing the number of construction
units in elevation, the static displacement is also minimized.
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Figure 9
Robotically driven
assembly
procedure for case
A.

PHYSICAL CONSTRUCTION DRIVEN BY
ROBOTIC PRINCIPLES
The digital design and optimization parts of the process inﬂuence decisions taken during the investigation of physical construction, especially in regard to
the development of the modular formworks. The
results and best solutions derived from design optimization process are taken into account for both
static performance reasons but mainly for the eﬀective execution of robotic construction process. In

physical environment where the assembly and disassembly of formwork modules occur, important factors that inﬂuence robotic construction in various
parts of investigation are also taken into consideration. The aim is to automate the process and solve
drawbacks as well as limitations of modular formwork design so that this can be eﬀectively executed
during the robotic construction implementation.
For experimental purposes, the scale of modular formwork assembly is determined by the workFigure 10
Robotically driven
assembly
procedure for case
B.
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Figure 11
Physical protypes
demonstrate the
modular formwork
assembly logic,
material ﬁll and
posible concrete
structure of case A.

Figure 12
Investigation of
modular formwork
positioning and
material ﬁll in case
B.

ing space of the robotic laboratory and the dimensions of the end-eﬀector tools. Also, due to the limited movement of robotic arm within the working
cell, the structure is placed in an appropriate position
in order to enable the robotic performance and especially the assembly and disassembly of modular formworks. In case A, the dimension of modules is also
inﬂuenced by the dimension of gripper so that an effective pick-and-place procedure can be achieved. In
case B, where a custom end-eﬀector is applied, decisions are taken in regard the design of formwork
that include dimension limits for kinetic behavior and
overall movement of robotic arm.
In both case, the robotic construction behavior is
simulated using the HAL software (Schwartz 2012) [5]
(plug-in for Grasshopper). The simulation is applied
to assess the eﬀectiveness of the concept, conﬁrming in parallel the design conﬁguration of the proposed modules and systems in regard to the required
movement. Also, possible collision and constrains of
movement of the robot are investigated. As it has
been mentioned, in case A (Figure 9), a pick-and-

place procedure using an industrial end-eﬀector is
used, while in case B (Figure 10) a custom made endeﬀector tool is applied, driven by the speciﬁc scenario
that requires special positioning of tools in combination with material ﬁll.
In this stage of investigation, where preliminary
design and construction of both concepts are tested,
physical prototypes in scale 1:2 are produced. In case
A (Figure 11), identical modules are manufactured
and assembled in order to evaluate the static performance, the errors occurred during construction process as well as the morphological result and aesthetical aspect of the material ﬁll procedure. In case B
(Figure 12), the proposed custom made tool is manufactured and tested in regard to the assembly, material ﬁll and disassembly processes. In both cases, as
ﬁlling material a perlite mix with cement and water
is used, which results light mass and rapid curing in
short time period.

FABRICATION | Robotics: Generative Design - Volume 1 - eCAADe 34 | 177

CONCLUSIONS
The optimization process introduced in this ongoing
work, aims to deﬁne the boundaries of feasible solutions and to allow assessment of robotic intervention during diﬀerent stages of the modular formwork
systems development. In addition, the results obtained might address an innovative design and construction process of folded/porous concrete walls by
minimizing the use of material and hence its cost as
well as the time needed for modular formworks assembly and disassembly. Through the standardization and practicality of the process involved, feasible
results might be obtained. Further work will consider
the physical development of the suggested solutions
in actual scale based on the methodology described
in this paper. This presupposes the parallel and in
depth investigation as well as solution-ﬁnding in regard to the problems and drawbacks occurred during
the digital design and optimization phases, informing the physical construction process within a feedback loop logic.
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