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ABSTRACT

With the rapid development of information technologies, the generative design has started to rethink the
future roles of industrial designers. The simulation integrated into generative design helps designers to
create manufacturable products. Therefore, this study examines how generative design can progress with
conventional production processes and how this progress can help designers in the future. The potential
of generatively obtained form-seeking processes to create optimal results is discussed within the scope
of this study. For this purpose, a generative design triggered design process was conducted with a firm
in the real sector about re-designing a bicycle frame. Generative design outputs have been optimized in
terms of manufacturability. The effects of generative design-based inputs on the final product have been
discussed through material usage and the sustainability. Based on the outcomes of the study, suggestions
have been developed on how generative design can be transformed into results that can be a source of
innovation.

Keywords: Generative Design, Designer Role, Design Processes.

1. INTRODUCTION designer; the mathematical formulas entered on
1.1. Design Processes the black screen during production have been
The digital revolution, which started with the replaced by Computer-Aided Design (CAD)
production of the first transistor, reached its software with modern interfaces controlled by
climax with the spread of personal computers. peripherals called mouse [5]. Actions such as
With the use of digital technologies in the prototyping and optimization, which take a long
industry, production processes have become time to perform with conventional methods,
more efficient. With digital automation, have become faster and more effective thanks to
processes have started to take place faster and CAD software. Thus, the design processes have
more smoothly. Thus, it enabled production to also changed with the changing industrial
be made in a shorter time and with higher production processes.
productivity. In addition, thanks to digital
technologies, production processes have The act of the designer seeking a solution to a
become more accessible and understandable problem forms the basis of the design process
[1]. [6]. Although there are many interpretations of
this process in the literature, the common
It is undeniable that the digital revolution, process definition includes problem analysis,
accelerated by the spread of personal concept design, evaluation, enlightenment, and
computers, affects every aspect of life. validation steps [7]. When viewed from a
Designers use one or more design tools broader perspective, it is seen that the design
throughout the act of designing [2, 3]. The process has a much more complex structure. In
digital age, which started with the transition the process, a much more comprehensive
from analogue computers to digital computers, structure  emerges, including  technical
also enabled the evolution of the tools used by information on basic and applied sciences,
the designer [4]. Electronic pens and screens economics, social and geopolitical issues, and
have replaced the paper and pen used by the the definition of needs [8]. The experiences
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gained at each step of the design process form
the basis of the next step.

When descending from the main steps to the
intermediate steps, prototyping and
optimization can be seen among these steps [9].
Prototyping and optimization are cyclical,
multidisciplinary efforts for finding a better
solution [10]. In markets where new designs are
constantly sought, speed and diversity gain
importance in the new product development
process. For this reason, it is necessary to select
multiple alternatives from among potential
solution proposals quickly. It is also essential
for companies to produce many prototypes and
perform optimization on these prototypes.

Exploration

* Generation
.
~  Evaluation

v

Communication
! i
(@) (b)
Figure 1. Cross's simple four-stage design
process model (2) and Gregory's definition of
the design process (b).

The CAD software used by the designers in the
design process is as essential as the steps of the
process. The designers, who tried to prevent
error by simulating the prototypes and analyses
in digital environments before they were
produced, started to produce more complex
designs using CAD tools. As designs evolve
into more complex structures with this software,
there is a need for utility programs that will
reveal the work done more effectively. One of
these needs was to make it easier for designers
to produce forms based on specific algorithms
and within defined limits. The designers using
algorithms and boundaries were looking for a
CAD tool that would minimize the margin of
error, effectively reveal form alternatives, and
allow random occurrences in alternatives. [11].
For this reason, specialized CAD helpers
emerged that would make iterations or changes
in the textures of designs easier and faster.
Although these assistants emerged as a software
add-on at first, they have become stand-alone
software over time. The design model made by
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producing forms with software which have
these algorithms is called generative design
(GD), and its history dates to the early 1900s.
[12].

1.2. Generative Design

GD is a CAD technique that allows the quickly
developing of design alternatives [13]. The GD,
whose processes (See Figure 2) are cyclical and
based on iterations [14], emerged with the
effects of the digital age and showed itself first
in the field of informatics and then in
architecture [11]. The biggest reason why it is
seen in the field of architecture was the fact that
innovative architects and thinkers questioned
the architectural designs of their periods at the
end of the 19th century and the necessity of
establishing the design on universal principles
and keeping it away from individual tastes was
realized [14]. During this period, the focus of
attention of many architects and designers
turned to nature. The book Art Forms in Nature,
published by biologist E. Haeckel in 1904,
attracted the attention of designers who shared
the same idea, and the traces of nature can be
seen in many designs made after this date.

Development
l Process

Data . .
—>» Generate Evaluation — Choice

Collection

Generative Design Flow Chart

Figure 2. GD processes [15].

This software, which architects use when
making decisions on buildings, has turned into
a tool that includes simulation and optimization
in its infrastructure with the advancement of
information technologies (See Figure 3). This
simulation transforms the form to be produced
into optimal design solutions according to the
specified materials and the forces given. While
the previously created forms were defined only
through aesthetic perceptions and textures, it
has now made it questionable how well they
will fulfil the functionality.

GD work is primarily done in the fields of
architecture and engineering. In the literature
research, it has been seen that architects mostly
use GD to produce forms [16-18], and engineers
use it to search for more economical solutions
for the designs to be made [19-21]. In one, all
variations of the desired design forms are
observed, and in the other, the search for the
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best possible solution from all variations within
the desired limits is discussed [22]. GD adopts
a design approach that imitates the evolutionary
formation of nature. With this approach,
computer sciences involved in the GD process
create difficulties for designers who have little
expertise in these subjects [23]. With the spread
of additive manufacturing in the industry the
issue of GD comes to the fore more and gets
closer to industrial design. Despite the
convergence of GD with industrial design, there
needs to be more work done in the field of
industrial design literature.

"G

(@)
Figure 3. GD-1 [24] (Designer: Kiarash Kiany)
GD-2 [25] (Designer: Lightning motorcycle).

Although the design processes have survived
almost unchanged throughout history, they have
changed rapidly since the Industrial Revolution
and have kept up with technology. The most
significant  technological changes  were
undoubtedly the internet age, which became
widespread with the digital revolution [26]. The
limited native processing power of personal
computers allowed designers to work with a
limited number of forms while using GD. We
can easily see the Internet's and internet-
connected technologies' effects in the industry
on GD [27]. Thanks to the cloud technology that
emerged after the internet, GD work has
become much faster and much more form study
can be done on a remote server, independent of
personal computers [28].

Since the production patterns of the GD outputs
are determined in the problem definition
process, the results are formed in accordance
with these production processes. In this context,
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manufacturers need to have these production
processes in their production lines for GD to be
a valuable tool. However, for a designer, the
output of this tool not always be the final
product. If the outputs are considered as form
suggestions, a design approach that can be
progressed with different production processes
can be put forward. Thus, the outputs of the GD
tool during the production process will be
carried over to the design process.

In their study, Singh and Merrick state that GD
can become a helpful tool for designers when
examined within a framework specific to
industrial design [29]. The limited technical
knowledge infrastructure  of industrial
designers, such as force, statics, and resistance,
makes it difficult for them to use this tool.
However, if this technical information is given
to them, they can quickly adapt and include it in
the design processes. This study aims to
research how GD affects the role of industrial
designers in the industry and how it can change
it.

2. METHOD

A firm from the real sector was selected in the
study, in which the potential of GD to be a
resource for design and innovation in the
processes leading up to production was
investigated. In this context, interviews were
held with jewellery design, furniture, and steel
companies. The potential of working on a
product that meets the criteria of having a
function and a form that can be produced with
GD has been questioned. In the study, it is
aimed that the product to be designed with a GD
will be under the effects of a structural force,
that the designed product will not be hidden
under another shell, and that the end user can
easily observe it. The method of the study is a
six-step process, and each step will be explained
in this section. In this research, “Autodesk
Fusion 360” CAD software was used for GD
studies.
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Figure 4. Research method.
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2.1.Step 1

Within the scope of the study, the criteria for the
product to be produced with GD were
established. These criteria are that the product
to be designed must be under the influence of a
particular force, it should not require special
conditions to be produced, and it is not covered
with shell or other parts, making it difficult to
see. In this context, because of the interviews, it
was decided to collaborate with a firm from the
steel industry about a bicycle, which is a
product in which both function and form gain
importance, and the bicycle frame was chosen
as the product. Within the scope of the study, an
example of a conventional product with defined
functional limits was emphasized, a

conventional bicycle was chosen, and it was
considered a control example (See Figure 5).

Figure 5. The bycle that has a conventional
frame.

It was decided which parts would be included in
the GD with the study on the bicycle.
Accordingly, basic behaviour models were
analysed by preserving the connection points in
the product. Based on the decisions made, it was
evaluated which parts would be included in the
study and compared. In this context, those
shown in green in Figure 6, and denoted by the
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letter “a” shows the parts that are planned to be
included in the GD.

2.2 Step 2

After the bicycle frame parts to be included in
the GD were decided, the areas that could be
used by the GD were determined. As seen in
Figure 6, those marked with the letter "b" on the
bicycle form and shown in red indicate the areas
where the GD tool is prohibited, that is, the
areas closed to GD, and those that are indicated
with "c¢" and shown in blue indicate the parts
that will not be included in the design process.
After the parts of the conventional bicycle are
separated, the bare frame weighs 3.6 kg.

To be able to distribute the load in the GD tool,
it is necessary to define the load scenario first.
Figure 6 shows that the front wheel boundary is
defined as a spherical obstacle so that the front
wheel can turn left and right in the bicycle frame
example. To define the space better where the
GD tool will work, the moving or screwed parts
of the green areas to be included in the design
are marked with red barriers to prevent errors.
After the boundaries on the forms are
determined, the loads are defined. The forces
that will physically affect the bicycle frame
were investigated, and a multi-scenario study
was arranged in which all loads were affected.
In the determined scenarios, a series of force
inputs, including the buckling and rotational
moments that the cyclist will exert the bike at
the highest level, is created.
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Figure 6. Boundaries of the bike frame

The definition of loads on the design is shaped
according to the design outputs expected from
the GD tool. This study is designed for an urban

bike with users weighing a maximum of 130kg.
As can be seen in Figure 7, the distributions are
prepared to simulate various events such as
statics (where the bike is not going and the user
is stationary on it), rotation (individually
resisting axial rotational force of the handlebar
and middle section) and buckling (the stress
caused by the sudden impact of the bike while
it is in motion) as scenario-based inputs.

B Twisting Force

Static Force

Static Force Buckling Force

T static Force
Figure 7. Load distribution.

2.3.Step 3

As a result of operating the GD processes,
ninety-four GD studies and ninety-four load
distribution scenarios were made. Each study
was conducted with at least twenty-five
iterations and four different materials. The total
number of iterations was more than 9400. As a
result of the study, the process continued a form
deemed appropriate.
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Figure 8. Thirty-nine out of ninety-four GD
printouts and detailed sample images.

2.4.Step 4

A study was conducted to make the form
obtained with iterations producible with the
firm's production processes. In terms of being
suitable for conventional production processes,
it was decided to produce the resulting form by
using conventional profile pipes. It has been
reconstructed with basic forms so that the
organic form can be produced more easily with
conventional methods (See Figure 9). The
lattice structure was defined on the edges of the
new form, and the bearer system solution was
created over this structure.

>

Figure 9. Organic shape to Basic Shape.
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2.5. Step5

The simulation of the implemented form of the
bearer system solution has been performed (See
Figure 10). In this context, a new study has been
initiated for the simulation, and the forces
entered in the GD process have been repeated in
this step. It has been investigated whether the
new design relies on the given forces, like the
GD output.

h
| .
N} =%
[ AN
: = §
== » » i
Figure 10. Design solution and its simulation
result.
2.6. Step 6

After observing that the design idea works in the
simulation, the other elements that can be
included in the design are emphasized. The
necessary parts are added to create the solution,
the final changes are made to the design, and the
final product is reached.

3. RESULTS

The GD tool, by its nature, aims to reach the
optimized final form from a certain space by
using the iterative space-freeing technique. For
this reason, the form outputs produced by the
tool are always solid structures, and it is entirely
up to the designer's choose whether to use these
outputs as they are. At this point, the first results
that emerged in this study, in terms of form
structure, are close to the structures available in
the market, although partially different form
outputs can be seen (See Figure 8). However,
when the results are compared with the form
structures in the market, it is seen that the GD
tool cannot produce a lighter form in terms of
weight. The first stage of the study was created
using different materials to compare the
material and design outputs. On the
weight/safety table, steel-derived materials are
clustered in heavy-weighted region; titanium is
concentrated in the medium-weight region,
while aluminium is concentrated in the lightest
region.

After observing that the GD outputs reached
similar results with each other, the form
formation processes of each of the outputs were
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examined starting from the first iteration step.
Looking at the common denominator of these
outputs, it is seen that the initial iterations are
the same. From this point of view, the
subsequent iterations will not have hugely
different form outputs. For this reason, it is
aimed to obtain different results by creating a
wider area that the GD tool can use.

It has been observed that the GD outputs with
the initial form defined are more different and
functional than the previously produced forms
(See Figure 11). However, the fact that these
forms are even heavier than the previous forms
make them a design that cannot be produced.
For this reason, a new process has been
designed, inspired by the GD outputs.

Study 94 - Structur... - Outcome &

Study 94 - Structur... - Outcome 6

Figure 11. Output whose form has changed by
giving the initial form.

In the process, it has been observed that
although the path followed by the GD tool in
creating the desired designs is different, the
results are always the same. Since the frame to
be designed cannot be produced in a hollow
structure like conventional bodies, the
structures are composed of completely solid
materials, and therefore the frame designs are
heavy. Since more than the GD tool is needed
to create hollow forms, the created forms need
to be reconsidered by the designer. It will be
easier to produce if the physical strength of the
output in an organic structure can be solved with
a simpler structure. For this reason, the output
was reconstructed using surfaces modelled with
basic forms to transform highly detailed organic
structures into simpler ones (See Figure 9).

The first study on the form in the basic structure
(See Figure 12) shows that the lattice structure
created by the GD tool can reach a positive
result. The design's behaviour against the load
is close to the area indicated by the green area
numbered 3-6 and defined as favourable
conditions. When the design is examined, it has
been observed that the right and left sides of the
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hull diverge from each other in some areas and
converge in some areas, and its structural
integrity is disrupted. When viewed from the
GD output (See Figure 9), it has been observed
that those regions are thicker than the other
sides.

Figure 12. First model after basic form and its
simulation result.

After the observation, an iterative design
process was conducted on the design. This
process created support points in the regions
where Dbending was observed after the
simulation. The static simulation of the new
design was performed again, and progress was
made to use the least material. In the process,
not only additions were made, but also
unnecessary parts were removed. When the
final design (See Figure 10) is reached, a
structure with a weight of 2.3 kg and a strength
of up to 3.5 times the 130 kg force given is
obtained.

Flow »
[Data] »[Generation|—»[Evaluation| ~[Adaptation]—»[Simaulation| [Design |
- - -

A

| Designer J

Figure 13. The GD process diagram in the study.

In the design process of the research (See Figure
13), the designer was assigned to evaluate,
synthesize and re-flow multiple disciplines by
taking tasks such as data identifier, output
determinant, design idea selector, adaptor,
simulation evaluator and designer. Considering
the design processes, the process used in this
research is shorter than French's ten-stage
design process [30]. The main reason for this is
that algorithms analyse the given data. There is
no single right way in the design processes used
in this research. If lighter structural integrity is
expected from the design, it is known that this
can be achieved faster with the GD tool.
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i B ik
Figure 14. Production process and the final
product.

At the end of the process, frame manufacturing
was conducted on the defined production line
and evaluated from an innovative perspective.
A more functional design has been created with
a different approach to the frame structure,
which looks different from the products on the
market. The study, which has been
manufactured, was analysed, and it was
observed that up to 33% reduction was achieved
when compared to conventional bicycle frames.
In addition, with this lightning, it has become a
bicycle that users can carry more easily and ride
with less effort.

4. CONCLUSION

This research aimed to reveal the potential of
GD for conventional manufacturing techniques
and examined the role of the industrial designer
by questioning the place of the GD tool in the
industry. While the article focuses on the form
creation skills of the GD tool developed with
simulation analysis, it also examined the results
of the designs that will emerge by using the GD
outputs as a source of inspiration in the design
processes of industrial designers.

The study started with a literature search. The
design  processes with the developing
technology and the role of the designer in the
industry are discussed through GD. A special 6-
step GD method was developed for this
research, and product design was made with this
method. With this method, which has steps such
as data collection, production, evaluation,
adaptation, simulation and design, GD is
examined from a different perspective. GD
outputs were evaluated as a source of
inspiration, and it was ensured that the design
ideas that could be put forward were based on
the data.

In this study, the designer had roles that
interfered with both design, production, and the
safety of the design. The fact that GD is
gradually taking place in the industry and is a
sought-after tool in high-tech designs shows
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that the designer will also assume different roles
in the future. It is foreseen that industrial
designers can unleash this tool's potential,
especially in the design of parts and products
that will perform the same job by using lesser
materials. This study proves that designers can
realize extraordinary designs by incorporating
GD tools into their production processes at a
time when products are not only designed as a
shell.

It is seen that the generative design process
carried out in this article also contributes to the
sustainability development goals of the United
Nations. A transportation vehicle, which has
great advantages about using clean energy, such
as bicycle, is produced with less material than
conventional vehicles, resulting in less carbon
footprint. With less carbon-footprint it ensures
the production is sustainable. Lighter bicycle
means it can be used by a wider range of users,
so that means it can reach more people and use
more clean energy on transport. Also, when the
materials lessened, manufacturing costs will
reduce.

Lighter products create less carbon while
manufacturing, shipping, repairing, and in
usage. From this point of view, this research has
an innovative approach to using generative
design in the scope of sustainability.

Although creating a form with a GD tool may
seem simple to an outside observer, it cannot be
easy to find a suitable form, considering the
production conditions. Forms created with
iterations within limits set by the designer with
specific algorithms often do not carry the
desired aesthetic concern. For this reason, GD
studies appear as a chain of work based on
constantly getting different results with new
parameters.

As a result, the emergence of a design can
sometimes be hidden in the designer's mind and
sometimes on the surfaces of a dice put forward.
The designer designs by being open to all
surprises, sometimes knowing where he will go
and sometimes not knowing what will come out.
At this point, the designer looking for
inspiration often looks at other products and
related works around him. These inspirations
rarely lead the design to a vastly different point
from other manufactured products. Although
being different does not always mean being
distinctive, it is always the first goal to create
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easily distinguishable differences in the
products made by designers. The first feature
that the GD tool provides to the designer is to
provide optimized form outputs that will fulfil
the function. The second feature is to inspire the
designer with these outputs and create a space
for reflection.

While it is difficult to generalize based on a
single case, this study has shown that designers
can look outside the box, find more innovative
approaches in GD tools, and capture different
approaches in design and manufacturing
processes with these tools.
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