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SUMMARY
In recent decades promising developments in structural optimization techniques have been
established to enable engineers to formulate structural designs as efficient as possible. Main
motivator to increase the efficiency of structures is to reduces the amount of material. A material
reduction has a positive effect on the environmental impact and economic burden when realizing the
design. A common downside of these techniques is that the manufacturing process becomes rather
difficult and extraordinary. This could easily turn around the economic advantage and make a design
unprofitable. To tackle this problem, manufacturing processes have also been developing over recent
decades, making it continuously more beneficial to realize exceptional and out‐of‐the‐box designs.
Two of the most iconic methods for structural optimization are form finding and material distribution
techniques. Both aim to formulate a structure as efficient as possible within specific boundary
conditions. Combining them into one model enables the user to benefit ultimately from both
techniques. Aside from the optimization features, it is also important to consider a manufacturing
techniques which is able to realize an optimized design. A booming development in the field of
manufacturing is 3D printing. Recently this development has been extended to the build environment
by enlarging it scale and printing concrete.
In this graduation thesis a parametric model is developed which combines all three of the presented
features. The model starts off by formulating the settings for the design situation. These setting are
used in the structural optimization, consisted of form finding and material distribution. These
techniques operate on different levels. The form finding technique is used to obtain a globally
optimized shape whereas the material distribution technique places the material exact where it is
needed on a local level. Additionally, the model takes a 3D printing process into account to ensure
that the end result is manufacturable. This thesis considers the specific 3D concrete printing process
available at Eindhoven University of Technology.
The presented features influence each other throughout the model. The manufacturing process
influences both optimization techniques by limiting the design possibilities to ensure a realisation of
the end result. Additionally, the optimization techniques influence each other, because the optimal
shape changes if the material distribution is changed and vice versa. To take this into account as well,
the model is setup in an iterative fashion.
Aside from developing a structural optimization model considering a 3D concrete printing process,
this thesis also focusses on the influence of the settings on the result. Parametric studies are
presented in which the influence of a single parameter is discussed. Additionally, a showcase is
presented to give an example of the wide range of application of the model. This is amplified by a
proof of concept showing how a printed structure could look like.
A practical aim of this thesis is to give an overview of the challenges which come along with
developing such a model. This overview can be used as a guide in future research to base new
development upon. By solving these challenges, the model could be improved and extended. The
presented model provides insight in the application of structural optimization models and may help to
implement optimization techniques considering the manufacturing process into daily practice.
III

IV

TABLE OF CONTENT
1.

2.

3.

4.

5.

6.

Introduction (Tim) .............................................................................................................................. 1
1.1.

Features in the model (Tim) ...................................................................................................... 2

1.2.

Relation of features (Tim) .......................................................................................................... 3

1.3.

Model process (Tim) .................................................................................................................. 4

1.4.

Context of graduation project (Tim) .......................................................................................... 5

1.5.

Lay‐out graduation report (Tim) ................................................................................................ 6

Model process (Niels) ........................................................................................................................ 8
2.1

Initial Design (Niels) ................................................................................................................... 8

2.2

Form finding (Niels) ................................................................................................................... 9

2.3

Matertial distribution (Tim) ..................................................................................................... 13

2.4

Check results (Niels)................................................................................................................. 19

2.5

Adjust design (Niels) ................................................................................................................ 20

2.6

Post Processing (Niels) ............................................................................................................. 22

2.7

Manufacturing (Niels)............................................................................................................... 23

Structural challenges (Niels & Tim) ................................................................................................. 26
3.1.

Initial design (Niels).................................................................................................................. 26

3.2.

Form Finding (Niels) ................................................................................................................. 34

3.3.

Topology optimization (Tim).................................................................................................... 41

3.4.

Check results (Niels)................................................................................................................. 55

3.5.

Adjust design (Niels ................................................................................................................. 60

3.6.

Post‐processing (Tim) .............................................................................................................. 63

Results (Tim)..................................................................................................................................... 67
4.1.

Cases (Tim) ............................................................................................................................... 67

4.2.

ShowCase (Tim) ....................................................................................................................... 70

4.3.

Proof of concept (Tim) ............................................................................................................. 72

Conclusions and recommendations (Niels) ..................................................................................... 75
5.1.

Conclusions (Niels) ................................................................................................................... 75

5.2.

Recommendations (Niels)........................................................................................................ 76

Refeerences ..................................................................................................................................... 78
6.1.

List of figures ............................................................................................................................ 79

Appendix A
Appendix B
Appendix C
Appendix D

Overview structural challenges (Niels & Tim)
Software (Niels)
Extracting model (Tim)
Proof of concept (Tim)

V

1. INTRODUCTION
Throughout the history of the build environment an ongoing quest can be found to design structures
as efficient as possible. In the ancient times this was already done by applying arch‐structures. Later
on, trusses were used to create more efficient structures. The application of typical cross‐sectional
profiles is again a clear example of increasing the efficiency of structures. In general, the most
important reason to pursuit an optimal efficiency is to reduce the amount of material in the structure.
This reduction of material results in a decrease of the dead weight, which is mostly only seen as a
necessary evil to manage live loads. Other benefits of an overall material reduction is a decrease in
energy consumptions as well as costs, needed to realize a structure.
The examples mentioned previously were initially based on either physical models, engineering
practice or basic calculations. However, in recent years further developments of structural
optimization were in need of computational efforts. Recent developments in computational structural
optimization offered new possibilities, which can be divided into two different approaches; Form
finding and Material distribution. Both gratefully use the availability of computational power to solve
extensive and complicated calculations. The use of these optimization techniques may result in
freeform structural design, which are difficult to formulate exactly without computational help.
Freeform and structurally optimized shapes are often hard, or even impossible, to realize with
traditional manufacturing techniques. This is the major reason why optimized structures have not
been constructed on a large scale in the past. The benefits of optimized structures, such as material
reduction, did not yet outweigh the drawbacks of making the freeform structures with traditional
manufacturing techniques. However, also in the area of manufacturing techniques constant research
is pushing the developments of new manufacturing techniques. One of these evolving techniques is
3D printing. A technique which at first was used to print small elements in plastic but which is now
being implemented on an increasingly large scale, such as the build environment. Main advantage of
the 3D printing technique is that the standard restrictions of the structural shape seem to have
vanished. This technique enables designers to develop mass solutions customized to the need of the
individual situation, because there is no direct need for repetition anymore.
Although traditional limitations have been eliminated by 3D printing, new techniques also bring new
limitations. These new limitations will obviously still influence the realization of the optimized
structures. To ensure that all optimized structures can be realized, the influence of the 3D printing
technique should be incorporate in the structural optimization itself. This graduation focusses on the
relation between the different optimization techniques as well as the relation between structural
optimization and 3D printing. By combining these relations, a designer should be able to obtain a fully
optimized structure which can be realized by a 3D printer. The ultimate aim of the graduation is;
Realizing a parametric structural optimization model, considering the influence of the 3D printing.
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1.1.

FEATURES IN THE MODEL

The general aim of this graduation, as formulated previously, consists of several features. These
features are mostly techniques which have been established on their own and have been proven on
many different levels. However, in this graduation the focus is put on combining these available
techniques. The basic relationship between the features in the model is visualized in a basic manner
in figure 1.1.
The first major feature in the model is an optimization techniques called form finding (FF). This
technique enables the designer to obtain an optimal global shape based on specific boundary
conditions such a supports, loads and stiffnesses. This typically results in freeform shell structured
designs. In figure 1.1a. a clear example can be seen which shows how an optimized shape using form
finding could look like.
Aside from form finding, another optimization technique is used, namely a material distribution
optimization known as topology optimization (TO). The technique enables the designer to obtain an
optimal local placement of material within a predefined space. The material is positioned at the
locations where it contributes the most to the structural performance of the design. Vice versa,
material at locations where it contributes less, is taken away and is repositioned. In figure 1.2b an
example of topology optimization is given.
The third important feature in the model is a manufacturing technique called 3D printing. This is a
rapidly developing manufacturing technique which has recently been introduced into the build
environment as 3D concrete printing (3DCP). This technique enables the design to exceed the
limitations of traditional manufacturing techniques. Especially the freedom in shape is a great benefit.
Ideally any arbitrary shape could be manufactured without the need of complicated and expansive
scaffolding. An impression of a 3D concrete printed structure is given in figure 1.2c.
At last, it is important to realize that all these features are combined in a model which is constantly
searching for an optimum. So, aside from the structural optimization parts inside the model, the
model itself is an optimization as well. The main objective of the model, can be formulate generally
as; finding the optimum amount of material to achieve the best possible structural performance using
specific design setting as boundary conditions.

Figure 1.1 – Basic relationship between features in model

Figure 1.2a, b and c – Examples of features in model
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1.2.

RELATION OF FEATURES

In contradiction to the linear model presented previously in figure 1.1, a non‐linear model appears to
been more useful, because the individual optimization results have influence on the other
optimization. As a design situation is introduced into the model, first the global shape is defined using
form finding. The structure defined at this stage is then transferred to a topology optimization. Here
the material gets redistributed to further optimize the structure. However, the redistribution of the
material within the global shape causes an incorrectness in the most optimal form obtained by the
form finding optimization. To counter this, the design is introduced again into the form finding
procedure. Here, the global shape is altered taking the changed material redistribution into account.
This alteration in shape on its turn influences the most optimal material distribution, so the design is
again transfer to the topology optimization to again redistribute the material. This loop is continued
up until the point, where an additional loop won’t contribution significantly anymore to the change of
the resulting design. Figure 1.3 visualises the loop within the model described here.

Figure 1.3 – Optimization model with form finding and material distribution

In addition to this, the properties of the printer are introduced in the model. This is visualized in figure
1.4. The introduction of the 3D printer properties is realised by incorporating them in both
optimization techniques as limiting conditions. This incorporation is realized at three different stages
in the model. First of all, the manufacturing limitation of the 3D printer are introduced in the form
finding process, meaning that the result of the form finding process must always fulfil the
manufacturing properties of the 3D concrete printer considered. Additionally, the same can be stated
for the topology optimization. This part of the model should also satisfy the production properties of
the printer. Finally, the material properties introduced in the model, should be adjusted in accordance
to the corresponding material properties which follow from the printer. The material properties are
important because they are directly influenced by the printing process.
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Figure 1.4 – Optimization model with form finding, material distribution and manufacturing process

The model described here creates a resulting design which is optimized on both a global level and a
local level, and which can be manufactured efficiently using a 3D printer. The model described here,
should in principal be able to be applied to any arbitrary boundary and load conditions. However,
within this project specific cases are applied in order to create a starting point from which the model
can be expanded. This helps to keep the focus on the model itself rather than an extensive amount of
applications. In the end the model should be able to implement any arbitrary design case.
In the previous figure, a rather clear distinguish has been made between the initially described loop
and the incorporation of the manufacturing properties. This distinguish is made because the model is
build up out of two phases within the project. First, the initial loop is set up in which form finding and
topology optimization is combined. If this loop is working correctly, the properties of the 3D concrete
printer are introduced into the same loop as described earlier. Meaning that it is important to build
the initial loop in such a way that it is still possible to incorporate the influence of the printer into the
model. In this way an inefficient model is avoided, in which first an optimized design is created which
should afterwards be adjusted to make it printable. These adjustments would again interfere with this
optimum result formulated earlier. So ideally, the printers influences should be incorporated directly
into the optimization techniques.
1.3.

MODEL PROCESS

Now that the overall goal of the model and the relations between the main features are described,
the actual process of the model itself can be defined. The process to obtain an end result is visualized
in figure 1.5. Notice that aside from the core optimization techniques some other features are added
to the process. These additional features are mainly introduced to make sure that in the end the most
optimal structure is obtained for a specific design situation.
The model starts off with defining the design situation along with all the necessary settings. With
these settings the designer is able to control all aspects of the model. Several principal cases are
introduced to ensure the parametric set up of the model. Obviously, these cases could easily be
extended by introducing different boundary conditions. After all the settings are defined, the design is
subjected to a form finding optimization. This global optimization results in an optimal shape for the
specific given settings. This global shape is then used as a design input for the material distribution
4

optimization. This local optimization positions material at the exact places on the optimized shape
where it is used most efficiently. At the end of this material distribution, a static analysis is run to
formulate the results of the current design. Here the structural performance of the design is
measured, interpreted and saved. The interpretation of the structural performance enables the
model to reformulate one of the initial settings. After this, the reformulated settings are used to start
a new optimization loop after which again the structural performance is measured. This could then
again lead to an adjustment of the settings. The goal of the model is to find the best possible
structural performance for the given design situation. This is done by changing a specific setting in
such a way that the best performance is obtained after several loops. If the structural performance
ceases to improve the internal looping is terminated and an end result is formulated by means of a
post‐processing procedure.

Figure 1.5 – Process of optimization in the model

1.4.

CONTEXT OF GRADUATION PROJECT

It is important to realize that the subject for this report is a relative new subject within structural
engineering. Therefore, a large part of this report is aimed to provide an exploration on what is
relevant to this field of structural engineering. Practically, this means that not only the global process
is introduced and reported but also all relevant influences are reported to give an overview of the
challenges ahead. Within the timespan of this project it would be impossible to thoroughly investigate
all the influences deeply. Therefore, the focus is put on the most fundamental influences specifically
whereas others are only discussed briefly. The project and its model should be established in such a
way that further investigation on other influences can be done in a later stage. With such an
approach, the model keeps on extending to a more solid and precise model. To make sure this is
5

possible, the model is build up out of modules. See figure 1.6. Ideally, modules can be removed,
improved or newly introduced in the model without overthrowing or conflicting with the rest of the
model. In such a way, it is easier to extend the model in the future and create an even better tool for
designers to use.

Figure 1.6 – Principal of introduction modules in overall process

1.5.

LAY‐OUT GRADUATION REPORT

This graduation report essentially covers the realization of a parametric structural optimization model
for shell structures, which considers the influences of a 3D concrete printer. In order to create insight
in the optimization model itself, but also in the developing process, this report consist out of several
sections. See figure 1.7. These sections all focus on a different level of detail.
In the current section the overall goal of the model has been formulated. Additionally an overview has
been given in which the relations between the features within the model are clarified. At last, an
overview has been introduced which explains the process of the model. In the following section the
process overview of the model is elaborated more extensively by taking apart all features and
explaining what exactly happens at each stage of the model. Obviously, the relations between the
features keep a prominent role in explaining the process. After this, a third section considers the
structural challenges which are to be solved within the presented features of the model. All structural
challenges, discovered during this graduation, are presented briefly to provide a scope of topics for
future research. After this, assumptions are given to tackle these challenges. For some challenges a
relative simple or practical reasoning are sufficient, whereas other challenges are investigated more
deeply. In addition to the assumptions also some recommendations are made to improve the model
in future research. The fourth section elaborates more on the practical side of the model. Here all
features within the model are discussed on a computational level. At last, all of the investigations are
put together to formulate the results of this graduation. Using these results and all the knowledge
gained, the main conclusion are formulated together with recommendations for further research.

6

Figure 1.7 – Lay‐out of graduation report
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2. MODEL PROCESS
The process of optimization is clarified by this part, by explaining the structural aspects of the model.
The development of a result throughout the model is given in six steps, given by figure 2.1. In each
step a new principal action is added to the model. After the sixth step a resulting design is obtained
which is optimized for both form finding and topology optimization. All steps are described in the
correct order as in the real model itself and are explained from a structural point of view in this part
of the report.

Figure 2.1 ‐ Process of optimization model by six steps.

2.1

INITIAL DESIGN

The initial design part is the first step of the optimization process. Initial optimization settings and
constraints are set in this part. The first step is the definition of a discretized grid of elements and
nodes, after which the positions of supports are defined. The shape of this grid is in principal defined
by an initial design, such as a floor plan. However, a fixed square grid is used within this project for
practical a reasons. Supports are applied at various locations at the grid, which defines the start
conditions for several fixed cases. The initial design conditions for these cases are shown in figure 2.2
and an overview of the process of the first step is given in figure 2.3.
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Figure 2.2 ‐ Support locations for the defined cases



Input
Initial design situation

Process
Applying grid and supports



Output



Grid of elements, nodes and
supports

Figure 2.3 ‐ Overview of initial settings process

2.2

FORM FINDING

Form finding is the first applied optimization method in the overall process, after the definition of
initial design conditions. As mentioned before, form finding focusses on finding a global shape of
equilibrium, which transfers applied forces optimally to the supports. In this case, optimally means a
shape for which the loads are transferred by compression, without the occurrence of bending
moments and tension forces. [2.1].
Various form finding methods exists within the field of computational form finding. In general,
computational form finding methods can be categorized within three main families; stiffness matrix
methods, geometric stiffness methods and dynamic equilibrium methods. The most common
methods within these families, like dynamic relaxation and the force density method, are extensively
compared in the literature review [2.2] for both theory and appropriate software. These comparisons
showed that various methods can be used to solve a relative simple optimization problem for a
comparable result. An overview of the most typical characteristics for each compared method is
shown in table 2.1.
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Influence shape
by:
Load application
at:
Update
geometry by:
Parametric
implementation:
Solving strategy

Geometric stiffness methods

Dynamic equilibrium methods

Force density
method
Force
densities
(values)
Points and lines

Dynamic relaxation

Particle spring system

Material properties
(values)
Points and lines

Spring stiffnesses
(values)
Points

Re‐run analysis task

Direct update

Additional coupling
software (bad)
Iterative

Implemented
in
Grasshopper (Good)
Iterative

Re‐run analysis task
Additional coupling
software (bad)
Linear matrix

Thrust network
analysis
Force diagram
(diagram)
Total dead load,
automatically divided.
Re‐run
equilibrium
vertical + horizontal
Python script for
node location (good)
Iterative

Table 2.1 ‐ Overview of typical characteristics for each form finding method

A dynamic approach, by the use of the particle spring system method [2.3], is chosen as the most
suitable for the presented model. The main advantage of a particle spring system is the full
integration within a parametric environment. This makes it possible to directly change parameters in
order to update a resulting shape. Aside of that, this iterative approach converge relatively fast to an
optimized result.
Within the particle spring system, a shape of equilibrium is found by translating line elements into
linear elastic axial springs, after which force‐vectors are applied at the nodes. This causes the
structure to move to a state of equilibrium by an iterative process. This process is schematically
shown in figure 2.4.

Figure 2.4 ‐ Simplified process of form finding by the particle spring system

The resulting optimal shape is, aside from the defined grid type and support points, influenced by the
ratio between the spring stiffnesses and applied forces. The assigned stiffnesses to the elements do
not represent a real material in this case, neither does the applied forces represent a real load. Only
the ratio between the applied loads and stiffnesses defines the resulting shape. This shape is judged
by conditions defined by an initial design situation, like a maximum height, a specific opening or a
useful floorplan. The values for both the springs and applied loads can be changed as design tools to
fulfil these set requirements. A limitation of a design is shown simplified in figure 2.5.

Figure 2.5 ‐ Design constraints for which a ratio of loads and stiffnesses can be judged
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2.2.2 THEORY OF PARTICLE SPRING SYSTEM
Form finding with a particle spring system starts by the definition of linear elastic spring stiffnesses
and force‐vectors at a two‐dimensional grid defined in x‐ and y‐direction. All elements in this grid are
assigned by a material independent unit value representing a linear elastic stiffness at the first stage.
A similar approach is used for the definition of applied forces at the nodes, or particles, where a unit
force in z‐direction is set to represent the dead load of a structure. From a dynamic point of view, the
complete structure is in rest at this stage which means that all velocities and accelerations of the
particles are zero [2.4]. This first stage setup is conceptually visualized in figure 2.6.

Figure 2.6 ‐ Simplified setup of first stage in form finding

The system starts moving when the applied force‐vectors are suddenly activated. This movement
causes the springs to elongate from their rest length at time = 0. This elongation of the springs,
combined with constant linear elastic spring stiffnesses, causes forces on the nodes in the axial
direction of the springs. These forces are defined by equation 2.1. For which is representing a
constant stiffness and the elongation of a spring.
∙

Equation 2.1

The elongation is defined as the difference between the updated and rest spring length between two
nodes, made clear in figure 2.7. Due to the relative large statically indeterminate system of springs
and particles, equilibrium of forces at all nodes is not reached in one step. An iterative approach,
consisting of small time increments ∆t, is needed to reach a desirable equilibrium solution for the
complete particle spring system.

Figure 2.7 ‐ Elongation of springs after the application of forces, (left) and force equilibrium in a node (right)
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At each time step ∆t, a resultant force‐vector is added to each node which compensates the lack of
equilibrium in the first stage, visualized by on the right side of figure 2.8. The location of each
particle is updated for three directions by this resultant force‐vector for every new step. From this
point, a new resultant force‐vector is calculated. The optimization process comes to an end when the
resultant forces are below a certain tolerance.
As made clear, the system is not in a static equilibrium during the iterative process, which causes the
particles to move. This movement is described as a vibration of the complete system caused by the
resultant forces. These resultant forces accelerate the particles in the resultant direction which
eventually lead to a new position of a particle for every time step ∆t. The acceleration of each particle
is measured and multiplied with the time ∆t for which the structure is accelerating. This result in a
velocity according to Newton’s second law. The equilibrium position of a node can be found at the
location where this velocity is the highest and the acceleration is zero. From an energetic point of
view, this is the point where the kinetic energy is the highest. Each particle position is updated to the
location with the highest kinetic energy after each time increment. From this point on, a new
resultant force is defined after which a following time increment starts. This principle working of the
method is shown in figure 2.8.

Figure 2.8 ‐ Dynamic principle of finding equilibrium by a particle spring system

The update of a particle to the location of the highest kinetic energy at each time increment is a type
of damping. Artificial damping is applied to the particle spring system to prevent an infinite oscillation
of the particles around their equilibrium positions. The influence of damping in general, for the
deflection in time, is shown in figure 2.9.

Figure 2.9 ‐ Influence of damping
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The resultant shape can be adjusted by changing the spring stiffnesses or applied forces in order to
fulfil geometric requirements. The particle spring system is then updated to a new shape without
starting again from the beginning. Within the scope of this project, no actual geometrical
requirements are set which means that the resulting shape followed from initial unity settings is not
changed. The resulting shape is in equilibrium for tension only elements and is for that reason turned
upside down to a compression only shape, principally shown in figure 2.10.

Figure 2.10 ‐ Turning obtained geometry for a compression only structure

The result of form finding is a shape of equilibrium consisting of points and lines. Panels are defined
between these points and lines to obtain a 3D surface in order to create an output useful for the
upcoming topology optimization. The input, process and output of the form finding part is
summarized in figure 2.11.



Input
Grid of elements, nodes and
supports

Process
Form finding



Output



Optimized geometry

Figure 2.11 ‐ Overview of the input, process and output of the form finding part.

2.3

MATERIAL DISTRIBUTION

The end result of the form finding optimization is a global optimized shape, which functions as the
most important input parameter for the following optimization. In the second optimization step the
optimal shape is used to formulate an optimal material distribution. This is achieved by using a
material distribution optimization, called topology optimization. In the literature review [2.5],
belonging to this graduation project, a valid reasoning is given why topology optimization is the
correct material distribution technique to use here. The main reason to use topology optimization is
that the actual outcome is mostly independent of predefined settings by the designer. This can also
be seen as a large degree of freedom in the possible design outputs.
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2.3.1. TOPOLOGY OPTIMIZATION
The essential goal of topology optimization is to find a specific material distribution which results in
the best possible structural performance within the given boundary conditions. The distribution is
found by altering the degree in which a microelement is contributing to the structural performance.
An important property of topology optimization is the allowance for microstructures to disappear
from the complete structure. This effectively means that the layout and connectivity of a structure is
allowed to change during the optimization. In a discrete structure this would mean that the axial
surface area of an element may decrease to zero. Thereby the element vanishes from the structure
completely and changes the layout. In figure 2.12 an discrete topology optimization is shown as an
example.

Figure 2.12 – Discrete topology optimization

Figure 2.13 – Continuum topology optimization

The same principle can be applied to a continuum structure. In this optimization the density of the
mesh elements are artificially altered in order to influence to contribution of each element.
Practically, a mesh element is given a lower artificial density if it contributes relatively little to the
structural performance. This artificial density represent the amount of material in an elements.
Ultimately, the element could disappear from the structure if the artificial density becomes zero. If
this happens a void is created in the design where no material is used at all. An example is given in
figure 2.13. Important to realize is that an artificial density element between solid and void is difficult
to manufacture in a practical sense. This should be taken into account when formulating the end
result. In topology optimization features, can be introduced to force the process to result in either
solid or void elements, so‐called black and white solutions.
Design domain
An important feature within the topology optimization is the design domain. This domain is a
predefined area or volume in which the designer allows the optimization to change the connectivity
of the design. The main purpose of a topology optimization is to use the available space in the design
domain as efficient as possible. In figure 2.14 an arbitrary design domain is formulated. Within a
design domain, the designer could also manually set specific regions to solid material or void material.
In this way the result could be directly influenced, for example to make sure specific aesthetic or
functional conditions are met. This can be seen in figure 2.15 where the black part is predefined as
solid material in the design domain and thereby kept in the optimized end result.

14

Figure 2.14 – Arbitrary design domain

Figure 2.15 – Design domain example

Design proposal
Important to realize in general is that the optimized result of a topology optimization should mainly
be seen as a design proposal. A designer using this optimization technique should always look at the
result critically and interpret the result carefully. The optimized result may be different than the result
which can be built in the end. The main reason for this difference is the presence of elements which
are not completely solid or void. To manufacture these elements, they would be changed to either
solid of void elements and thus they change the structural performance of the optimized result. To
take this into account, a design should always be subjected to a static analysis after being post‐
processed.

2.3.2. SIMP
Within topology optimization, several techniques have been
developed. These techniques have been presented in the
literature review [2.5]. After comparing the techniques a choice is
made to use the method of Solid Isotropic Microstructure with
Penalization (SIMP). This choice is made because SIMP has proven
to provide overall optima which are closer to the theoretical
optima then other techniques for comparable situations.
Process
The general goal of SIMP is to achieve a distribution of material
which fulfils the objective function as well as possible within given
constraints and design domain applied to an optimization. To
achieve this goal, the process is started by defining the design
situation. This is done by stating a design domain and other
parameters like the loads, supports and material properties. After
this, the design domain is divided into mesh elements.
Subsequently, the optimization is start by analysing an initial

Figure 2.17 – Flowchart of SIMP
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uniform material distribution. This analysis is then interpreted and used to formulate a new non‐
uniform material distribution. See figure 2.16. The new distribution should be formulated in such a
manner that the objective parameter is improved. The model with the new distribution is then
analysed and interpreted again to again reformulate the distribution. This iterative process is
continued up until the point where a change in the material distribution doesn’t provide a significant
improvement anymore. The distribution at that point could be seen as the optimal distribution. The
overall process of SIMP described here can be seen in figure 2.17.

Figure 2.16 – Material distribution in first topology optimization loop

Densities
The material distribution explained in the previous part is established by altering the densities of each
individual mesh element. This alteration is done by introducing an artificial intermediate Young’s
modulus. These are defined by;
̅∙

Equation 2.2

In this the
is the original realistic Young’s modulus defined by the user and ̅ is a density ratio
used to decrease the Young’s modulus of an element artificially. It is assumed that by decreasing the
density of a material the Young’s modulus is decreased linearly. [2.6] The ratio is referred to as the
relative density and can be expressed as;
̅

⁄

Equation 2.3

is the density of the original material and
is the intermediate density used in the
Here
optimization. Leaving ̅ to be a value between zero and one, which basically indicates the degree in
which an element is participating in the structure. An element with ̅ 0 represents a void element
and an element with ̅ 1 represents a solid element. Figure 2.18 shows a design in the middle of an
optimization. Notice there are white, grey and black elements resembling void, intermediate and solid
elements, respectively.

Figure 2.18 – Material distribution in the middle of an optimization
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The intermediate density elements are artificial and may be hard to imagine and may be even harder
to produce in practice. Because of this artificial background, a practical application of SIMP for
topology optimization might be questioned. This question is answered in the homogenization
technique [2.7] which can be seen as an extension of SIMP. The main difference between these
techniques is the way the intermediate densities are justified. Where SIMP uses artificial densities,
Homogenization uses a material with a variable porosity. Practically this mean that in each mesh
element a hole is modelled which in size is in correspondence to the intermediate density. Figure 2.19
illustrates this principle by showing an intermediate density of 0,9 and 0,5 and 0,3 respectively.

Figure 2.19 – Formulating intermediate densities

Penalization factor
Next to solving the unrealistic intermediate densities by using a porous material, a feature has been
developed to eliminate the intermediate densities as much as possible. This feature is called the
penalization factor and is basically used to push the result of the optimization to black and white
solutions by punishing the intermediate densities. If this factor is increased all intermediate densities
are punished more severe and thereby judged as increasingly uneconomically. The distribution
therefore get changed to a solution with less intermediate densities. However, an increasing higher
factor also leads to a decrease in the structural performance of the optimal solution. In figure 2.20 a
classic optimization is shown with a penalization factor of one, two and three, respectively. Also the
corresponding normalized compliance is given. The first result has more intermediate densities but
has a better structural performance, whereas the second and third have less intermediate densities
and show a more explicit shape but have a lower structural performance.

Compliance = 1

Compliance = 1,24

Compliance = 1,26

Figure 2.20 – Results for different penalization factors using Matlab
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Objective function and constraint
An optimization always needs a specific goal or objective. The formulation of the goal is called the
objective function. To limit this objective from getting infinitively better, a constraint should also be
formulated. In the context of topology optimization, the most often used formulation of the objective
and constraint is the minimization of the strain energy with a limiting volume fraction. The
minimization of strain energy is equal to the maximization of the overall structural performance of the
design. [2.8] The maximization of the structural performance is limited by allowing only a fraction of
the design domain to be filled with material. If this limitation would be absent the optimization would
simply fill up the whole design space because this would obviously lead to the best possible structural
performance. Topology optimization techniques like SIMP allow for different kind of objective
functions and constraints. These alternative combination are discussed further on in this report in
paragraph 3.3.4.
2.3.3. RELATING THEORY TO MODEL
The theory ,as explained previously by simple examples, is implemented in the project model. In the
model a form finding process has been used to establish an optimal global shape. This shape is
introduced into the topology optimization as the design domain on which the material is
redistributed. The necessary mesh elements are obtained by using the same grid which is used to
formulate the nodes and springs in the form finding process. The optimal material distribution is
obtained by an equal process as described previously and is projected upon the optimal shape. In the
process of finding the optimal distribution, the global structural performance is maximized for a given
volume fraction. The penalization factor is set to the minimum value of one because it is provides the
best structural performance and because the 3D printing process is assumed to be able to
manufacture the intermediate. Figure 2.21 shows the role of topology optimization within the model.
First the optimized shape is introduced as a design space. After this the material gets distributed upon
that shape. The output of the topology optimization is purely a material distribution. More elaborated
reasoning for the assumptions related to specific settings are given further on in this report in chapter
3.

Input



Optimized shape

Process
Topology optimization



Output



Optimized material distribution

Figure 2.21 – Process of topology optimization
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2.4

CHECK RESULTS

When the structure is optimized for both shape and material distribution, results can be obtained
about the structural performance. Results are material independently checked for its overall
structural performance by a single value, defined as compliance. Material specific variables, as
stresses, are thus not checked directly within the presented setup.
The compliance is a measure for the overall structural performance and is defined as the sum of all
strain energy in a finite element model. A relative low value for the compliance is representing low
strains, which means a relative good structural performance. Opposite, large strains result in a high
value of the compliance and thus a relative bad structural response. This principle is visualized in
figure 2.22.

Figure 2.22 – Principle resulting compliances for a low and high stiff structure, applied by high and low loads

Compliance is defined in equation 2.4 for linear models, where the
vector and the global stiffness matrix [2.8].

represents the displacement

Equation 2.4

This way of checking the structural performance is suitable to use within the scope of this project
since it takes both the global stiffness into account as the influence of applied forces. This is important
since a volume reduction is the most important variable within the overall optimization. When
comparing results with varying volume reductions, both the influence of global stiffness and load
should be taken into account. For example, a higher volume fraction leads to more material and thus
a more stiff structure. However, more material also results in a higher dead load of the structure. This
contradiction between the stiffness and applied forces on a structure is regulated by its structural
response, by the resulting strains and summed to a single compliance value. The input, process and
output of the check results part is summarized by figure 2.23.

Input
Topology optimized structure



Process
Calculating compliance

Figure 2.23 – Input, process and output of the check results part



Output



Single compliance value
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2.5

ADJUST DESIGN

The output from the check results part is judged, followed by a change in initial settings. Adjusted
settings for both form finding and topology optimization are applied in the next loop to improve
results. All improvements of variables are related to the general optimization goal, which is a material
reduction by placing material only where it is efficiently needed. For a material independent
optimization, this means that the most important variable is a change of the volume fraction at the
topology optimization. The goal is to find an optimal value for the volume fraction, including the
effects of dead load and a change of stiffness. The resulting material distribution caused by the
volume fraction affects the initial settings at both form finding and topology optimization.
2.5.1 FINDING AN OPTIMUM
An optimum for the volume fraction arises by combining two principle effects into one model. First,
the structural response of a design can be improved by applying a constant load and an increasing
volume fraction. This structure gets stiffer because more material is used, without any increase of
load. This principle is shown left in figure 2.24 for its relative compliance, and thus structural
response, to a relative volume fraction. The second principle is the opposite from the previous one. A
structure is applied with a constant volume fraction and an increasing load. The structural response,
defined as the sum of all strain energy by the compliance, becomes worse in this case because an
equal amount of material is used to carry a relative high load. This principle is visualized in the middle
graph of figure 2.24 for a relative compliance to a relative load. Both principles combined represent
the real structural behaviour and are visualized right in figure 2.24.

Figure 2.24 – Optimal value for the volume fraction

The optimized volume fraction is found by an iterative solving procedure which changes the volume
fraction after each loop based on the compliance. First, the compliance of the current loop is
compared and judged with the compliance of the previous loop. Then the volume fraction is changed
based on this judgement for the next loop, after which the process starts over. If the compliance of
the current loop is lower than at the previous loop, then the structural performance of the current
loop is better. As a result, the volume fraction is lowered because the lowest possible compliance is
not reached. The opposite applies for a higher compliance value, which means a downgrade of the
structural performance. The volume fraction is then increased for the next loop, because the
optimization passed the optimum. This strategy is visualized in figure 2.25.
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Figure 2.25 – Process of finding an optimumal volume fraction

2.5.2 CHANGING INITIAL SETTINGS
A lower volume fraction result in a material reduction which, from a structural point of view, leads a
lower stiffness. This effect is implemented in the model by lowering the initial unity stiffness values in
accordance to the material distribution at the form finding part. In the same way, a reduction of
material result in a lower self‐weight. This is taken into account at both form finding and topology
optimization by reducing the values of the applied forces. These adjustments are made taking the
material distribution of topology optimization into account. This principle is shown in figure 2.26. for a
simplified side view of a grid. The input, process and output of finding an optimum is. given in figure
2.27.

Figure 2.26 – Process of finding an optimumal volume fraction

Input
Optimized material distribution
and compliance



Process



Define updated volume fraction
and change stiffnesses and loads

Output



Changed settings for spring
stiffnesses and loads

Figure 2.27 – Input, process and output of the adjust design part
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2.6

POST PROCESSING

The geometry with assigned values for relative densities does not represent a real structure and is
therefore post processed. The goal of post processing is to transform the optimized result into a
realistic structure which is manufacturable An optimized result represent structural properties, for
which the young’s modulus is one of the most important. Initially, all elements are applied by an equal
young’s modulus. At the end of the optimization, the applied young’s moduli are affected per element
by multiplying it with the unique relative density value assigned to each element. This principle is
made clear by figure 2.28.

Figure 2.28 – Principle application of relative densities to the young’s modulus

The stiffness of a structural component is dependent on its geometry and young’s modulus. A
structure with a constant volume and varying young’s modulus is assumed to be of equal stiffness as a
structure for varying volume and a constant young’s modulus. This principal is applied to the post
processing of an optimized shell in the presented model. Each specific Young’s modulus per element
is translated into a volume reduction per element. See figure 2.29

Figure 2.29 – Translation of updated relative densities to a volume reduction

A volume reduction is obtained by creating a single hole to each element, with a radius varying based
on the assigned relative density value. The maximum hole size per element is limited by the
boundaries of each element and manufacturing techniques. For that reason, the elements are further
reduced by a reduction of the element thickness. The maximum realistic volume reduction defines
the lower boundary for the relative densities at the topology optimization. The principle volume
reduction per element is shown in figure 2.30. The input, process and output of the post‐processing is
shown in figure 2.31.

Figure 2.30 – Obtained volume reduction per element
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Input
Optimized shape, applied by
relative densities to the panels.

Process
Translate updated young’s
modulus to a volume reduction



Output



Post‐processed geometry

Figure 2.31 – Input, process and output of the post processing part

2.7.

MANUFACTURING

An addition to the presented process is the actual manufacturing of an optimized result.
Manufacturing constraints are implemented in the optimization by defining the range of relative
densities for which the structure is optimized. The lower limit of this range depend on the type of
manufacturing used to realize an actual structure. Within the scope of this project, a goal is to actually
manufacture a prototype based on the optimization model. This prototype is made by the use of the
3D Concrete Printer at the Department of the Built Environment at the University of Technology
Eindhoven, shown in figure 2.32.

Figure 2.32 – 3D Concrete Printer at the Department of the Built Environment at the University of Technology Eindhoven
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This type of printer consist of three general components: A gantry robot, a mixing pump and a control
system. The gantry robot is a 4‐axis system which can move in x‐, y‐ and z‐direction and rotate around
its z‐axis within an area of 9.0 x 4.5 x 3 m3. The setup is made clear in figure 2.33. This system is used
to deposit fluid concrete at any place within this area by a nozzle at the end of the z‐axis. This nozzle
is attached to a hose which is connected to a mixing machine, where dry powder is mixed with water.
The resulting concrete is pumped by a rotor‐stator pump, shown by figure 2.34, into the hose for a
defined pumping speed. The pumping speed and position of the gantry robot are controlled by a
computer numerical control (CNC) unit. With this CNC unit, a printing path can be defined by entering
a g‐code and assigned pumping speed. [2.10].

Figure 2.33 – Degrees of freedom and print area of the 3D concrete printer

Figure 2.34 – Rotor‐stator pump

Although the printer can reach any location within its printing area, not every imaginable geometry
can be made. Manufacturing of shapes by 3D concrete printing is mainly limited by the used material
and nozzle resolution. The printed material needs to be fluid enough to get pumped to the nozzle. On
the other hand, the material needs to be strong and stiff enough just after depositing to carry the
load of following layers. The layers should stay in position, otherwise instability problems may occur.
The printing resolution is constrained by the open area of the nozzle and another limitation is a
degree of freedom by only 4‐axises. The gantry robot cannot rotate around its x‐ and y‐ axis which
makes it impossible to place layers perpendicular to the mid‐plane of a double curved surface. Which
is impossible from a material point of view as well. The discussed limitations are clarified by figure
2.35.

Figure 2.35 – Limitations on 3D concrete
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The discussed limitations of the used printer makes it difficult, or even impossible, to print an
optimized shell structure in one go. The current material would make it impossible to create an
overhang as needed for a double curved structure. Aside of that, holes would not be realizable as well
without any support material. For that reason, a more realistic printing strategy is chosen. The
resulting post‐processed result of the optimization model is discretized into panels, which are
individually manufactured and combined to a shell afterwards.
Each panel has its typical geometry and double curvature, which are manufactured by the
combination of 3D concrete printing and a flexible mould (a). The characteristic boundary shape for
each panel is horizontally printed for a specific thickness, expressed in a number of printed layers (b).
Then the area within the printed layers is filled with concrete (c). At last, a double curvature is added
to the panel by positioning the initial horizontal support surface into a double curved surface (d). The
side view of this process is shown in figure 2.36.

Flat mold (a)

3DCP (b)

Fill up middle (c)

Curve mold (d)

Figure 2.36 – Sideview on the manufacturing principle

The nozzle diameter of the printer and the maximum curvature of the flexible mould define the
boundaries for the panel dimensions. The boundaries followed from the nozzle type are used to
define a minimal value for the relative densities within topology optimization. This variable is
parametrically defined in the model as a percentage of the maximal hole size of a panel. The input,
process and output for manufacturing a result is given in figure 2.37.

Input
Post‐processed geometry.



Process
Manufacture double curved
panels.



Output



Double curved panels

Figure 2.37 – Input, process and process of manufacturing
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3. STRUCTURAL CHALLENGES
In the previous part the model is explained for its overall process by setting apart all the key features
and their relations. In developing the model, many structural challenges have been encountered,
which are solved by either a thorough investigation or a simple assumption. In figure 3.1 an overview
is given which illustrates the most relevant challenges in the model. This overview is also given in
appendix A. In this part, all of the structural challenges are summed up and explained more deeply.
After each explanation, the challenges are investigated if it seems relevant. Subsequently, a reasoning
is given to formulate a specific setting or assumption in order to handle the structural challenge in the
model. At last a recommendation for future research is given. In appendix B the same overview is
used to elaborate on the software used in the optimization model. The model is explained in a
computational sense to give designers insight in how the model works.

Figure 3.1 – Overview of structural issues

3.1.

INITIAL DESIGN

3.1.1. INITIAL GRID
The influence of various parameters in the form finding part of the model should be known in order
to take a reasoned decision on which one to use. One of these most important variables are the initial
grid type, size and shape. Each of these variables has an influence on the resulting shape after a form
finding optimization and a choice should be made for the most suitable settings.
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One of the characteristics for the chosen type of form finding is a discretization of an initial design
situation to a grid of elements and nodes. This grid can be defined as both a 3D or 2D flat grid and is
generally based on an initial design as, for example, a floorplan. For relatively complicated initial
shapes, the best possible grid can be found by grid optimization techniques. The principle of grid
application based on an existing geometry is shown in figure 3.2.

Figure 3.2 – Grid type depends on initial geometry

Within this project, a relative simple square 2D situation is chosen. A relative simple geometry is
needed for practical reasons since a coupling is made between form finding and topology
optimization. Form finding requires line elements to which relative densities are applied based on a
material distribution following from a topology optimization. The setup between these optimizations
is discussed in the framework part, principally shown in figure 3.3.

Figure 3.3 – Difference in framework for topology optimization (left) and form finding (right)

The way the square shape is discretized is discussed in this part. Both structural and practical
arguments are taken into account in the consideration for the best settings. Structural considerations
are compared for the structural performance. Practical considerations are based on a clear coupling
of the frameworks of form finding and topology optimization. First several grid types are discussed
after which the size is taken into account.
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Grid type
The topology of a grid assigned to the initial square shape can be applied for various types. In general,
for a simple shape as used within this project, grids can be assigned orthogonal and diagonal. A
combination of both an orthogonal and diagonal grid is an option as well for various configurations.
These three principle grid types are compared for the resulting stiffness after form finding. The 2D
start situation for the three models is shown in figure 3.4.

Figure 3.4 – Three initial mesh types compared for its structural behavior, from left to right mesh type 1,2 and 3

All line elements in this configuration are assigned by an initial spring stiffness value of 100 / .
Point loads are applied at the intersections of these elements by a value of 1 Newton in the z‐
direction. Supports are assigned at the corners and the initial grid size is defined as 10 10 meters
for 20 elements per side. All shapes are structurally compared by translating the 3D surfaces into
volumetric structures by applying a thickness of 0.1 meters. This is done by defining panels between
all springs which is extruded in the z‐direction, shown in figure 3.1.4.

Figure 3.5 – Definition of a surface, applied by a thickness to obtain volumetric elements

Various resulting shapes of form finding result in structures with different volumes. More volume
means a larger self‐weight in the comparison of the models. This aspect taken into account by the
application of an unit self‐weight of 1
/ 3. A model with a higher volume is thus proportionally
applied by a higher load. An equal Young’s modulus of 1 / 2 is applied for all cases to ensure an
equal structural behavior. All shapes are compared for their compliances in order to get a valid
comparison. The various grid types show a typical shape, these resulting shapes are shown in figure
3.6 and table 3.1.
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Figure 3.6 – Comparison of the results for top, front and isometric views of mesh types 1, 2 and 3

Top height [m]
Volume [m3]
Compliance [‐]

Mesh type 1
6,00
10,48
605

Mesh type 2
5,38
10,95
461

Mesh type 3
4,71
11,82
546

Table 3.1 – Resulting top‐height, volume and compliance for equal stiffnesses and loads

The resulting shapes differ in height at both the openings on the sides and the top point, as can be
seen from the front views. These differences are caused by a difference in number of elements for
the various types and thus a difference in stiffness and loads. A higher amount of elements makes the
structure stiffer and result in a lower shape. However, as mentioned before, form finding is judged
based on geometrical boundary conditions and shapes are for that reason transformed to an equal
top height within this comparison. This translation is made by varying the spring stiffness values for
the various grid‐types for obtaining an equal top height of 5 meters, clarified by figure 3.7. The
resulting shapes are only shown for the side views in figure 3.8. Obtained values are shown in table
3.2.

Figure 3.7 – Fixed height limitation for all mesh types
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Figure 3.8 – Comparison for an equal height of the results for the front views of mesh types 1, 2 and 3

Top height [m]
3

Volume [m ]
Compliance [‐]
Spring stiffnesses [N/m]

Mesh type 1
5,00
10,17
626
193

Mesh type 2
5,00
10,74
436
118

Mesh type 3
5,00
11,99
520
87

Table 3.2 – Resulting volume, compliance and stiffnesses for an equal top height

Within this specific setup, mesh type two shows the lowest compliance, which means the best
structural response. However, type two does not have the lowest volume, which is also a point of
attention which should be kept in mind in the comparison of various mesh types. Aside of that, the
influence of mesh type is only applied for a simple case, defined by supports at the four corners. This
does not mean that the best result for this typical situation is the best grid for all cases. This influence
is not investigated but should be kept in mind of when a mesh type is chosen.
These comparisons are mainly used to show the influence of a grid type and geometric limitation on a
resulting shape and structural response by a relative simple example. The main criteria for the current
setup of the complete optimization is the clear coupling between the mesh of form finding and
topology optimization. For that reason, mesh type one is used within the current project. The panel
elements used within topology optimization are defined for a similar orientated framework as the
chosen mesh type. However, from a structural point of view this is seems not to be the best mesh.
Especially a diagonal mesh gives a better result for the applied square shape and supports on edges.
Grid size
The chosen orthogonal grid type can be applied for various sizes of elements. See figure 3.9. Relative
large elements result in a coarse grid, the opposite applies for relative small elements. A more coarse
grid is an advantage for the computational time but could result in a lack of accuracy of a shell
structure. Besides that, a too coarse grid results in a difference in scale between the panel elements
used in topology optimization and line elements in form finding. This is a disadvantage for the
practical setup of the model, a good mesh size is needed which can be used by both optimizations
directly.

Figure 3.9 – Varying mesh sizes have an influence of the resulting structural performance
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A distance of 0.25 meters is set standard within the model, but can easily be changed due to the
parametric setup of the model. This value is mainly chosen based on computation time. A constant
value for the grid size is important to make valid comparisons of results out of the model.
Recommendations
The most suitable mesh type and size is chosen for a relative simple rectangular case, mainly based on
practical reasons. An extension could be a grid optimization which defines the most optimal grid for
more complex shapes. The coupling between the grid used in form finding and topology optimization
is the most critical part in this.

3.1.2. SUPPORTS
Supports have a relative large influence on the actual end result for both form finding and topology
optimization. A structure which is fully supported on all sides result in a constant symmetrical shape
without variance after form finding. The same principle applies for topology optimization, where
material is equally distributed to the sides and show no variation in material distribution. A structure
supported at relative few points shows a larger change of shape after form finding and a more
expressed material distribution towards the supports.
The influence of the number of supports and their locations is made clear by the definition of various
cases. The starting point of all cases is the simple square grid assigned by an orthogonal mesh, as
explained at the previous part. Support points are assigned to the initial grid for five different
situations as visualized in figure 3.10.

Figure 3.10 – Defined cases within this project

Supports are defined by groups of three points at the sides and five points at the corners to make the
size of the supports larger than just one point. Clustering supports avoids the occurrence of relative
high stress concentrations in further analysis with a finite element program, which makes results
more realistic. All supports are assigned as hinges at both form finding and topology optimization, in
accordance with the structural behavior of shell structures. The number of grouped supports at edges
with multiple supports is set standard to a value of five. The number of supports can be changed
parametrically in the model to three, five or full supported per edge.
The effect of support locations on the optimized shape is shown in figure 3.11. All variables are kept
constant, only the support locations are changed. This comparison show a clear change of shape
when the number of supports and their locations is changed. Especially the total height of the
resulting shape depends on the amount of supports. The resulting geometries are not optimized for
its material distribution, only the influence of shape caused by the supports is taken into account.
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Figure 3.11 – Resulting shapes after form finding for the cases

3.1.3. FRAMEWORK
The optimization model as a whole is subjected to a specific framework which has to couple form
finding and topology optimization. This means that the overall set up of the model should be able to
accommodate both techniques. However, the framework of form finding is rather different than
topology optimization. Essentially, form finding makes use of lines and nodes whereas topology
optimization uses volumetric element and nodes. This main difference is visualized in figure 3.12. A
similarity which the techniques have, is that both are discretised into smaller mesh parts. However,
there seems to be a size difference. In general, a form finding mesh is relative large and a topology
mesh is relative small. This makes sense because, form finding is used to obtain a global shape
whereas topology is used to define the local material distribution. See figure 3.13. Because in the
model the design gets transferred from one optimization to the other, these differences should be
attended for.

Figure 3.12 – Difference in framework

Figure 3.13 – Difference in size
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Elements difference
The difference in using line or volumetric elements, can basically be solved in two manners. Both are
visualized in figure 3.14 and 3.15. First, by creating a structure which consists out of lines and nodes in
three dimensions. After form finding the space between the lines gets filled in by a volumetric
element for topology optimization. Secondly, a two‐dimensional structure could be formulated which
is equally divided in lines and points. After form finding the space between the lines is formulated as a
shell structure which would be given a specific thickness within the topology optimization. This would
essentially result an equal type of structure.

Figure 3.14 – 3D framework

Figure 3.15 – 2D framework

The latter solution to this problem is applied in the model, which means an initial 2D grid is
formulated. The grid becomes curved after form finding and gives the boundaries of all shell elements
for topology optimization. This choice was made because this approach falls in line with the essence
of the individual techniques. Form finding is used to determine the global shape which is used as a
design domain in which topology optimization defines the actual structure. In the first framework
variant, the distribution of the material would partly be taken over by form finding. Additionally it
appears to be difficult to set up a 3D form finding process without getting conflicting areas. Especially
when material distribution is used to adjusted the spring stiffnesses in form finding. Consider the
material distribution for a simple 2D situation, shown in figure 3.16 on the right. The lower springs
become weaker because of the lack of material, meaning they curve higher and eventually over take
the upper springs. This would result in an invalid structure.

Figure 3.16 – Material distribution influencing 3D form finding process
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To formulate a volumetric element in the topology optimization, the optimized surface should be
given a thickness. This is done by implementing the surface elements as shell elements with a given
thickness. The reason to do this, instead of formulating a volume by offsetting the surface is discussed
further on in this report.
Size difference
The second difference between the setup of the optimization techniques is the generally used mesh
size. This could be tackled by introducing a substructure in the topology optimization, because this
techniques usually has a finer mesh, or by levelling the mesh sizes to equal each other. This means
that the size of a line elements equals the size of a shell elements. Important to realize is that a
decrease of the mesh size leads to a significant increase of computational time, but an increase on the
other hand can lead to a significant decrease of the correctness of the model. The alternatives of
levelling out the mesh sizes is chosen because it is beneficial for the clarity of the model and a
respectable balance is found between the computational time and the correctness of the results.
Recommendations
Current optimization techniques can take quite a lot of computational time. Further developments of
the corresponding software would improve the optimizations, which could mean that the total
optimization time could be decreased or the mesh size could decreased. The latter would result in a
higher correctness. Aside from that, in the context of this project, it does not seem useful to
investigate starting the form finding process with a three dimensional pattern.
3.2.

FORM FINDING

3.2.1. DESIGN LIMITATIONS
Aside from the support and grid definition, form finding is in need of two other parameters, namely
the load on the nodes and stiffness of the springs. The load is defined by a magnitude and a vector.
The stiffness is given by a magnitude. Within form finding the magnitude of the load and the spring
stiffnesses are related in a linear fashion. This mean that if both magnitudes are increased an equal
percentages, the result would be exactly the same. This is show conceptually in figure 3.17. This linear
relationship is usually expressed in a ratio. The resulting shape is directly influenced by the ratio.
Practically this usually affects the height of the design.

Figure 3.17 – Result depending on the ratio between stiffness and load

As a result of its direct influence, the ratio is generally used as a design tool to scan the possibilities of
the form finding result. Additionally, the ratio can also be used to make sure specific design
limitations are satisfied. Figure 3.18 shows a minimum or maximum height and a limiting maximum
angle. Practically this could mean that the height of the design is limited or the free space underneath
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the design should satisfy specific boundaries. But it could also resemble the manufacturing process
which might not be able to exceed a specific angle. If the process would be setup in such a way that
the ratio was adjusted automatically to find the best structural performance it would be in need of a
height limitation. Increasing the height of a structure improves the structural performance of the
design. For finding the ultimate ratio, the design would end up infinitely high, which obviously
wouldn’t satisfy the design limitations.

Figure 3.18 – Design limitations for form finding

As this project is fictive, an arbitrary ratio can be chosen. It is chosen in such a way that the curvature
is noticeable and results in a reasonable shell structure. The 3D concrete printing as a manufacturing
process is not considered directly in the form finding optimization. The development of the concrete
printing process, referred to in this project, is not that advanced yet to be able print in an angle. To
tackle this problem a resulting structure could be made out of parts which can easily be made in the
considered angles. Therefore no angle constraint is defined.
Recommendations
The shape resulting from the current model is mainly dependent on the arbitrary ratio between load
and stiffness. Although some limitations can usually be formulated, there will always be some
variation left for the design to be altered. By coupling real values to the ratio of the load and stiffness
the ratio may become less arbitrary and thereby closer to a realistic and practical solution instead of
only remaining a theoretical optimal shape without real material properties. Furthermore, when the
printing process is developed further, it could be useful to implement an angle constraint in the
model to satisfy the manufacturing conditions.
3.2.2. SHELL THICKNESS
Shells are characterized by their slenderness, compared to the relative large spans they can achieve. A
shell’s slenderness is dependent on the ratio between its span and its thickness. An optimized shell
generally has a varying thickness applied to its geometry. However, in within the optimization model,
the resulting shape after optimization does not contain any thickness. All elements are flat as shown
in figure 3.19. A thickness should thus be applied to this geometry. The way how a thickness is applied
to the flat elements and why the framework is set as a 3D surface is explained in this part.

Figure 3.19 – Results of form finding do not contain any thickness
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Structural behaviour
The support type applied to a model defines the structural system which is governing for that model.
In general, from a 2D point of view, a structure supported by hinges acts like an arch. A structure
supported by a hinge and one or more roller supports will act like a beam. This difference in structural
behavior is made clear by a relative simple topology optimization of a 2D design space in figure 3.20.
Both design spaces are based on the same initial form found curve, after which a thickness is applied
in z‐direction. Both situations are assigned with a linear elastic unit value for the Young’s modulus and
a unit line‐load is applied on top. A topology optimization is set to a minimization of the strain energy
and constrained by a volume reduction of 50%.

Figure 3.20 – Influence of support type on structural behavior. Left an arch, right beam action

The situation on the left shows the existence of an arch within the design space. The material is
mainly distributed as close as possible to each other for a high as possible arch, which transfers forces
by compression. This way of material distribution is in accordance with the structural theory of
arches, which gets a high as possible stiffness from the highest possible curvatures. The situation on
the right, supported by a hinge and a roller support, is optimized according to beam action. The
highest stiffness is obtained by placing the material as close as possible to the boundaries of the
design space, to gain the highest bending stiffness.
The existence of an arch for the highest curvature is independent of the height of the design space.
This is proven in an example for various applied heights in figure 3.21. All supports are applied as
hinges, as is the case for arch action. Again a unit line load is applied at the top of the design space for
all situations. All optimizations are applied by a minimization of the stiffness as objective, constrained
by a volume reduction of 50%.
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Figure 3.21 – Topology optimization for a design space based on an initially form found shape, applied by increasing thicknesses

This example shows that the stiffest structure, for a situation supported by hinges, is always found by
a the highest arch within the design space. The material is distributed as close as possible to the ideal
line of thrust, which can be found by form finding. Therefore, the occurrence of a bone like result is
not likely, since this applies to another structural system. Concluding, it makes no sense to enlarge the
design space from a single form found curve to a larger 2D area. This principle is shown in figure 3.22.

Figure 3.22 – The design space of topology optimization is limited for a surface, not a 3D space
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The same principle applies for a 3D situation of a form found shell surface, which is for that reason
not assigned by any thickness after form finding. Only the 3D surface is used by topology optimization
and the resulting optimized geometry remains flat within the optimization model. An additional
benefit for the optimization of a surface is a reduction for the computation time.
Applied thickness
Although the framework between optimizations is set for flat elements, shell should be applied by
certain thickness to transfer forces to the supports. The framework of a flat surface applies mainly for
the topology optimization itself. An initial constant thickness needs to be applied to all shell elements
at the finite element model. This thickness of the shell is defined parallel to the middle line of the
surface, as discussed later on in this report.
After the optimization comes to an end, real thicknesses are applied to the resulting shape at the
post‐processing part. These applied thicknesses are partly based on the relative densities applied to
each element. In principle, all elements are assigned by the initial set thickness as used within the
topology optimization. Then the post‐processing starts where a volume reduction is obtained by
assigning holes to the elements. As explained, these hole sizes are limited by a maximal radius after
which a further volume reduction is obtained by lowering the initial thickness of the specific elements.
The maximum volume reduction by lowering the thickness is parametrical defined as a percentage of
the initial thickness. This reduction standard set to a maximum of 75%, resulting in 25% remaining
thickness. A thickness reduction is clarified in figure 3.23.

Figure 3.23 – Thickness vary for various locations, principally clarified for a section view of a shell

These real thicknesses are applied as an offset in the global z‐direction for practical reasons, although
a parallel offset for each element gives a better representation of the real structure. A parallel offset
for each discretized element result in discontinuities in the structure and is therefore not applied. This
principle is visualized in figure 3.24.

Figure 3.24 – Application of thickness parallel to the panels causes a discontinuity (left), thickness is applied in z‐direction (right)
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Recommendations
The thickness as applied in the presented model is only based on the relative densities for each
elements. A logical extension to the way thickness is applied to the model could be a local extended
thickness near supports based on a stress constraint. Another point of attention are instability
problems, which aren’t taken into account within the presented model but could probably be
prevented by effectively thickening the structure at some places.
3.2.3. LOAD DEFINITION
For both form finding and topology optimization a force has to be applied to the design. The applied
force representing the load on a design situation essentially determines the outcome, because the
result is formulated in such a way that it can withstand the load as efficiently as possible. If the load is
defined differently, the results will also be different. Loads can be altered by changing the direction
along which the load operate or by changing the magnitude.
In the model all forces are applied at the nodes of the grid and they represent gravity loads, meaning
that they always operate in the downward z‐direction. The main load defined in the model is the self‐
weight of the structure. This is formulated as the average weight of the elements surrounding a
specific node. Thereby applying less load at place where less material is present. Additionally an
external uniform permanent load can be formulated, which could practically represent the cladding
on top of the structure. The self‐weight is altered in the overall optimization because of the changing
volume fraction and changing material distribution whereas the permanent load is always kept
constant, if applied. Asymmetric external live load, such as wind, isn’t taken into account in the
current model. Neither are load combinations, which could imply different situations in one
optimization.
Load in optimization
The general aim of the optimization is to formulate a design which has the best structural
performance with the least amount of material. This means that in the optimization the main variable
should be the amount of material, which is directly related to the self‐weight. The most efficient way
to implement an altering amount of material is to set the volume fraction in the topology optimization
as a constraint and try to minimize the volume fraction in the overall optimization. This is essentially
equal to minimizing the self‐weight of the design. If this formulation were to be applied directly in the
topology optimization, the result would be inconclusive because the optimization would reduce the
amount of material which leads to a reduction in self‐weight and by that a reduction in de load. This
reduction in load would result in a reduction in material needed to obtain the structural performance,
which again results in less self‐weight. The end result would be a structure which does not have any
load because the material has disappeared. Obviously this is not the desired result for the
optimization. This is the main reason why the optimization of the volume fraction is not handled in
the topology optimization but in the overall optimization. By doing this, the volume fraction within
the topology optimization is kept constant and a valid result is obtained. How to find the optimum
volume fraction in the overall optimization and the corresponding design is discussed extensively later
on in this report.
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Additional load
As already mentioned, in addition to the necessary self‐weight, a second load is introduced. This load
is formulated as a uniform permanent load and is implemented parametrically in the model. The
magnitude of this permanent load, in contrast to the self‐weight, does not change during the
optimization. The influence of the additional load is made clear by an comparison. A comparison is
made in which the self‐weight is kept constant and the permanent load is altered. Figure 3.25 shows
the optimized results together with normalized values for the compliance. Changing only the
magnitude of the permanent load, clearly has an influence on the optimization results. The increase
of the permanent load results in an increase of the optimal volume fraction. This makes sense
because all settings are kept identical but the overall load increases. Therefore more material is
needed to manage the extra load. The compliance is increased, because of the increase in
displacements due to the higher loads. The best ratio to be applied between self‐weight and
additional load is discussed further in the next part of the report.

Permanent load = 0
Compliance = 1
VF = 0,12

Permanent load = 0,5
Compliance = 12
VF = 0,22

Permanent load = 1
Compliance = 31
VF = 0,30

Permanent load = 2
Compliance = 87
VF = 0,39

Figure 3.25 – Comparison of altering the permanent load

Recommendations
In the current model only the varying self‐weight of the structure and a uniformly divided permanent
load are considered. In future research this could be extended by apply more types of loads or even
by combining them into a load combination. Especially, asymmetric loads would be interesting
because they are known to have a large impact on shell structures. Also defining load combinations
would give some challenges because the optimum structure for one load case will probably contradict
the optimum structure of another load case. However, the final result should be able to withstand the
loads in both cases.
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3.3.

TOPOLOGY OPTIMIZATION

3.3.1. MATERIAL PROPERTIES
In form finding no real material properties are used because the key parameter is a ratio between the
spring stiffnesses and the load. In topology optimization a linear material model is used. Although this
is not in correspondence to the material properties of the material used in a 3D printing
manufacturing process, this simplification is used in this project. The practical reason for this is that a
correct material model would become too advanced and too complex to fit in the timespan of this
project. Especially since the material form the concrete printer considered in this project is still in
development with little available documentation. Practically, a linear material model means only a
Young’s modulus and a Poisson ratio are formulated. The effect of using a linear material model is
investigated by changing the load on the one hand and changing the Young’s modulus on the other.
Investigation on the effect of the load
To visualize this effect all setting are kept identical and only the load is changed respectively. When
comparing the load, two different approaches can be applied. First the complete load is changed by
multiplying the magnitude of both load types with an equal amount. This means that the ratio
between the self‐weight and the permanent load is kept identical. It shows the effect of changing the
overall load in this linear optimization model. Secondly the permanent load is kept identical whereas
the self‐weight is changed. This simulates a real situation where a change in material influences the
self‐weight but the permanent load is not effected. Both comparisons for the load are visualized in
figure 3.26 and figure 3.27 respectively. All values are normalized except the volume fraction.
Important to realize in this comparison is that the change in load is also implemented in the form
finding optimization. Thereby having an effect on the complete model.
From the given results it can be seen that changing all the loads equally on the structure does not
change the optimal volume fraction found by the model. The relative small difference is assumed to
be caused by inaccuracies within the model. Also the material is distributed in an equal manner over
the shell structure for all results. However, a difference can be seen in the structural performance of
the optimized design. This is explainable because the stiffness of the material is kept identical
whereas the load is increased, leading to a linear increase of displacements and lower structural
performances. A doubling of the load in a topology optimization with a linear material model would
normally results in a compliance multiplication of four. This is because of the quadric function
representing the compliance. [3.1] Notice that the optimized shape changes as well. A higher load
combined with equal spring stiffnesses result in a higher optimized shape. This has a positive result on
the structural performance. Therefore the change in the compliance is lower than expected namely
3,2 and 11,3, respectively. From this comparison it can be concluded that the magnitude of the load
doesn’t influence the material distribution of the end result, but it does influence the optimized shape
and also the structural performance.
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Total load = 1
Compliance = 1
VF = 0,37

Total load = 2
Compliance = 3,20
VF = 0,39

Total load = 4
Compliance = 11,31
VF = 0,39

Figure 3.26 – Comparison of altering the total load

The second comparison shows an effect which is comparable to the alteration of the additional load
presented earlier. A higher self‐weight with an equal permanent load lowers the optimal volume
fraction and thereby changes the material distribution. This can be explained by taking into account
that the ratio of self‐weight in the total load is higher. Therefore eliminating material becomes
increasingly more beneficial in the model. From this comparison it can be concluded that a lower self‐
weight ratio results in a higher volume fraction. Thereby the self‐weight to permanent load ratio has a
clear effect on the material distribution applied in an optimized design. Practically this ratio can be
used to influence the appearance of the shell in terms of transparency and openness.

Self‐weight = 1
Compliance = 1
Volume fraction = 0,39

Self‐weight = 2
Compliance = 1,21
Volume fraction = 0,30

Figure 3.27 – Comparison of altering the self‐weight of the material

Self‐weight = 4
Compliance = 1,76
Volume fraction = 0,22
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Investigations on effect of Young’s modulus
The effect of altering the Young’s modulus in the model is shown in figure 3.28. In line with the effect
of the load, it can be seen that the optimal volume fraction and the material distribution is not
influenced by changing the Young’s modulus. The relative small differences presented are assumed to
by accuracy errors in the model. Also here the structural performance is influenced by changing the
stiffness. Doubling the Young’s modulus in a linear material model would normally result in a doubling
of the structural performance [3.1] However, a decrease in the curvature of the optimized shape
counters this effect slightly. Form this comparison it can be concluded that the magnitude of the
Young’s modulus does not influence the material distribution, but it does influence the structural
performance. Practically the Young’s modulus, together with the magnitude of the load, can be used
to influence the overall shape of the optimized structure.

Young’s modulus = 1
Compliance = 1
Volume fraction = 0,31

Young’s modulus = 2
Compliance = 0,54
Volume fraction = 0,30

Young’s modulus = 4
Compliance = 0,33
Volume fraction = 0,29

Figure 3.28 – Comparison of altering the permanent load

Recommendations:
The effect of changing the initial Young’s modulus defined by the designer is shown previously.
However, also within the optimization the Young’s modulus is altered by the intermediate relative
densities. The artificial relative densities are multiplied with the initial Young’s modulus to reduce the
contribution of a specific element. For future material models this means that they should
accommodate such an reduction of the Young’s modulus during the optimization.
Because the assumption of a linear model is not resembling the real material properties of concrete
printed material, it would be interesting the investigate the material model further. Aside from
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investigating the application of the non‐linear behaviour of concrete as a material, the effects of the
printing process should also be taken into account. This means that the layered manufacturing of the
design should get implemented in the model. Aside from the different effects this has on material
properties in different printing directions, it could also affect the way the design is manufactured. The
printing process itself will influence the outcome of the model. Currently, the material properties of
printed concrete are being mapped out to provided future research with the necessary data.
3.3.2. ELEMENTS AND MESH TOPOLOGY OPTIMIZATION
The basis of a topology optimization is an existing finite element model in which an element type and
meshed is applied afterwards. The starting point for a finite element model is the definition of an
initial geometry. Within this project, this is a shell geometry resulting from a form finding
optimization. This initial geometry consist of a double curved surface which is discretized into shell
elements. The size and geometry of these elements are defined by the definition of the initial grid at
the first step and the form finding optimization. An element type is assigned to this initial geometry
which later on is given a mesh. First the used element type is discussed shortly, followed by an
explanation of the chosen mesh definition.
Element type
A variety of element types exists within a finite element program, mainly categorized based on its
geometry. An overview of the available element types is given in figure 3.29. Continuum and shell
elements are possible to use within the framework of this project. These elements are usable since
they can represent a continuum surface assigned with a thickness, which is necessary in the
representation of a shell structure. Beam or truss elements cannot be used because they can only
represent line structures instead of a surfaces, aside of the structural representation. Rigid elements
are unusable for its lack of deformation capacity and membrane elements cannot be used because
bending stiffness is not taken into account. [3.2]

Figure 3.29 – Possible element types in Abaqus

From an optimization point of view, the result of topology optimization is only a material distribution
over a double curved surface. An optimization in depth over the height perpendicular to the plane is
not the case which makes the use of continuum elements unnecessary. From an analysis point of
view, conventional shell elements have a displacement and rotational degree of freedom, where
continuum elements only consist of displacement degrees of freedom. Both element types are able to
take the occurrence of small bending moments into account, for which the shell elements are the
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most efficient. Continuum elements can only transfer bending by coupling these over height in z‐
direction. Shell elements are only connected in plane, due to the rotational degree of freedom. Less
elements are needed in the case of shell elements which is an advantage for the computation time
compared to volume elements as well. This makes shell elements the most suitable to apply in the
used framework within topology optimization. The difference for both types of elements is shown in
figure 3.30. [3.3]

Figure 3.30 – Possible element types in Abaqus

Each double curved surface in the discretized geometry is assigned by a shell element at mid‐plane,
which is given a thickness for structural analysis. The structural application of a shell element at mid‐
plane differs from the assigning of a thickness at post‐processing. The structural application at mid‐
plane is a parallel thickness assignment, specified to obtain the best as possible structural
representation. The assignment of a thickness at post‐processing is mainly based on practical reasons,
as explained in the part about thicknesses.
The application of this thickness is parametrically defined, but standard set to a unit value for the
optimization of a material independent model. All shells are rigidly connected to each other which is
necessary due to the occurrence of small bending moments. In a perfectly shaped shell, mainly
compression forces act in the structure. This is not fully the case in a discretized shell as used within
this project. The discretization causes relative small bending moments made clear by figure 3.31, but
they are small enough to ignore. The specific used shell element type is a solid homogeneous with f
integration points over height, which is the most general shell element.

Figure 3.31 – Principle of bending moments
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Mesh type
The mesh quality has an influence on the way the end result can be interpreted and should therefore
be chosen carefully within a finite element analysis. The applied mesh type is dependent on the
applied element type, for which an overview is given in figure 3.32. The used shell elements are
generally only assignable by a two‐dimensional mesh type, which are triangles of quadratic elements.

Figure 3.32 – Mesh types in Abaqus

An existing geometry has to be seeded before a mesh can be assigned. Seeding can be done by
defining a global mesh size or by dividing edges for a fixed number of elements. Then the applied
mesh is automatically generated according to this set seeding.
From a practical point of view, the used mesh must fit within the used framework which combines
topology optimization to form finding and vice versa. For that reason, the used mesh is equal to the
discretization of the shell geometry as imported in the finite element program Abaqus. This means
that every individual panel represents one mesh block. Practically this is defined by seeding each
element side by one. Each shell element in the geometry is applied by the most general free quad
mesh. The mesh size is thus depended on the size of the used framework at both form finding and
topology optimization. This results in a relative coarse mesh for a finite element analysis and thus an
effect on the quality of the end result. However, the goal within the optimization process is not a
precise as possible prediction of stresses and deflections but only a redistribution of material on
element level. A finer mesh would give a more precise result but also result in a higher computation
time.
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3.3.3. MANUFACTURING PROPERTIES
The material distribution gets regulated by the intermediate relative densities. As explained in
previous parts, these are represented by values between zero and one and they basically determine
the amount of material applied to each element. The amount of material is related to the
contribution of the structural performance of each element. Within the optimization, the contribution
is regulated by multiplying the intermediate densities with the initial Young’s modulus. This essentially
means that the Young’s modulus of an element, and thereby its stiffness, is adjusted during the
optimization. A change in the Young’s modulus of one specific material is not realistic and not
manufacturable. That is why an optimized result with intermediate Young’s modulus gets post‐
processed. An element with a reduced Young’s modulus is altered to an element with an initial
Young’s modulus, but a less stiff geometry which mimics the reduction of the structural performance.
This is done by making a hole in the centre of an element. It is assumed that circular holes are used.
This process is visualized conceptually in figure 3.33. In principal the holes are circular, however if the
mesh element is diamond shaped the holes changes to an oval shape. The principle of post‐
processing is investigated, and validated, more extensively in paragraph 3.6.1.

Figure 3.33 – Defining post‐processed elements

Penalization
In the basic topology optimization algorithm a penalization is used to punish the intermediate relative
densities. This means that the intermediate densities are push toward solid or void elements. This
feature is used to make sure that intermediate densities are limited in the end result. For the
remaining elements with intermediate densities still in the design, a density value is selected above
which the elements are assumed to be solid and below which they are assumed to be void elements.
This boundary is called the isosurface. This principal is presented for a classic example in figure 3.34. It
can be seen how a design with intermediate densities is transferred into a black and white solution.

Compliance = 1
Figure 3.34 – Post‐processing by using an isosurface
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The presented principle is very useful if a traditional manufacturing process is considered, because in
general it is difficult to produce the grey areas of an optimized design. In most cases the end design
may only exist out of solid material or void regions, to be able to produce it. However, considering 3D
printing it is possible to manufacture grey scales in the design. This is done by printing the individual
elements on a micro level. The various intermediate densities are produced by varying the hole size,
as discussed previously. The ability to manufacture intermediate densities means that the necessity of
a black and white solution has vanished. Practically, this means the reason for using a penalization in
the optimization has vanished as well. Therefore it is removed from the algorithm. Eliminating the
penalization factor from the classic case, presented earlier, produces figure 3.35. Additionally a the
normalized compliance is given compared to the result in figure 3.34.

Compliance = 0,80
Figure 3.35 – Result without penalization

Important to realize is that the compliance is lower, meaning that the structural performance has
been improved. This seems obvious because the material is primarily placed furthest away from the
central axis. It should be kept in mind that the area in the middle does have a specific stiffness.
Eliminating the penalization factor on one hand this means a less explicit design is formulated, but on
the other hand a more efficient structure is formulated. Because this falls in line of the general aim of
this graduation, the penalization is not used in the model. Practically this means the penalization
factor is set to a value of one. Figure 3.36 illustrates the effect of the penalization on the considered
shell structure. The same effects as seen in the classic example are also seen here.

Figure 3.36 – Shell optimization with (left) and without penalization
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Minimum and maximum relative density
Elements with a density near zero are unrealistic when considering this type of post‐processing. The
hole size at some point cannot get any larger because it will conflict with the boundaries of the
elements. This would result in a discontinuous element which leads to unrealistic designs. Therefore a
minimum intermediate density, or maximum hole size, allowed in the topology optimization should
be formulated. It can be stated that the boundaries of an element must always remain intact, which
leads to a specific minimum density, based on manufacturing. In line of the context of this graduation
project, it is important to consider the manufacturing process. When printing, the print path always
has a certain thickness. Looking at the minimum density, the printer should at least be able to print
the boundaries of the element and the hole. In figure 3.37 two elements are shown. One with a
theoretical minimum density and the other with a minimum density considering a 3D printing
process. Important to realize here is that the actual minimum density depends on the type of printer.
Especially the nozzle size has a large impact because it determines the width of the printing path. The
and the total width of an element is 250
. Leaving a
nozzle size considered here is 40
minimum density of 0,36 to be considered in this project, assuming there is only a circular hole to
mimic the intermediate density.

Figure 3.37 – Theoretical (left) and printable minimum density of 0,36

Figure 3.38 shows the influence of applying a minimum density on the material distribution by giving
a result without limitations and a results with a lower bound value. As mentioned previously this value
can be reached by changing the shell thickness of the element, which also decrease the amount of
material and thereby the relative density.

Figure 3.38 – Optimized shell without minimum densities (left) and with a minimum density of 0,2
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On the contrary of a minimum density, a maximum density should also be formulated. In theory this
will always be a relative density value of 1,0. Also in practice a maximum density of 1,0 is realistic. This
would simply be an element without a hole or a thickness reduction. However, again considering the
manufacturing process of 3D concrete printing, there could be a limit to the minimum size of a hole in
an element. This could be the case if the printer is not able to print corners with a smaller radius than
half of the layer width. A circle with the smallest possible radius would still result in a hole. With the
available printer this would result in a maximum density of 0,92, because the minimum radius is
40
and the nozzle size is also 40
. Despite of this limitation of the manufacturing process, it
could still be possible the make a solid element by making no hole. Therefore the maximum density in
this model is kept at a value of 1,0. In the post‐processing all element in between the values of 1,0
and 0,92 are pushed to solid elements. The effect is assumed to be negligible in the structural
performance of the final design. Figure 3.39 shows the result considering the given minimum and
maximum densities.

Figure 3.39 – Post‐processed shell structure considering manufacturing properties

Recommendations
In the current model it is assumed circular holes are made in the elements to obtain the intermediate
densities. As discussed previously, the minimum achievable density is limited when applying these
circular holes. In future research the influence of using rectangular hole rather than circular holes
could be investigated. Rectangular holes could provide a lower minimum density. Possibly, an in‐
between solution could also be formulated, by making circular holes for the smaller holes and
rectangular holes for the larger holes with a smooth transition. Remember that a rectangular hole
might also need round corners, because of the manufacturing process.

3.3.4. DESIGN RESPONSES
Every optimization is defined by at least one goal, limited by one or multiple restrictions. For a
topology optimization, the goal is defined by an objective function which is restricted by one or
multiple constraints. Objectives and constraints are based on design responses, which are single
scalar values calculated from the finite element model. The values for design responses are the actual
input for the optimization, used within an objective function or constraint. The most general design
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responses for a topology optimization are: Strain energy, stresses, displacement, volume or weight.
[3.1]. Various combinations of objectives and constraints, based on values of design responses, are
possible in the definition of a topology optimization, as shown in figure 3.40.

Figure 3.40 – Combinations of design responses for an optimization

Design responses must be specified for an operation type in order to obtain a single value which can
be used for an objective function or constraint. These operation types are specified as a maximum,
minimal or the sum of values for a specific region or complete model. As an example, the single
design response value for a stress is generally defined as maximum value in the complete model. The
single value for a volume is defined as the sum of all volumes of elements in a model. An overview of
to the most general design responses for possible operation types and application as objective or
constraint is given in table 3.3.
Design response
Strain energy
Stress
Displacement
Volume
Weight

Typical operation type
Sum of all values
Maximum within complete model or regions
Maximum within complete model or regions
Sum of all values
Sum of all values

Optimization type
objective
objective or constraint
objective or constraint
objective or constraint
objective or constraint

Table 3.3 – Overview of the most general design responses for the operation and optimization types

A design response is assigned by a target in order to obtain an objective function. This target is in
general defined as a minimization or maximization. For example, a maximization of a structure
performance, as an objective, is applied as a minimization of the sum of all strain energy in the model.
The design response is the strain energy in this case. The sum of all values for the strain energy in a
model is the operation type. The target of the objective is set as a minimization of all strain energy.
The coupling of the design response, target and operation type is clarified in figure 3.41. A constraint
is defined as a limitation to a design response, for example a fixed volume reduction. Constraints can
also be defined as geometrical limitations, to obtain a result which is manufacturable. A combination
of multiple objectives or constraints can be defined for a multi‐objective optimization.

Figure 3.41 – Example definition of an objective for a minimization of the strain energy
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Combinations of objectives and constraints
A generally used setup for a topology optimization is a minimization of the strain energy, which gives
a maximization of the structural performance, constrained by a volume reduction. A volume
reduction requires a fixed relative value as input, as clarified by figure 3.42. This way of optimization
forces the user to define a desired volume fraction in advance, without knowing exactly which volume
fraction is the most suitable. The most suitable volume fraction for a structural design is mostly
dependent on a maximum allowable stress or displacement. Entering a relative low volume fraction
result in relative less remaining material, which could result in an exceedance the maximum allowable
stress or displacement. Opposite, a too high volume fraction gives a structure which is not fully
optimized for a specific material.

Figure 3.42 – A fixed value is needed as input for a volume fraction

Ideally, a minimization of the volume fraction should thus be set as an objective instead of a
constraint, combined with a maximization of the stiffness. Material specific variables, as stresses or
displacements, are then used as constraints to limit this goal. The volume fraction for this proposed
setup is a result instead of a predefined value. Although this looks the most ideal optimization
strategy, some difficulties arise for this setup. Limitations on various combinations of objectives and
constraints are discussed for the most general design responses. These limitations are mainly caused
by the material independent optimization strategy within this project and the used software.
Objectives: Minimization of total strain energy and a minimization of the total volume.
Constraint: Displacement at specific points.
→ This way of multi‐objective optimization results in a the highest structural performance for a
resulting volume fraction. The volume fraction is obtained as a result and does not have to be
defined as a fixed relative value in advance. The influence of an optimized material
distribution is taken into account by scaling the volume elements by the current relative
density values in the model [3.1]. A displacement constraint should be applied as a maximum
displacement to various points or regions, to avoid a wrong optimization. Displacement as
constraint requires a material dependent optimization to obtain realistic results. This is not
the case within this project. This combination of design responses can thus not be used for
the proposed goal of this project.
Objectives: Minimization of total strain energy and a minimization of the total volume.
Constraint: Stress at specific points.
→ A similar multi‐objective is defined within this combination as at the previous case, now
restricted for a stress constraint. A stress constraint requires a material model as well and is
thus not used within the presented optimization. Aside from that, a stress constraint can only
be applied as von Mises constraint in Abaqus. A stress constraint based on an orthotropic
material behavior, as 3D printed concrete, cannot be described by a von Mises stress.
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Another point of attention is the occurrence of peak stresses in the model, which should be
avoided when a stress constraint is applied. This is partly prevented within Abaqus by
calculating stresses at the centroid of each element [3.1]. The influence of an optimized
material distribution is taken into account by scaling stresses by the current relative density
values in the model.
Objectives: Minimization of total strain energy and a minimization of weight.
Constraint: Stress or displacements.
→ A minimization of the total weight is comparable for a minimization of a total volume. The
main difference compared to volume is an optimization for a physical weight. This requires the
application of a material density, which is not the case within this project since no real
material is applied. Issues for the constraints are discussed at the previous combinations of
design responses.
Objective: Minimization of total strain energy
Constraint: Stress or displacements.
→ A volume or weight constraint should always be defined for an optimization. Within this setup,
the complete design space is filled with material assigned by a relative density of 1.0 since this
gives the best possible structural performance. Aside from that, this requires a material
dependent optimization.
Objective: Minimization of total strain energy
Constraint: Volume reduction
→ This optimization setup can be applied without the definition of any real material. The best as
possible structural performance is obtained by a minimization of the strain energy, constraint
by a volume reduction. A drawback of this setup is the definition of a fixed relative volume
fraction in advance.
The only possible combination of objectives and constraints for a material independent optimization
is thus a minimization of the strain energy combined with a fixed volume fraction. As explained
before, this is not the most ideal combination since a fixed volume fraction should be defined in
advance. For that reason an additional iterative optimization loop is defined which changes the
volume fraction for each cycle until an optimum is reached, clarified by figure 3.43. This optimization
strategy is explained in the following part about finding an optimum.

Figure 3.43 – Need of an additional optimization of the volume fraction

Recommendations
The current topology optimization settings are applied for a material independent model. Material
dependent objectives or constraints can thus not be used for the topology optimization. As a result,
the only suitable combination to use is a minimization of the strain energy as objective, constrained
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by a volume fraction. An updated single value for the volume fraction is needed within this setup for
every loop, as explained before. This requires an additional iterative optimization strategy which is not
desirable for the computation time. Ideally, the optimal volume fraction should be found within a
topology optimization, by defining a minimization of the volume fraction as an objective instead of a
constraint. A minimal volume fraction as objective, sided by a minimization of the strain energy,
should then be constraint by material dependent constraints based on the serviceability or ultimate
limit state.
The application of material dependent constraints for an optimization has some disadvantages for the
current used software. First of all the definition of a displacement constraint cannot be applied at one
single point, as explained. This could result in a wrong optimization and should therefore be defined
as a region for which the displacements are limited, shown in figure 3.44.

Figure 3.44 – A displacement constraint set to a single point (left) could result in a wrong optimization (middle) and can be avoided by the
definition of region for which no material is allowed (right)

Another point of attention is the use of a stress based constraint. The used software only allow the
application of a von Mises constraint by a single value, which cannot be applied for all material types.
Especially orthotropic material behavior cannot be described by a single von Mises stress criterion.
This is the case for 3D printed concrete as clarified in figure 3.45. Aside from that, peak stresses occur
at the supports in the current model. These peak stresses result in a wrong interpretation of the
actual result and should be avoided.

Figure 3.45 – Orthotropic material behavior of 3D printed concrete

An application of material dependent constraints can only be done if the optimization allow more
freedom in the definition of constraints. Practically this can only be done by a self‐developed
optimization algorithm which allows the implementation of orthotropic material behavior.
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3.4.

CHECK RESULTS

3.4.1. FINDING OPTIMUM
The complete optimization comes to an end when an optimum is found for the volume fraction. As
explained, an optimal volume fraction can be found when the influence of both the dead load and
structural performance is taken into account. This basic principle is shown in figure 3.46.

Figure 3.46 – Principle of optimal volume fraction

A separate optimization algorithm needs to be defined because of the chosen combination of design
variables. See figure 3.47. The volume fraction set to the topology optimization is defined as a fixed
value which needs to be updated at every optimization loop. Each update is based on a comparison of
compliances between the current and previous loop.

Figure 3.47 – Need of additional optimization for the volume fractions

The optimal value is not known in advance, but should be a relative value between zero and one. This
value is found by updating an initial volume fraction of almost one, with small increments per loop, to
the lowest possible values. This principle is explained in the introduction and again shown by figure
3.48. Small steps from almost one to zero are made to prevent a drastic change of the volume
fraction in one step. A change in volume fraction result in an update of the stiffnesses at form finding,
the relative densities at topology optimization and applied forces at both form finding and topology
optimization. A drastic change will have a relative large influence on these values, which could result
in a wrong interpretation of results at especially the topology optimization.
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Figure 3.48 – Finding optimum for small steps, from a high volume fraction

Practical setup
The full range of possible volume fractions, up to a precision of 0.01, is discovered by starting with an
initial value of 0.99. Ideally, a value of 1.00 should be used. However, this is not possible at the first
step in topology optimization since it has no freedom to redistribute material. Practically, this makes
no sense because an optimal volume fraction is always lower than 1.00. A optimal volume fraction
cannot be lower than the lowest value in the range of possible relative densities. This lower value can
parametrically be changed and is standard set to 0.1, shown in the possible range of volume fractions
in figure 3.49.

Figure 3.49 – Range of possible volume fractions, discovered from high to low

The change of a volume fraction is based on a check of compliances between the current and
previous loop. A lower compliance means a better structural performance which means an optimum
will be found for a lower volume fraction. As a result, the volume fraction is lowered by 0.10 for the
next loop. The resulting compliance after the first loop cannot be compared with a result of a
previous loop. For that reason, the volume fraction is always lowered by 0.10 for the second loop.
The resultant compliance after the second loop is compared with the value for the first loop. A lower
compliance results thus in a reduction of the volume fraction for the next loop by 0.10. This process
continues for the following loops as long as the compliance get lower. At a certain loop, the
compliance becomes higher than at the previous loop. This means a worse structural performance
and thus an pass over of the optimal volume fraction. The volume fraction for the next loop is than
increased by 0.05, since an increase of 0.10 would result in the previous situation.
After this first increase of the volume fraction, again the compliance is compared for the previous
loop. If the compliance of the current loop is still lower, the volume fraction is again increased by
0.05. This brings the volume fraction back to the same value of a few loops back, which will result in
around the same compliance of that few loops back. The optimal volume fraction is passed over
again, now from the other side of the optimum. The resulting compliance should then be higher than
at the previous loop. As a result the volume fraction is lowered by 0.02 to gain a better and thus
lower compliance.
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In the next step, a lower compliance means a better result, resulting again by a lowered volume
fraction of 0.02. In the case of a higher compliance, the volume fraction is increased by 0.01. This
brings the process to a next step in the process. An increase by 0.01 is applied for a lower compliance
up until a higher compliance is obtained. Then the volume fraction is lowered by 0.01 and the process
comes to an end. This complete process is explained by an overview of the procedure, which is given
in figure 3.50 on the next page.
The presented process is defined by a script in the parametric optimization model. The update of
each volume fraction is monitored by a graph of the compliance to the loops. This graph show the
optimization process in a clear way and is shown in figure 3.51.

Figure 3.50 – Flowchart of optimizing the volume fraction
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Figure 3.51 – Not all volume fractions are discovered by the current optimization

Recommendations
The current optimization setup requires the definition of an updated fixed value for the volume
fraction after every loop. Ideally, this extra optimization procedure should not be necessary when the
optimal volume fraction is found as a result of the topology optimization. This principle is explained in
the part about the design responses, but cannot be applied due to the current material independent
optimization and used software.
The presented optimization strategy for finding the optimal volume fraction is based on a self‐defined
procedure, not based on a proven optimization strategy. A drawback of the applied optimization
procedure is that an optimum can only be found for a local optimum. As explained, an updated
volume fraction for each new loop is based on a comparison of compliances for the current and
previous loop. A lower compliance compared to the previous loop results in a lower volume fraction
for the next loop, up until a higher value of the compliance is obtained. The optimal volume fraction is
always found at a position where the compliance start rising, clarified by figure 3.52. This implies the
existence of only one optimum, which is the case for a material independent optimization optimized
for only one variable.

Figure 3.52 – Process of finding an optimum for the compliance to the loops

The application of a more extended material model could result in a multi variable optimization.
Within the current optimization framework it is likely that, as a result of multiple variables, multiple
optima exist for the volume fraction. The current optimization strategy cannot find all these optima
and will only find a solution at the first local optimum. The application of an existing proven
optimization strategy, taking a global optimum into account, should be investigated as an extension
for the current model. The complete range of possible volume fractions from zero to one has to be
discovered for finding a global optimum, as explained by figure 3.53.
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Figure 3.53 – Multiple optima can exist for an extension of variables

Another point of attention is a deviation in compliances for equal volume fractions. Within the
presented optimization procedure, it is possible that an updated volume fraction of a current loop has
the same value as at a few loops back. The resulting compliances for an equal volume fraction should
be the same, but show a relative small deviation. This problem is shown for the results of an
optimized example by table 3.4.
Loop
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Volume fraction
0.99
0.90
0.80
0.70
0.60
0.50
0.40
0.30
0.35
0.40
0.45
0.43
0.44
0.45

Compliance
24.07
22.60
20.96
19.66
18.62
18.06
17.81
18.61
17.56
17.43
17.47
17.64
17.54
17.56

Table 3.4 – Multiple optima can exist for an extension of variables

It is presumable that a difference in starting situation for the material distribution causes this
deviation in compliances. The first time a specific volume fraction is reached, this is based on a lower
compliance than the compliance of the previous loop. The resulting topology optimization is forced to
lower the total volume fraction in this situation, which can be seen as removing material. A few loops
later, in the situation when a specific volume fraction is reached again, the resulting volume fraction is
forced to get lower from a higher compliance than of the previous loop. This can practically be seen
as adding material. The way how a resulting volume fraction is applied to a new loop may cause the
described deviation and is explained more extensively in the part about applying densities. This
principle shown in figure 3.54.
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Figure 3.54 – Update to volume fraction from a higher and lower volume fraction

A deviation of compliances is especially a problem for a comparison of models resulting in relative low
volume fractions. A low volume fraction means a value close to the lowest value in the range of
possible relative densities within topology optimization, as shown in figure 3.55. As a result, almost all
elements are assigned by the lowest possible volume fraction of 0,10 in the case of this project.
Comparing various cases for these low values show a small difference in result and are thus hard to
compare. A low volume fraction is caused by a low self‐weight, as explained before. This is one of the
reasons why an additional load is add to the model.

Figure 3.55 –Relative low value of a resulting volume fraction in a range of possible densities

3.5.

ADJUST DESIGN

3.5.1. APPLYING DENSITIES
The result after a complete loop is an updated shape consisting of panels, applied with relative
density values between zero and one for each panel. These relative densities define changes of the
initial settings for the upcoming loop, as shown in figure 3.56. Spring stiffnesses at form finding, the
Young’s moduli at topology optimization and the applied loads at both form finding and topology
optimization are affected by these densities. The way how these densities are applied to the settings
of the next loop, is discussed at this part.

Figure 3.56 – Change of initial settings by relative densities

Values for stiffnesses and loads are updated by multiplying the initial value with a relative density,
which result in a reduction of the initial settings. A relative density the result of a material distribution
at topology optimization. These values are related to panels and can be translated to line elements. A
translation to line elements makes the relative density values appropriate to apply to spring
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stiffnesses at form finding. This translation is specified as the average value of two adjacent panels to
a specific line element. At the edges of the model each value attached to a line element is equal to
the adjacent panel. The definition of relative density values from panels to lines is made clear by an
example in figure 3.57.

Figure 3.57 – Translating relative densities from panels to lines

A similar translation is defined for the point loads, by taking the average relative density of four
adjacent panels. The points on the edges are defined as the average value of the two adjacent panels
at the edge, as made clear by an example in figure 3.58.

Figure 3.58 - Translating relative densities from panels to points

The resulting relative densities for line elements are multiplied by the initial set spring stiffness at
form finding. Initially, an equal spring stiffness is applied to all line elements for form finding, standard
set at 1000 /. A multiplication by specific relative densities causes a weakening of the springs.
This is in accordance with the structural behavior of the structure considering an updated material
distribution. The resulting model which gets weaker at the locations where the relative densities are
lower, as defined after topology optimization. Practically this could be seen as a local reduction of
material, structurally this means a local reduction of Young’s modulus. This principle is visualized by
figure 3.59.
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Figure 3.59 – Updating initial spring stiffnesses by relative densities

A reduction of material means also a reduction of dead load, which is included in the same fashion as
the spring stiffness reduction. The initially applied loads to form finding are all applied as a force
vectors in z‐direction applied by a unit value of 1.0
. These force vectors are multiplied by relative
density values translated to the points, resulting in a reduction of point loads. The same force vectors
at topology optimization are applied as at form finding, both representing the same distributed
material. The change of initial values for loads is shown for its principle by figure 3.60.

Figure 3.60 ‐Updating initial loads by relative densities

The application of relative densities to the Young’s modulus in topology optimization differs
compared to the approach as used for the spring stiffnesses and point loads. The initial Young’s
moduli at each panel cannot be multiplied by the specific relative density values of a previous loop
due to software limitations. As a result, each topology optimization starts from the beginning ,mainly
defined by the volume fraction. This volume fraction is updated for every new loop and applied as an
equal value of relative densities to all panels. These equal values are redistributed into a specific
material distribution by a topology optimization. The result is a specific relative density for each panel.
The optimization process is shown by figure 3.61.

Figure 3.61 – Redefine relative densities
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The application of relative densities to settings in the current loop, is based on resulting values of the
previous loop. For a decreasing volume fraction applied to a current loop this means a too stiff
structure and too high loads. A higher value for the volume fraction was applied to the previous loop
resulting in higher relative densities and thus a stiffer structure. The stiffness of the structure is not in
accordance with the applied volume fraction of the current loop. For that reason, the relative density
values are multiplied by an additional factor to reduce the gap between the input and desired result
at one loop. The application of this additional factor is shown in figure 3.62.

Figure 3.62 – Multiplication of relative densities of a previous loop by a factor based on the volume fractions for both loops

Recommendations
There is a principle difference in the application of updated values between the Young’s moduli at
topology optimization and the other variables. Ideally, a relative density is applied to a panel before
topology optimization and updated in the same fashion as the other variables. This means that the
starting point of a new loop should be the resulting situation of the previous loop. However, due to
practical limitations by the used software, this is not possible. This means that every topology
optimization for a new loop starts from the beginning, by an equal relative density applied to all
panels. This way of optimization is a drawback for the computation time, compared to a situation
where a material distribution for a previous optimization is used. That setup would result in a
situation where the relative densities of a previous loop should be updated.
An input and application of defined relative density values to the topology optimization is needed for
this framework. However, this is not possible for the used software. An optimization algorithm should
be developed which makes it able to apply these pre‐defined values.

3.6.

POST‐PROCESSING

The optimized design obtained from the optimization is a theoretical result. The results is formulated
in the artificial environment of the software used in the model. Although the design represents a
structure which is based on practical and real conditions, it still requires a transformation to a realistic
and manufacturable structure. This is done by post‐processing the result of the model into a structure
which could actually be produced.
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3.6.1. EXTRACTING MODEL
The most important features which are used to formulate the end result are the optimized shape and
the optimized material distribution. The shape does not need any post‐processing because it can be
transformed to a realistic geometry. The material distribution however cannot be transform directly.
The main reason for this is the artificial definition of the relative densities of the individual elements.
The different densities are hard or even impossible to realise with in the material properties. This
problem is solved by post‐processing. Important for defining a post‐processing procedure is that the
structural performance of the original design in the model should be equal to the structural
performance of the post‐processed structure.
In principal there are two procedures to post‐process a geometry with relative intermediate densities
(a). These are briefly discussed earlier in this report but for completeness they are explained here as
well. The first is the generally used process in which a boundary is formulated based on a specific
intermediate density. This boundary is then used as the boundary of the geometry. Everything inside
it is formulated as solid material and everything outside it is assumed to be part of a void. This would
result in relative large holes in the end result (b). In the second procedure the post‐processing is
considered on a micro scale. Each element is processed individually. Based on the Homogenization
theory, a hole is formulated for each element (c). In this way, the end result exists only out of solid
material. The size of the hole is dependent on the intermediate density value. Obviously, a lower
density value result in a larger hole and thereby less material. Additionally, the thickness can be
decreased to produce the relative low relative densities. An optimized design is given in figure 3.63
together with the corresponding results of both procedures.

(a)

(b)

(c)

Figure 3.63 – Optimized design, and both results of post‐processing
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The main goal of post‐processing is to change the design as little as possible after it is formulated
within the optimization part. Ideally, this would mean that the structural performance is kept equal. If
there would be a relative large difference, the structure which is manufactured would be different
from the optimal structure. Obviously, this is not desirable. The main difference between the
presented procedures is the size of the voids. On one hand there is a result with several relative large
holes and on the other hand the result has a large amount of relative small holes. Looking at the first
option, there seems to be a relative large difference between the optimized design and the post‐
processed design. Assuming an arbitrary value to formulate the boundary, all elements with a lower
relative density are thrown away. This means a serious amount of material is thrown away, but also
that the connectivity of the design is change on a macro level.
For the second alternative, there seems to be a closer resemblance between the optimized and post‐
processed design. No elements are removed and also no material is taken out of the design. The
material is only placed differently within an element. This change on micro level is assumed to have a
smaller influence on the structural performance than making large holes. There is also a practical
benefit to choose the procedure with small holes. Because the global geometry is kept identical to the
optimized shape within the optimization, the same framework can be applied. This means all the
loads can be applied at the same locations with an equal magnitude. If a big hole would be made, the
load at the edge of the hole would give a lot of uncertainties.
Although the procedure with small holes is assumed to deviate less from the optimized structure,
there is still some deviation which has to be taken into account by the user of the model. This
influence is investigated further in appendix C. The main conclusion from the investigation is that
post‐processing reduces the structural performance of the design. As a designer it is important to
realize this reduction. It could be countered by initially oversizing the structure slightly so it would still
meet the necessary capacity.
Recommendation
For the post‐processing it is assumed that material is reduced by making holes in each element. The
direct influence on the stress around such a hole is not considered in this model. In future research
peak stresses around the holes may be found. Especially, tensile stresses are important to consider if
concrete is used as a manufacturing material. Searching for other shapes for making holes may lead
to better alternative than circular holes. Aside from the procedure of making holes in the elements, it
could also be considered to manufacture the intermediate densities in a different way. For example
by introducing light weight aggregates in the concrete mixtures, as developed at MIT by prof. Neri
Oxman. See figure 3.64. The amount of this aggregates would then be determined by the value for
the relative density. By doing this a homogenous appearance could be produced but with a significant
reduction in self‐weight.
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Figure 3.64 – Concrete with altering densities, developed at MIT
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4. RESULTS
The model developed in this graduation can be used to formulate an optimized design for shell
structures, on both a local and global level, for a specific design situation. In previous parts the model
is explained and all the relevant settings are defined. In this part the results of the model are
discussed and compared. This is done by looking closely at the results from the design cases
introduced earlier in this report. Aside from giving the optimal result for each case, also a comparison
is made between the cases to see if a relationship can be found. After this one specific showcase is
optimized and presented. This is mainly done to give insight in the ability of the model as a design
tool. At last a proof of concept is given, showing that a part of an optimized shell is manufactured with
a 3D concrete printer.
4.1.

CASES

The settings discussed previously are used here to obtain optimized results for different cases. For all
cases exactly the same settings are used to make sure the effect of changing the initial design
situation is isolated. A design situation is defined by the location of the supports on a predefined grid.
Obviously, relocating or adding a support leads to a different optimized result. The design input, the
optimized result and the post‐processed result are presented for each design case in figure 4.1.
Additionally the optimal volume fraction found by the model is given together with the corresponding
normalized compliance value. The compliance value presented here does not consider post‐
processing.
Looking at the material distribution of the individual resulting designs, it can be noticed that in all
cases solid material is positioned around the support. This seems obvious because the internal forces
are transferred to the supports and thereby they increase near the supports. Secondly, it can be
noticed that in‐between supports, a rib‐like structure is formulated. To obtain the best structural
performance material is positioned as much as possible in between the supports. Because of the
increase in material, the stiffness of these areas also increases. This results in a lower curvature in the
global shape. Because the material is preferably positioned at the support or in between the supports,
material is taken away from the remaining parts. Because the stiffness of these parts have a minor
contribution to the structural performance, it is more favourable to decrease the load by limiting the
material.
In addition to the assessment of the individual result, the given results can also be compared to each
other. This is done by comparing the values of the structural performance and the optimal volume
fraction. The amount of supports appears to have an immediate relationship with the structural
performance of an optimized design. If less supports are formulated in the design, the corresponding
compliance becomes increasingly higher, meaning a decrease of structural performance. The amount
of supports also influences the resulting shape. Less supports clearly results in higher optimized shape
if all other settings are kept constant. The material distribution on the other hand does not appear to
be influenced by the amount of supports that much. This seems to dependent more on the location
of the supports. If supports are divided irregularly over the design or situated with a large distance
between them, the optimal volume fraction is relative low. On the contrary, if the supports are
equally divided, the volume fraction is increased. The volume fraction immediately influences the
material distribution.
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Case 1

Compliance = 509

Volume fraction = 0.44

Case 2

Compliance = 70

Volume fraction = 0.69

Case 3

Compliance = 139

Volume fraction = 0.79

Case 4

Compliance = 203

Volume fraction = 0.49

Case 5

Compliance = 308

Volume fraction = 0.49

Figure 4.1 – Optimized case studies
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The described relationship makes sense, because an uniformly supported design result in a structural
shape in which all the material is contributing rather equally to the structural performance. Image a
perfect uniformly supported circle, resulting in a perfect dome structure. A arbitrary supported
designs on the other hand create parts which contribute less to the structural performance. This
statement is visualized in case three, where two sides are almost perfectly supported. An arch
structure is formulated in which most parts are equally important to provide the structural
performance. Every location is almost equally important to the structure and thereby gets an equal
amount of material. This would result in a relative high volume fraction.
To show the general benefit of combining both optimization techniques into one model, the
compliance of two structure is compared in figure 4.2. The left structure is an optimized shape with
an uniform intermediate density applied to each element. In the second structure exactly the same
shape is used with optimized material distribution. The difference in compliance is around 42%. This
means that adding a material distribution optimization to a form finding optimization does have a
significant impact on the structural performance of a design. In table 4.1 the changes in compliance
due to the addition of an optimized material distribution are given for all the cases considered
previously. For each case it can be stated that an optimized material distribution improves the
structural performance. Also notice, that the improvements for the regularly supported cases is
relative low because the shape is already rather efficient. Therefore, the material is also divided
uniformly resulting in a relative low improvement of the material distribution.

Figure 4.2 – Optimized shape (left) – Optimized shape and material distribution

Optimized shape
Optimized shape &
material distribution
Difference [%]

Case 1
697
509

Case 2
86
70

Case 3
157
138

Case 4
348
202

Case 5
538
308

36

23

12

42

43

Table 4.1 – Compliance for all cases with and without material distribution
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To see how an optimized shell structure would really look like once it is produced, one case has been
produced on a relative small scale with a 3D plastic printer. Figure 4.3 shows the physical optimized
result from case four, with two supported sides and one supported corners. Although other
manufacturing conditions should be implemented, because these are dependent on the type of
printer, for simplicity the settings are kept identical to the setting corresponding with the concrete
printer.

Figure 4.3 – 3D plastic printed shell

4.2.

SHOWCASE

The design situations presented previously have mainly been used to provide various cases. Multiple
cases are used to make sure that the model is not limited to the optimization of one specific case. To
assure a wide range of possibilities the model is built in a parametric environment where a settings
like support location can be changed easily.
To provide insight in the range of possibilities of the optimization model, a showcase is presented
here. Figure 4.4 shows the design situation, the optimized shape with a material distribution, the
post‐processed result and the printed structure. An arbitrary placement of the supports is chosen
after which the optimization is run. Notice that a support is also defined in the middle of the grid. This
obviously effects both the global shape and the local material distribution. Despite the fact that the
scale model is realized with a 3D plastic printer, which would ideally have other setting, the concrete
printer setting are used to present the showcase. Furthermore, an impression on a real scale is given
in a practical application of the showcase in figure 4.5.
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Figure 4.4 – Optimized results of showcase

Figure 4.5 – Optimized results of showcase
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4.3.

PROOF OF CONCEPT

Throughout the model, the settings for the manufacturing process are in correspondence with the 3D
concrete printer available at Eindhoven Technical University. At the time of this graduation project,
this printer was still under development. During the timespan of the graduation large steps forward
have been made in terms of material, print process, print settings and applications. The specific
manufacturing settings used within this project are probably not the best settings. However,
experience has shown that they work well for the printer and that a structure can be printed when
using these settings. Important to remember is that other printer settings, or other printer types,
could also be implemented in the model, which would lead to different results.
Although the printer at this point in its development is not able to print the optimized structure in one
go, the printer is used to provide a proof of concept on how an optimized structure could be
manufactured. This is done by printing a part of a post‐processed design. In figure 4.6 an optimized
design is shown upon which a part is marked which is manufactured. This part is made printable by
dividing the whole shell structure into smaller panels. In this model, these panels correspond with one
mesh element. The explicit part which is printed, with the division of the panels is shown in figure 4.7.

Figure 4.6 – Optimized shell structure

Figure 4.7 – Part of an optimized shell

Because of the formulation of the holes in the post‐processing, holes are always formulated in the
centre of the element. This is perfect for modelling but less favourable for printing a structure
because the holes make the necessary printing path more complex. To tackle this problem, the
definition of one panel is translated in such a way that no internal holes have to be produced. This
principle is visualized in figure 4.8. Notice how the dashed line for the left image fits perfectly with the
central penal of the right image. The main advantage of this is that only one boundary line has to be
formulated.
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Figure 4.8 – Formulating printable panels

The panels are manufactured on a flexible mould which allow the shell structures to obtain a double
curved surface. For practical reasons the maximum curvature of a panel is limited. Because of this
limited curvature and because the curvature of the proposed design is difficult to formulate on the
flexible mould, a comparable structure is printed. This structure is shown in figure 4.9. Although the
printed structure is not the actual optimized design, it does proof that the concept presented is valid.
Figure 4.10 shows one specific panel, made on a flexible mould, developed at Delft University of
Technology. [4.1] Finally, the complete printed structure is shown in figure 4.11. A complete
documentation of how this structure is manufactured is given in appendix D.

Figure 4.8 – Structure to be actually printed

Figure 4.10 – One printed panel
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Figure 4.11 – Printed structure
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5. CONCLUSIONS AND RECOMMENDATIONS
The goal of the graduation project is formulated and explained in the first part of this report: Realizing
a parametric structural optimization model, considering the influence of the 3D printing. Based on
this goal, various decisions are made throughout the process of developing the presented
optimization model. This part take a look back on that goal, by linking the made decisions to this goal
and giving conclusions based on it. These conclusions result in recommendations for further research,
which are discussed as well.
5.1.

CONCLUSIONS

The general goal of this project is to realize a parametric structural optimization model, considering
the influence of 3D printing. This goal is achieved by a specific optimization model for shell structures,
optimized for both shape and material distribution. The results of the model are optimized for a
reduction of material based on its structural performance. The influence of 3D printing is
implemented in this model, mainly based on criteria for 3D concrete printing. The resulting model is
parametric for various variables, which affect the result without the need of remodelling.
One of the most important additional goals, aside from the development of a parametric optimization
model itself, is to make an overview of all relating issues to the parametric optimization model. These
issues are linked to its location in the optimization process and made visual by relating illustrations in
a scheme. The most fundamental issues are further elaborated, resulting a model that can be used for
material independent optimizations.
Another additional goal is to actually manufacture the result of an optimization by a 3D concrete
printer. A printing strategy is developed in order to print shells in parts, by double curved panels.
These panels are eventually made by combining a flexible mould and a 3D concrete printer.
Limitations based on this printed strategy are implemented as boundary conditions to the parametric
model. This developed proof of concept shows that relative difficult concrete geometries are possible
to make on a building level, by combining state of the art manufacturing techniques.
The most important goals are reached within this project. However, some critics can be given as well.
This specified general goal implies a structural optimization model, suitable for all kinds of structural
types and geometries. This is definitely not the case and hard, or even not, to realize due to the
endless list of possible variables. Optimization models, as one presented in this report, should always
focus on specific topics in order to keep an overview on the influence of variables on a result. For that
reason, not all issues are investigated in depth during this graduation project. Only the most
fundamental ones are further elaborated. This makes the current model relative limited in use, only a
specific framework can be used by a limited grid topology and material model. The full potential of
the model is not reached yet in the current set up, but it sets the base for a more elaborated
optimization model.
A similar critic and awareness can be given on the manufacturing goal. The first intention was to fully
print an actual shell structure in one go, without the necessity of additional formwork or
reinforcement. This manufacture strategy is not possible yet due to restrictions of both the 3D printer
and the printed material. Another printing strategy had to be developed. The gap between the used
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printing strategy and proposed way of manufacture is illustrative for the awareness that not
everything can be made by a 3D printer. The implementation of print constraints should be taken into
account from the beginning in the setup of a parametric model.
5.2.

RECOMMENDATIONS

Specific recommendations for structural issues are discussed at the parts where structural issues are
explained. These recommendations are not repeated again, only the most general recommendations
are discussed. General recommendations are discussed for a combination of structural issues for
further research on extended geometric possibilities, self‐developed software, 3D printing and the
obtained result.
5.2.1. EXTENDED GEOMETRIC POSSIBILITIES
An optimization model as presented has the most potential for relative complex initial design
situations, consisting of 3D curved boundaries for example. However, the current framework is only
defined as a single rectangle applied by an orthogonal mesh. Aside from that, applied supports should
at least be placed at the corners to prevent a relative large and steep rise of a structure’s region.
Initial open area’s cannot be defined as well within the current set up. However, this geometrically
limited setup is needed for the transfer of information about relative densities between both
optimizations.
Ideally, this current set up should be made applicable for complex initial shapes, as shown by figure
5.1. Aside from that, elements at an initial mesh should be removable to create predefined holes. A
user friendly setup could be the coupling to an existing model, for example a situation in Revit, which
can be loaded into the parametric optimization model. A selection of the to be optimized region
define then the initial design conditions for the optimization, as the load and supports.

Figure 5.1 – Recommendations for the application of more complex geometries, assigned by holes for example

5.2.2. SELF–DEVELOPED OPTIMIZATION SOFTWARE
Available commercial software is used to arrange the optimization model, as explained in the Annex
about software. However, this setup has some limitations, especially at topology optimization. 3D
printed concrete cannot be implemented due to its orthotropic material behaviour. As a result,
desired optimization constraints based on material properties cannot be used. The used constraints
need a fixed input of a volume fraction at each loop. This volume fraction is defined by an additional
optimization which can only search for a local optimum. Aside from that, relative densities cannot be
applied as input to a new topology optimization which is a drawback for the computation time.
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A self‐developed software for the topology optimization makes it possible to implement orthotropic
material behaviour, as shown in figure 5.2, and apply relative densities as input. These improvements
make the complete optimization process more efficient. Especially because an additional optimization
for a volume fraction is not necessary as this become a result of topology optimization.

Figure 5.2 – Recommendations for the implementation of complex material models, as 3D concrete printing.

5.2.3. 3D PRINTING
First the two optimization techniques combined in the parametric model, after which the influence of
3D concrete printing is implemented. The printing strategy is thus based on a proposed to be printed
structure, by a shell, in advance. The implementation of 3D printing is based on a printing strategy
which was not proposed at the beginning. Future research on optimization should be based on the
actual possibilities to manufacture in one go. Manufacturing an optimized structure based on actual
printer limitations, result in the full potential of 3D concrete printing. For which full potential of 3D
concrete printing is defined as printing without the need of subdividing the shape in parts or the need
of additional formwork. Some current possibilities of the 3D printer arevisualized in figure 5.3.

Figure 5.3 – Printed structures using 3D concrete printing

5.2.4. EXTENDED STRUCTURAL BEHAVIOR
The resulting structure is material independent for the current model. This could be extended to a
material dependent model. An extended material model allows also the application of extended
boundaries for instability problems as buckling. The prevention of buckling would probably result in a
more ribbed structure and defines thus the thickness of a shell. The thickness within the current
project is only defined as an initial thickness, not based on material boundaries. These kind of
problems cannot be implemented in the used framework, because of the need of development of the
software. Concluded can be said that the presented model leaves plenty of space for further
improvements.
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ANNEX B – SOFTWARE
The presented structural model is discussed for its structural aspects within the report, available
commercial software is used to arrange the structural optimization model. Rhinoceros plug-in
Grasshopper is used as framework for the optimization model, combined with additional plug-ins for
form finding and scripting. The finite element model for topology optimization is defined in Abaqus
and the topology optimization itself is executed by Abaqus plug-in Tosca. Grasshopper and Abaqus
are linked to each other by a script based on Python. The used software is linked to the specific steps
at the structural model in figure B.1.

Figure B.1 – Commercial software linked to the specific parts of the model

The Grasshopper model is divided in different parts. Each part consists of a group of Grasshopper
components representing a specific section in the structural overview. The complete Grasshopper
model is explained for the most important features by these parts. Not all components are explained,
only explicit issues regarding the software are explained briefly. Parts of the model are shown by
screenshots. The goal of this screenshots is to give an overview of various groups in the model.
Individual blocks cannot be seen for its details, a large resolution screenshot of the model is attached
for that reason to this appendix. The same applies for python scripts, which are not explained for
every line.

B.1

INITIAL DESIGN

Figure B.2 – Screenshot of the first part of the model, containing initial design settings

This part consist mainly of five subtopics regarding issues of the initial design part and it is the actual
starting point in the use of the model. An overview of this part is given by figure B.2. The first practical
step is removing files from previous optimizations out of the directories used by the model. Then the
structural setup of the model is done by defining all used variables in the complete model. These are
the initial settings as presented in the structural model and are grouped for settings regarding the grid
size, supports, form finding, the FEM-model and topology optimization. Settings are applied by sliders
and value lists which are programmed for the range in between a value may be set. The next step is
the definition of the loop number, automatically defined based on a list length of resulting
compliances of previous loops. This list is empty at the first loop since all data from previous loops is
removed, resulting in the definition of loop 0.
The more general subtopics are followed by the definition of support points and a grid formulation for
form finding. The main input for the definition of supports is the choice for a case, aside from specific
settings on grid- and element size. Based on these geometric inputs, supports are defined by a list of
points by a Python script. The grid is defined by a list of relative small line elements, sized equal to the
side of each grid element. Line elements oriented in x- and y-direction are defined in separate lists,
which is needed in the setup of form finding. The position of a small line element in these lists are
important for the total framework within the Grasshopper model, since each specific line element is
coupled to a unique value of a relative density. The position of a specific line element in a list should
correspond with the position of a to be applied specific density in a list. The definition of these lists is
made by a Python script, for which a part is shown in figure B.3.

Figure B.3 – Part of a Python script within Grasshopper, used for the definitions

B.2

FORM FINDING

Figure B.4 – Screenshot of the first part of the model, containing form finding and the definition of a resulting geometry

Form finding takes place in the second part, for which a screenshot is shown in figure B.4. The actual
form finding is done by the use of a Grasshopper plug-in called Kangaroo, developed by Daniel Piker.
Kangaroo consist of a solver which is based on the particle spring system, as explained in the theory.
The main inputs to this solver are lines, support points and force vectors. The line elements are
assigned by a spring stiffness, based on an initial value, relative densities of the previous loop and the
volume fraction of the current loop. The lists of spring stiffnesses and lines are combined into springs
by an additional block, as visualized by figure B.5. The same principle applies for the definition of
forces, for which a list of force vectors is defined. This list of force vectors is combined with a list of
force locations at an additional block. One of the outputs of the Kangaroo solver is a list of updated
node locations. The coordinates of these nodes are used in the definition of surfaces between these
nodes. A data dam is implemented to prevent updated node coordinates for each iteration step of
form finding to pass through.

Figure B.5 – List of lines and densities are combined for the generation of springs

B.3

TOPOLOGY OPTIMIZATION

Figure B.6 – Screenshot of the first part of the model

The topology optimization part within Grasshopper is shown by figure B.6 and consist mainly of the
definition of a Python script, which is the input for Abaqus. The required settings in Abaqus are
related to both the definition of a finite element model and the topology optimization afterwards.
This topology optimization is run within the Abaqus environment by plug-in Tosca and is set by the
same script as the other input for Abaqus. The script is defined by an initial script of the Abaqus
commands. Specified variables are implemented to this script via another script, as shown by figure
B.7. The actual updated geometry obtained by form finding is baked and saved as STEP file after a
double click on the ‘Bake Shell’ button. Then Abaqus is opened from the Grasshopper environment by
clicking on the ‘Start Abaqus’ button. The defined script and saved geometry are then automatically
imported after which the optimization can start.

Figure B.7 – Definition of a script for Abaqus

After the importation of the STEP file in Abaqus, some lines of the geometry could be separated in
two. This is not always the case but should be checked. A good defined geometry consists of
(𝑛 + 1) ∗ (𝑛 + 1) lines, for which n is the number of elements for which the initial mesh is
subdivided. For example, a mesh of 40 𝑥 40 elements should thus consist of 1681 lines, all extra lines
should be removed. This can be done by searching for this lines with the ‘query’ tool, after which
these lines are removed by the ‘repair small edge’ tool. The Python script is divided in two parts for
that reason, to allow the check of this deviation. The second part of this script can be run after this
check.

B.4

CHECK RESULTS AND CHANGE SETTINGS

Figure B.8 – Screenshot of the third part of the model.

The main output from Abaqus is a list of relative density values based on a material distribution after
topology optimization and a compliance value. This setup is shown by figure B.8. This compliance
value is add to a text file consisting of all compliances obtained after each loop. The last value of this
list is compared to the second last value. Based on this comparison, an updated volume fraction is
defined as input for the next loop. The update of a volume fraction is implemented by a Python script,
in the way as explained at the structural issue about finding an optimum. The development of the
compliance and volume fraction over the loops is visualized by both values and graphs. The
optimization process start for the next loop again at form finding, to which updated values are
applied. If an optimum of the volume fraction is reached, the post-processing can start
B.5

POST-PROCESSING

Figure B.9 – Screenshot of the fifth part of the model, containing a post-processing of the optimization result

After an optimal volume fraction is reached, the post-processing can start in the way as explained in
the part about structural issues. This process is shown in figure B.9. Post-processing starts with the
definition of flat panels between the updated node points, assigned by a relative density value. This
relative density value defines the size of a circle for each panel, for which the lower boundary is
defined at the initial settings. This circle is actually not defined as a real circle but as a spline based on
four points. This spline result in a circle for a square panel. However, all panels are deformed due to
form finding for which the application of a circle is limited. These splines are defined in a 2D plane,
after which the shape is projected on the panels. The space in between each closed spline is
subtracted from each panel, which causes a hole. The remaining panel parts are extruded in zdirection afterwards, which causes a thickness. This thickness is not equal for all panels, based on
relative densities, as explained before in this report.

B.6

CHECK POST-PROCESSING RESULT

Figure B.10 – Screenshot of the sixth part of the mode.

The resulting shape after post-processing can be checked within Abaqus for its compliance, as can be
seen for its programming setup by figure B.10. The analysis in Abaqus is setup by a Python script in
the same way as explained before. Despite the definition of a finer mesh. Results can be checked
within Abaqus and are not written to text files again. A fixed setup by panels is thus not needed
anymore.

Screenshot of Grasshopper model

APPENDIX C – EXTRACTING MODEL
In this appendix the procedure of post‐processing applied in the optimization model is investigated
more deeply. This is done by comparing the structural performance of the optimized design with the
structural performance of an independent static analysis of the post‐processed design. To make sure
this comparison is valid, the investigation is divided in two steps. First a comparison is made between
the result of the structural optimization and a static analysis in which the material distribution is
formulated by artificial intermediate densities. This means that no post‐processing is used in this
comparison. This is done to check if the setup is valid and to see what the effects of inaccuracies are.
In the second comparison the result of the structural optimization is directly compared to the post‐
processed design with holes. In this way, assuming the setup is valid, the effect of the post‐processing
is isolated and made insightful. Figure C.1 shows the setup of this investigation. The post‐processing
considered here is the procedure in which small holes are made in the element and the thickness of
each shell is adjusted for the material reduction.

Figure C.1 – Setup of comparison

For this investigation an result of an arbitrary case of the complete structural optimization is
considered. Figure C.2 shows the theoretical result of an optimization and figure C.3 shows the
corresponding post processed design. Equal standard settings are used throughout the comparison.

Figure C.2 – Optimized result

Figure C.3 –Post processed result

In figure C.4 the corresponding displacements are given, obtained at the end of the topology
optimization. Only the displacements are compared because of a practical shortcoming of the model
which makes it difficult to obtain the stresses of all the features. Additionally the compliance value is
given. Figure C.5 gives the results from the static analysis with intermediate relative densities
corresponding to the optimized design. It can be concluded from these results, that there is a close
resemblance. The data obtained immediately after the topology optimization is practically equal to
the data obtained by the static analysis with intermediate densities. Because of this close
resemblance, the setup is assumed to be correct and therefore it is assumed that the setup is of no
influence to the comparisons made in the investigation.
Topology optimization

C = 91,1274
Figure C.4 – Displacements obtain by topology optimization

Static analysis
(no post‐processing)

C = 91,1275
Figure C.5 – Displacements obtain by static analysis

In figure C.6 the results after post‐processing are given. Compared to figure C.5 (Previous topology
results) it can be seen that the results are rather different. Figure C.7 shows the absolute difference in
displacements. Also the given difference in compliance, indicates that there is a difference in the
structural performance. It can be concluded that the structural performance of the post‐processed
design is lower than the initial optimized design. The displacements, in line with the structural
performance, are higher for the post‐processed design. Obviously, making holes on the presented
scale does influence the performances of the design. Important to remember is that the presented
difference is only applicable to this specific design situation. Other design situations would lead to
another results. This specific case is only used to show the order of magnitude of possible difference
between the optimized design and the post‐processed design.

Static analysis
(with post‐processing)

C = 118,764
Figure C.6 – Displacements obtain by static analysis with holes

Absolute difference

ΔC = 30,32 %
Figure C.7 – Absolute difference in displacements

The main conclusion from this investigation is that the post‐processed design behaves differently.
Structurally speaking, the optimized design before post‐processing performs better than after post‐
processing. In the model, this loss of structural performance should be taken into account. It should
be reported to the designer, that the optimized design performs less favourable after post‐
processing. The loss of structural performance could be reduced by extending the research. The
shape of the holes made in each element might be important as well as the size of the shapes.

APPENDIX D – PROOF OF CONCEPT
The aim of this project was to make a structural optimization model for 3D printing. 3D concrete
printing has been implemented in the model by stating specific manufacturing limitation to the
optimizations. These limitations are based on the 3D concrete printer available at Eindhoven
University. Although it is not yet possible to print the presented optimized shell structures, part of an
optimized structure can be printed. This part presented here to give insight in the manufacturing
process. The complete design which is printed is given in figure D.1. The design is printed in nine
panels of equal size. A panel which is printed in one go, is shown in figure D.2.

Figure D.1 – Printable structure

Figure D.2 – Printable panel

Notice from the given design that a double curved surface is described. The double curvature in the
panels is realized by using a flexible mould developed at Delft University of Technology. See figure
D.3. By setting all pins to the correct height, any curvature within certain limitations can be made.

Figure D.3 – Flexible mould

Because of the double curvature it is hard to define a correct printing path which exactly matches the
surface of the flexible mould. Therefore the geometry is printed on a straight plane. A panel is realized
by printing the outer boundaries. After printing, the core gets filled with concrete manually.
Subsequently the mould is set to the correct positions which results in the desired curved structure.
After manufacturing all the panel individually the complete design is assembled. In figure D.4 up until
figure D.8 the manufacturing process is visualized.

Figure D.4 – Printed boundaries

Figure D.5 – Filled core

Figure D.6 – Curvature applied

Figure D.7 – Final panel

Figure D.8 – Complete structure assembled

