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Abstract. Considering the use of a particular digital fabrication method, this
research intends to look into the design-production relation and attempts to
answer the question of how the manufacturing parameters can be integrated
into the design process to facilitate the design-to-production communication. It
is argued that the above is achievable through the application of a simulationbased algorithmic procedures derived from the inherent logic of a fabrication
machine’s functionality. It has been studied through creation of two custom
tools facilitating the design process – a library for the Processing programming
language and a bespoke design procedure - both based on a functionality
of the CNC milling machine. Finally, the conclusion is made that broader
implementation of custom design procedures with underlying digital fabrication
logic has a potential of altering the design process and facilitate the design-tofactory communication.
Keywords. Digital fabrication; design process; optimization; genetic algorithm;
CNC milling.
Introduction
In contemporary architectural practice flat sections
and planar drawings are no longer a primary means
of representation and communication with clients.
Nowadays the widely used media in architecture
include visualizations, animations and three-dimensional models. Now available digital fabrication
techniques enable direct materialization of virtually conceived designs: either by creating small scale
models or by building structural real scale elements.
The transition from virtual to real, executed after the
design process is finished, is possible with the aid
of CAD/CAM software tools, which enable conversion from computer-aided drafting (CAD) models

to computer-aided manufacturing (CAM) code - if a
CNC technique is used. Digital models require conversion into particular file types if a 3D printing or
any other fabrication method is implemented. Digital fabrication tools are all the more essential in architecture due to obtainable decrease of building costs
in the case of a design’s high complexity. Free form
shaped designs, which in the design stage comprise
of countless unique components require some sort
of rationalization of structure, before being materialized into real buildings.
Hugh Whitehead from Foster and Partners Special Modeling Group distinguishes three main rationalization types, namely: pre-, co- and post-rationalization approaches (Whitehead, 2003). They differ in

New Design Concepts and Strategies - eCAADe 28

227

Figure 1
(a) The Weaire-Phelan structure (Drenckhan & Weaire,
2004) and (b) (c) Water Cube
Beijing (Ingenia, 2007).

generic attitude to designing and take into account
the place and role of structural optimization in the
design process. Pre-rationalization imposes a compositional system before the form creation phase
begins. An example of this design method is the
Beijing National Aquatics Centre by PTW Architects,
China State Construction Engineering Corporation,
China Construction Design International and Arup.
The building structure was based on the Weaire–
Phelan three-dimensional computational foam
model, which uses two primary cells of equal volume
and minimal surface to volume ratio. Although this
model was used as a base for the Water Cube structure, during the design development the structure
evolved into more structurally efficient configuration, which in turn resulted in a greater amount of
different building elements, thus increasing the
complexity and cost of the production.
In post-rationalization the structural system is being assigned to an already completed design, which
at times requires compromising the final designed

form. The Greater London Authority by Foster and
Partners is an example of such an approach. The initial design of a spherically shaped building had to be
altered in order to enable physical realization of the
building. The egg shaped form was reshaped using
planar quadrilateral (PQ) strips to meet fabrication
criteria (Attar et al., 2009). Co-rationalization, in turn,
refers to a process of parallel finding of compositional system and form which are affecting one another.
As in pre- and post-rationalization, where applying
structural parameters is separated from the design
process, the co-rational method implies multidisciplinary coordination on every design stage and suggests the use of generative procedures, which incorporate fabrication parameters among other formal
and functional design rules (Fischer, 2007).
While the relation between fabrication parameters and designed objects has been previously explored, their interdependence was typically limited
to integrating manufacturing constraints into the
development of a form, as is the case in the pre- and
Figure 2
Greater London Authority
by Foster and Partners (a)
(Constructing Excellence,
2003) (b) (Oberholzer, 2006).

228

eCAADe 28 - New Design Concepts and Strategies

co-rationalized design approaches described above.
Considering the use of a particular digital fabrication method, this research intends to look into the
design-fabrication relation from a different angle
and to attempt to answer the question of how the
manufacturing parameters can be integrated in the
design process to facilitate the design-to-production
communication. The design rationalization parameters are meant to become a driving force of a design
within a generative procedure with embedded fabrication logic. A generative design approach can potentially tie together the two often distinct processes
of form exploration and final form machining. This
paper argues that the above is achievable through
the application of a simulation-based algorithm procedure derived from the inherent logic of a fabrication machine’s functionality.
For the purpose of this research, from the currently available digital fabrication techniques, CNC
milling was chosen for setting the framework for the
constraint-based simulation design procedure.
Computer Numerically Controlled milling machines are the most accessible and widely used in
architectural and construction industries since they
are capable to produce complex highly differentiated building elements in a relatively simple and cost
effective process. Their basic principle is based on a
numerically controlled drilling process and, depending on the number of axis in a machine, also turning of either the machine’s head or/and the milled
material. CNC machines are automatically controlled
by programmed commands of Numerical Control
programming language, also called the G-Code due
to the functions syntax. The NC program, apart from
the general purpose machine’s operation control
functions, consists of additional commands related
to the overall machine’s actions - the so-called Mcodes, which may differ in structure for particular
machine model and producer. Although the majority of NC programs are created by CAM software,
they can be also developed by the programmers
directly. Because the tool path planning difficulty
increases exponentially with the increased number

of supported axis, the manual programming is limited to three axis machines, which are the most commonly used. They operate in three dimensions using
X, Y, Z axis only, enabling sculpting of landscaped
surfaces with depth variation in Z axis, but only the
higher dimensional machines are capable of cutting
more complex geometry.

Methodology
Digital fabrication tool
The undertaken research is divided into two separate phases, both of which are created with the use
of the programming language Processing 1.0.1. At
first, a vast exploration was made on finding a way of
converting any given geometry from the Application
Programming Interface into milling machine preparatory code, which would then be exported from the
programming environment directly to the machine
controllers. At this stage a custom-made library for
Processing was developed in order to enable immediate transition from digital to physical models using a 2,5 or 3 axis milling machines. Certain aspects
of path planning and optimization were taken into
account and were applied by the means of genetic
algorithm. Subsequently, a generative simulationbased design procedure was created with the procedural logic incorporated from five axes CNC milling machine and, in particular, the one with three
transitional axis and two rotary ones attached to a
tilting table. The principles implemented in the first
stage of the research were further developed in the
second one and thereafter applied to a particular design problem.
Building on recent research in the CAD/CAM
algorithmic procedures and computer hardware advances in graphics handling a depth buffer method
appeared to be applicable for the case of three dimensional geometry export. The depth buffer is considered as one of the simplest algorithms for visible
surface computing (Joy, 2008). The z-buffer keeps

New Design Concepts and Strategies - eCAADe 28

229

in the development of a library – an external set of
commands originally not available for use in a particular software - created for Processing 1.0.1. The
library enables a user to easily export preparatory
code for 2,5- and 3-axis milling machine in .nc and
.g00 files. The library definition requires specification
of few basic parameters – up to two tool diameters,
thickness of the material and an output file name. It
also incorporates a path optimization procedure.

Figure 3
Two phases of 2,5-axis milling machine procedure: (1)
roughing, (2) finishing

Design tool

the depth values for each pixel from the display,
every new object that appears in the model space
is checked, whether the z-values for each pixel in
its possible position are greater or smaller than the
ones of the objects already visible in the scene. If the
depth value is greater, then the z-buffer content is
adjusted accordingly and a new view is displayed.
In the algorithm described here the depth values of
each pixel in the display are at first translated into
real values based on the perspective view transition
matrix. Secondly the z-values are stored in separate
arrays for the actual geometry and for the remaining space. The z-values included in each layer interval are stored in separate arrays and their values
are sorted so that the machine processes the closest neighboring vertex in the first place. This simple
algorithm already produces a fairly optimized path.
The more panoptical approach to path optimization
was researched with the implementation of genetic
algorithm.
The study on G-Code export function resulted

Building on the three dimensional model handling
principles, the algorithm was further developed to
incorporate two more rotary axes from the geometry analysis procedure. At this stage of the research
the analysis of any given form became unnecessary.
Here the importance was transferred to form exploration mainly, thus sustaining the identical principles
for dealing with geometry. Herein the depth buffer
values are no longer stored only as physical model
vertexes, of which the negative form is to be milled,
but the actual readings determine which parts of
a virtual block of material are available for milling
subtraction. However, these values are still used for
further physical model creation, but at the first stage
of described procedure, which is the form finding
process; these readings are used primarily for subtractive digital object generation.
The design environment is set as a virtual fabrication machine driven by a genetic-algorithm-based
procedure. The genetic algorithm is responsible for
controlling the stage of designing the form, in which
the fabrication optimization parameters are taken
Figure 4
Fabrication of a study model,
(a-b) roughing cycle, (c) finishing cycle
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into account concurrently. A design study was created on the basis of a five-axis milling machine’s properties and, in particular, on a vertical type machine
with additional two rotary axes attached to a tilting
table. Three primary linear axis: X, Y, Z are attached to
the movable milling spindle. The two rotational axis:
4th – the tilting angle (A) with range between 0 and
90 degrees against X axis and 5th –the rotary angle
(B) with range between 0 and 360 degrees and direction perpendicular to the 4th axis. By manipulating
the 5th axis only the machine can be utilized as a
lathe-type tool.
First of all let us take a potential block of material
that fits in the determined machine working space.
The virtual counterpart of the block of material comprises of a voxel cloud made of units - the size of
which corresponds with the model approximation
parameter, which then refers back to the final tool
diameter. Similar dependence was present in the
3d G-Code export algorithm for the 3-axis milling
machine. The work piece is rotated by machine two
rotary angles within available ranges. The displayed
model view is analyzed and the depth buffer values
are stored together with angles related to each particular projection. The angular configuration of the
model is here controlled by a genotype composed
of two strings of values - referring to angle A and B.
The initial arrangement of angles is random. These
values are to be further adjusted in order to fulfill the
design’s form and manufacturing objectives. Appropriate angles’ configuration and gradual voxel deletion leads through generations of breeding virtual
objects to creation of a final model. The model is
then saved as a procedural machine code ready for
digital fabrication.
The established procedure is based on a design
of a lamp, selection of which was motivated by its
virtues of relatively small size, therefore the object
can easily fit in a machine working space is one
piece. The lamp’s shape is based on a Bezier curve
which runs throughout the entire height of the initial material block from and to middle points of the
work piece side planes. Two control points’ positions

are encoded in the genotype and are the main subject of adjustment in the form finding process. Final
form is created as a result of potential designs’ testing whether the given curved shape, with specified
offset in X and Y direction from the central cord,
created by the chosen control points’ locations, fits
within the work piece size. The output volume is
the negative of the curved Bezier shape. Because of
some machine’s constraints the internal well in the
object can only be created within a constrained outreach - limited to the maximum tool length. Only the
vertices reachable by the tip of the drill and not lying
deeper than the tool’s length are processed in order
to ensure prevention of collisions during the fabrication process. In every analyzed view the maximum
and minimum z buffer values are calculated:
Object [] sort_z_val = view_vertexes[rot_num].toArray();
Arrays.sort(sort_z_val);
float z_min = ((myPathData) sort_z_val[0]).z_coord;
float z_max = ((myPathData)
sort_z_val[sort_z_val.length-1]).z_coord;
Only vertexes which Z value is included in tool length
range are added to tool path array:
if((vec.z ) >= (z_max - tool_length)){path[rot_num].
add(vec);}

This stage of design results in a creation of a
form that fulfills the stated initial requirements. The
generated model is stored as a set of sorted tool path
vertices and work piece rotational angles as the material removal fabrication cycle is completed.
The genetic algorithm in parallel to handling
main form parameters is responsible for controlling
the fabrication performance by adjusting the order
of milled model’s elements, so that the closest angles and vertices are grouped together.
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Figure 5
Designed output form
example.

On the current stage of the research the final
procedure’s output was tested in CNC Simulation
software - particularly Predator Virtual CNC. The
software proved to be crucial for the output file testing. It was required to test the default parameters
of layer thicknesses, tool diameters, generated tool
path smoothness and tool – model collisions. Generated tool paths tested in simulation software present
a good level of accuracy for the material deposition
phase. It has been achieved to produce collision-free
tool paths.

Conclusion
Digital revolution has influenced the architectural
profession in various ways - the introduction of digital fabrication processes enhanced the production

232

eCAADe 28 - New Design Concepts and Strategies

of custom made building elements so easily created
by means of generative procedures. Application of
computational techniques in the design process implies a tendency of adding increased complexity to
forms, thus leading to a shift in what we perceive as
good architecture. Nowadays the relation between
designs and the way they are fabricated – also important throughout history of architecture - is even
more prominent. The construction aspects of design
are not only influencing the structural properties of
buildings or materials used, but also alter the design
process as a whole. Programming skills are becoming more and more widespread in architectural
profession, as they give the designer a possibility
of setting the relationships between parameters of
the design beforehand, which - if digital fabrication
methods are considered - permit these parameters

to become an important factor or a design core.
Such a bottom-up approach impose on the designer a responsibility of establishing how much the
designer himself can intervene in the process, - parameters of which he can choose manually - which
will be predefined or customized by an algorithmic
procedure. Using custom developed programs for
form finding process also frees the designer from the
aesthetic tendencies imposed by standard computer
software. Bottom-up programming refers to the underlying relationships between building elements,
parameters or spatial configurations of a building, so
important for the forthcoming materialization and
attainability.
The main focus of this research was to investigate the dependences and possible influences of
the two closely related elements of design process
– the form creation and fabrication stages – analyzed in the light of digital advances in both fields,
namely the computer-aided design tools and digital
manufacturing. The assumption that the two still
disconnected processes could be linked together
in a comprehensive design bespoke environment
was researched on the basis of two complementary studies. The first one was designed to create a
link between a designer-friendly parametric language - such as Processing - and rapid prototyping
techniques by creating a user-oriented application
for connecting the two. The interdependence of
both processes was the main subject of this study;
therefore an enhancement of a general purpose
programming environment partially fulfills the main
objectives already and enables multiple users to
take advantage of it. The library however supports
only 2,5 – axis machines, therefore the attainable
incorporation in architectural forms manufacturing is restrained to panel-type elements or convex
molds. It can be also successfully utilized for various
non-architectural purposes and mere form exploration. On the other side the G-Code export function,
even though being very useful presumably, does not
influence the design process at any degree. The assumption set out in the beginning of this research

was the study of how the digital fabrication characteristics can alter and enhance the design process
from the outset.
The creation and implementation of this type
of a bespoke design tool in real life applications requires precise knowledge of preferred fabrication
method with its detailed specifications in advance.
Due to the constrained adjustability of the program
the design possibilities are limited to the ones included in the predefined manufacturing method’s
scope. Similar issues are a subject of pre-rationalized
approach to design to which this particular implementation belongs. In design pre-rationalization if
the main focal point is the structural system only, the
production process of it might still need adjustments
and fabrication, as in post-rationalization design
type. The described procedure overcomes this problem, because only fully fabricatable objects can be
created, on the other hand it restricts the potential
design possibilities. Expanding Whitehead’s classification of design approaches, another subcategory of
so-called fab-rationalization is introduced based on
here presented approach to design process.

Further work
Incorporated in the application the genetic algorithm was responsible for handling many objectives in the same time. Although the most processor
absorbing procedure is the constant depth buffer
values acquisition and storing in resizable arrays.
Collecting and storing countless vector coordinates
and continuous multi-objective fitness evaluation
caused the overall generation process to be inefficient and time-consuming.
The development of Graphics Processing Unit
(GPU) also called the Visual Processing Unit - which
is a specialized graphics processor detached from
standard Computer Processing Unit - introduced
major advances in computer technology over the
past decade (Boggan & Pressel, 2007). GPU became
responsible for performing complex three dimensional graphics rendering and image rasterization
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operations and thus discharged CPU from liability
of executing some highly demanding tasks. Lately
programmable hardware became widely exploited
in manufacturing related disciplines, for instance
Roth et al. deployed an adaptive depth buffer method for multi-axial milling machines as a solution to
the CAD/CAM conversion problem and gained substantial computation speed on calculating cutting
forces (2003). In evolutionary algorithms the most
processor effort is dedicated to calculating individual’s fitness function. Harding and Banzhaf present
a solution for significant increase in computational
efficiency for calculating genetic algorithm fitness
function using Graphics Processing Unit (2007). By
passing on the major calculations from CPU to GPU
it is possible to reduce the time required for executing a single operation by hundreds of times.
Computer Unified Device Architecture (CUDA)
developed by NVIDIA is a parallel computing architecture that is capable of utilizing Graphics Processing Units’ engine scope. Complex highly processor
demanding calculations performed by applications
developed with CUDA language require significantly
less time than those using Central Processing Unit
based languages only. The best performance can be
achieved by using basic programming languages like
C, but wrappers are available for other languages for
example Java, C++ and MatLab. Therefore it is possible to implement CUDA functions within Processing programming language, as it is based on Java.
It is though evident that high-level programming
languages could perform complex calculations with
conjunction to GPU much quicker, but advantages
of using a simplified language dedicated for visual
artists and designers has a significant predomination
of direct visual response and user-friendly interface
(NVIDIA Corporation, 2007).
Subsequently the improvements should be also
made in the genetic algorithm performance by testing various ways of evaluating the fitness function
for multi-objective optimization. The more the genetic algorithm is efficient the quicker and broader
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search of optimum solution can be performed. This
goal could be achieved by passing on the computationally heavy calculations to the Graphics Processing Unit via incorporation of CUDA programming
language functions into the Processing language.
GPU could also be tested for conducting the depth
buffer calculations, which are originally being retrieved from the graphic card hardware.
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