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Preface
The report that lies before you is our master thesis
written at Eindhoven University of Technology, at
the faculty of Building Technology. The cooperation
for our graduation is the result of our mutual interest
in large scale additive manufacturing. This interest
aroused in June of 2013, when we worked with
structural optimized elements during the course
Design for Manufacturing. The exercise was to make
a structural optimized beam out of concrete. The
optimized design for this beam was provided by the
two graduate students Stan van Dijck and Joost van
de Koppel. Their thesis was about the production of
optimization of section active structure systems. The
process was time consuming and the equipment for
the mould was not reusable for reproduction. Additive
manufacturing could be a replacing technology for
this devious process.
We started our pre-research phase with a literature
study on several additive manufacturing methods.
Immediately we found some connections between
freeform construction together with 3D modelling
and our graduation studio BIM in Building Technology.
This studio is tutored by Ir. A.D.C. Pronk and Dr.
Dipl.-Ing. J. Beetz. The chairman of this graduation
committee is Prof. Dr. Ir. B. de Vries. We believe that
there is a future for printing houses since it is stated to
be a more ecologic and faster way of constructing
with extraordinary elements. With proper funding,
research can continue and soon the first houses can
be printed.
Adrie van der Burgt and Bas van Wezel
November, 2014
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Abstract
This thesis focusses on the development of a design
decision tool which gives a range of printable
solutions in order to support the large scale additive
manufacturing (AM) design process of topological
optimized beams.
A conventional beam is topological optimized
according to four different static models. This results in
four different optimized models, each with their own
mass reduction in comparison to the conventional
beam. In order to make these optimized beams
printable, a tool is developed. The printer and material
properties of the three most promising AM methods
in construction, Concrete Printing, Contour Crafting
and D-Shape, are used to create rules on which
the tool functions. If necessary, the tool modifies the
input geometry until it complies with the maximal
printable angle, -span and minimal thickness. The four
optimized beam models are imported into the tool
with three different model orientations, each resulting
in an output with different volumetric properties. The
output of the tool results in an overview of printable
3D models and their volumetric specifications.
In the next phase of this research, volumetric- and
structural analyses are conducted on the beams.
The volumetric analyses focus on volume reduction,
printing time, variation of the AM properties, and
future developments. The overview of the volumetric
output of the tool focusses on the mass reduction of
printable beams compared to conventional beams.
The conclusion of the volumetric analyses is that the
designer can use these results of the overview for the
design of an optimized printable beam.

The structural analyses are done on the schematic
representations of a selection of the output models
of the tool. These analyses focus on the deflection
in z-direction. The conclusion is that the addition
of secondary support structures has practically no
impact on the deflection of an optimized beam.
Materials with a higher elastic modulus result in a
lower deflection of the beam. Therefore, future
development towards printable materials with
a higher elastic modulus could be interesting
considering feasibility of printing optimized structures.
The overview shows the feasibility of the printable
solutions in volumetric information and maximum
deflection of the beams. The volume reduction of
printable- compared to conventional beams results
in material savings with an average of 64%. These
material savings have a positive impact on the
environment.
With the tool, a range of printable solutions is given
to support the large scale additive manufacturing
design process of topological optimized beams.
This tool is the first step towards the development
of a design (CAD) environment that is fine-tuned
towards large scale AM methods. The designer can
anticipate on the consequences of the changes of
the parameters on the volume and deflection of a
beam.
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Samenvatting
Deze masterscriptie focust zich op de ontwikkeling
van een ontwerp beslistool welke een selectie van
printbare oplossingen biedt om het ontwerpproces
van additive manufacturing (AM) op grote schaal
van topologisch geoptimaliseerde balken te
ondersteunen.
Een conventionele balk wordt geoptimaliseerd
aan de hand van vier verschillende mechanica
modellen. Dit resulteert in vier verschillende
geoptimaliseerde
modellen,
elk
met
een
eigen massa reductie in vergelijking met de
conventionele balk. Een tool is ontwikkeld om
deze geoptimaliseerde balken printbaar te maken.
De printer- en materiaaleigenschappen van de
drie meest belovende additive manufacturing
methoden voor constructie; Concrete Printing,
Contour Crafting en D-Shape, zijn gebruikt om regels
voor de tool te creëren. Wanneer het nodig is, past
de tool de geïmporteerde geometrie aan totdat
deze voldoet aan de maximaal printbare hoek, de
maximaal haalbare overspanning en minimaal te
printen dikte. De vier geoptimaliseerde modellen
worden geïmporteerd in de tool en geroteerd
naar drie verschillende oriëntaties. Elke oriëntatie
resulteert in een output met verschillende volume
eigenschappen.
In de volgende fase van dit onderzoek worden de
balken op volume en doorbuiging geanalyseerd. De
volume analyses focussen op de volume reductie,
de printtijd, de variatie van de AM eigenschappen
en toekomstige ontwikkelingen. Het overzicht van de
volume output van de tool richt zich op de massa
reductie van de printbare balken ten opzichte
van de conventionele balken. De conclusie uit de
volume analyses is dat de ontwerper deze resultaten
uit het overzicht kan gebruiken voor het ontwerp van
een geoptimaliseerde printbare balk.

Voor de constructieve analyses is een selectie
van de output van de tool geschematiseerd.
Deze analyses richten zich op de doorbuiging in
de z-richting. Hieruit valt te concluderen dat de
toevoeging van de secondaire ondersteuningen
nagenoeg geen impact heeft op de doorbuiging
van de geoptimaliseerde balk. Materialen met een
hogere elasticiteit modulus resulteren wel in een
kleinere doorbuiging van de balk. Toekomstige
ontwikkelingen gericht op printbare materialen
met een hoge elasticiteit modulus kunnen hierdoor
interessant zijn voor het printen van geoptimaliseerde
constructies.
Het overzicht laat met behulp van volume
besparingen en maximale doorbuiging van de
balken, de haalbaarheid zien van de verschillende
printbare oplossingen. De volume reductie van de
printbare- vergeleken met de conventionele balken
resulteert in een gemiddelde materiaal besparing
van 64%. Deze materiaal besparingen hebben een
positieve impact op het milieu.
Met de tool wordt een selectie van printbare
oplossingen gegeven die het ontwerpproces
van additive manufacturing op grote schaal van
topologisch geoptimaliseerde balken ondersteund.
Deze tool is de eerste stap naar de ontwikkeling van
een ontwerp (CAD) omgeving die is aangepast
aan de additive manufacturing methoden op
grote schaal. De ontwerper kan hierin anticiperen
op de consequenties die de veranderingen van
de parameters hebben op het volume en de
doorbuiging van de balk.
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1 Research Plan
1.1 MOTIVATION
With this research we want to give more insight in
the possibilities of large scale AM for the building
industry. Currently, various large scale AM methods
are developed. It is not clear what the differences
between these methods are, and what impact these
manufacturing methods have on the design of an
element for construction.

application in construction. Empowering that
these new manufacturing methods enable the
application of optimized structures. Finally, we think
that this research may deliver new insights in possible
interesting further developments for the current large
scale AM methods.

Furthermore, with this research we want to
strengthen the link of the design of topological
optimized structures with their manufacturing and

1.2 PROJECT FRAMEWORK
The current ‘cast-in-place’ construction process is a
long established, labour intense and craft oriented
process. The construction industry has been active
in automated construction research because of the
alarmingly low labour efficiency, the high accident
rate at construction sites, the low work quality and the
insufficient control of the construction site (Khoshnevis,
2004). In the past decades, various attempts of
developments in construction automation and
robotics have resulted in insignificant advances,
cause of the complexity of conventional construction
process (Hwang & Khoshnevis, 2005). One attempt is
the implementation of Rapid Manufacturing into the
construction process. This development from recent
research is a commercial of the shelf alternative
to the existing fabrication and assembly process.
Rapid Manufacturing (RM) is originated from Rapid
Prototyping (RP) which is a technique to convert
three dimensional CAD data into a physical model
or prototype (Kamrani & Nasr, 2006).

The main advantage of RM is the capability of
fabricating complex structures, e.g. freeform
structures (Buswell, et al., 2008). Latest developments
allow rapid manufacturing of large scale objects.
Large scale RM is one of the four scales in the RM
process. During a reading of DUS-Architects at
Heijmans N.V. (2013), these four scales were divided
into small, medium, large and extra-large, where
small is referring to tool-size elements, medium to
furniture-size, large to building component-size and
extra-large to fully printed buildings. This last scale
is also referred in literature as mega-scale Rapid
Manufacturing (Buswell, et al., 2008) and will be a
future development in the RM industry. In this thesis
the focus lies on large scale additive (layered)
manufacturing (AM), a rapid manufacturing process
in which materials are added layer upon layer to
create three dimensional objects (Mellor, et al.,
2013). Currently there are three distinctive main
large scale AM methods targeted at the building
industry; Contour Crafting, Concrete Printing and
1

D-Shape. These three methods all proved to be able
to manufacture large scale components, potential
for construction application (Lim, et al., 2011).

Structural optimization software is upcoming for the
building industry, yet not ready for new production
methods.

Large scale AM has several advantages when
compared to conventional construction. For
example during the printing process, no moulds are
used. Every customized building component can
be manufactured without increasing cost-per-part,
because the costs do not increase with changes in
the complexity of the building component. With this
automation in construction, manual labour can be
reduced, improving issues concerning health, safety
and the decreasing skills in the labour force (Buswell,
et al., 2007).

With the introduction of large scale AM, the
manufacturing stage is no longer a limiting factor
to the realization of optimal designs. The limits and
therefore the problems of this topology complexity
relocate towards the design stage. The development
of tools to aid the designers in the handling of
complex geometry is encouraged (Brackett, et al.,
2011). The need for different CAD environments that
are specialized towards large scale AM methods
increases. According to De Kestelier (2009) these
design environments will need to have the notion
of fabrication processes embedded in its modelling
tools.

However, disadvantages of AM processes in
comparison to conventional construction methods
are the current slow printing speed, low printing
accuracy, poor surface finish and the few usable
build materials with their limited mechanical
properties. A turning point in cost effectiveness in use
of additive manufacturing or injection moulding can
be determined. Figure 1.1 indicates that this depends
on the number of repetitive components that have
to be produced (Lim, et al., 2011; Lim, et al., 2012).
It is typical in the building industry to slowly adapt to
innovations. Topology optimization and thus structural
optimization are no exception. The first cause for
slow adaption is the lack of commercially available
and adequate developed large scale AM-methods
(Frattari, 2011). A second cause is that the available
structural optimization software is custom-made
to demands of naval, aeronautic and automotive
industries (Dombernowsky & Sondergaard, 2009).

Designers require printing paths which can be
manipulated and therefore data translation workflows
need to be adapted in the design environment.
These printing paths can be parametrically controlled
and are more preferred than designing with explicit
geometrical volumes (Kestelier & Buswell, 2009).

PROBLEM
From the previous section it is stated that there is
need for a design (CAD) environment that is finetuned towards large scale AM methods, with the
notion of the large scale AM process embedded in
its modelling tools.

Figure 1.1 - Turning point in cost effectiveness (Lim, et al., 2011)
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1.3 GOAL
According to the problem, the goal of this research
is:

SRQ 2: How can the properties within an AM method
be linked in order to establish conditions for the tool?

Support the large scale additive manufacturing
design process of freeform optimized structures by
developing a design decision tool which gives a
range of printable solutions.

SRQ 2.1: How are the properties within an AM method
linked to each other?

To delimitate the freeform optimized structures the
focus is on topological optimized beams. The goal is
the following;
Support the large scale additive manufacturing
design process of topological optimized beams by
developing a design decision tool which gives a
range of printable solutions.
The main research question of this thesis therefore is;
RQ: How can we develop a design decision tool
which gives a range of printable solutions to support
the large scale additive manufacturing design
process of topological optimized beams?

SRQ 2.2: What steps are needed to determine if a
beam is printable?
SRQ 2.3: What steps are needed to adapt the beam
to a printable one?

1.3.3 SUB GOAL 3
The last part of the main research question is the
part concerning the output of the tool; a range of
printable beams. In the last sub goal the overview of
the output of the tool will be designed. Analyses are
implemented in this design, to determine how the
most suitable large scale AM method for topological
optimized beams can be found.

1.3.1 SUB GOAL 1

Create an overview of the output of the design
decision tool to find the most suitable large scale AM
method for topological optimized beams.

The first sub goal is used as a delimitation of the
large scale additive manufacturing (AM) processes.
We use the properties of three AM methods for the
development of the tool. The sub goal is;

SRQ 3: How can an overview of the output of the
design decision tool be created to find the most
suitable large scale AM method for topological
optimized beams?

Determine the properties from the three most
promising large scale AM methods to define the large
scale AM processes when producing topological
optimized beams.

SRQ 3.1: How can we determine the most suitable
large scale AM method for topological optimized
beams?

SRQ 1: Which properties determine the large scale
AM process when producing topological optimized
beams?
SRQ 1.1: What properties are derived from the large
scale AM methods?
SRQ 1.2: What properties are derived from topological
optimized beams?

1.3.2 SUB GOAL 2
In the second sub goal is determined how the
properties defined from the AM methods can be
used in conditions for the tool to achieve printable
beams.
Develop a tool in which the large scale AM properties
are embedded in conditions in order to adapt the
topological optimized beam to a printable one.
Research Plan
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1.4 RELEVANCE
1.4.1 SCIENTIFIC RELEVANCE
This research is reviewing technical aspects of the
different large scale additive manufacturing methods
in order to create a design decision tool. These
methods and the results of the tool are reviewed
and compared in an overview. This overview will
inform designers and stakeholders about the (im-)
possibilities of large scale additive manufacturing
of topological optimized beams. The growth of
information can raise the interest of stakeholders
and can therefore stimulate the development of this
innovative construction method. As a result, it can
contribute to an acceleration of the automation of
construction worldwide. The tool will give designers
a better understanding of the (im-)possibilities of the
production with large scale additive manufacturing.

1.4.2 SOCIETAL RELEVANCE

for construction have the potential to save material
compared to the conventional production methods.
This means that the process is more ecological
regarding to material usage. This results in a reduction
of CO2 emissions and therefore a lower embodied
energy of the product (Khoshnevis, 2012).
The AM process is yet not as rapid as it promised to
be, but if the process is sped up, houses and shelters
may be built in a day, which is a solution for rehousing
in hazardous areas worldwide. The world population
is growing, near one billion people live in slums.
Future developments in large scale AM methods are
on printing with different materials. This enables the
manufacturing of dwellings that can be made with
materials from local resources, such as clay or loam.
Therefore the large scale AM methods can provide
local populations with sheltering (Khoshnevis, 2012).

Where the scientific relevance focusses on the
technical aspects, the societal relevance shows the
several design possibilities with large scale additive
manufacturing. These new manufacturing methods

1.5 THEORETICAL FRAMEWORK
The focus of this research is on the intersecting field
of freeform structures and a relatively new branch
in the building industry; automation in construction.
Within automation in construction the focus lies on
large scale additive manufacturing. The three most
promising methods for construction are chosen for
research.
Since additive manufacturing is most promising for
the production of freeform structures, large scale AM
is used in the scope of this research. In production
with large scale additive manufacturing, mass
is a significant factor, since the amount of mass
is equivalent to the production time. Therefore
the focus lies between the freeform structures
branch and optimized structures with the notion of
mass reduction. Due to a time limit this research is
delimited on specific cases of topological optimized
beams. Beams are chosen as elements because of
the purely structural essence in a building and are
most interesting because of the internal spans of the
topological optimized element.
Figure 1.2 is a graphical representation of the
theoretical framework of this research.
Figure 1.2 – Theoretical framework

4

Large scale additive manufacturing of topological optimized beams

1.6 METHODOLOGY
1.6.1 DATA COLLECTION
Data is collected for the different stages of this
research. The first stage is embedded into the first sub
goal; Determine the properties from the three most
promising large scale AM methods to define the large
scale AM processes when producing topological
optimized beams. In this first stage, data is collected
to determine the conditions needed for the tool.
According to Lim (2011) the three most promising
large scale AM methods are Contour Crafting,
Concrete Printing and D-Shape. Data for these
three AM methods is collected by correspondence
with manufacturers and by a literature study. For all
missing information an assumption is made according
to similar data. Information according to topology
optimization is collected by a literature study.

On a selection of printable beams, global structural
analyses on deflection are executed to test their
structural integrity. The results of these optimized
beams are compared to the structural behaviour of
the conventional beam of each static model (figure
1.4). Additionally the supports of the optimized beams
are modified to a truss-like support structure. The
optimized beams with trusses are compared to the
other beams in the selection. This is applied on four of
the 64 models and added to the research. Together
with the 8 additions, 68 beams are analysed. Within
the reach of these analyses, the feasibility of the AM
method for a certain model is determined.

The second stage is the collection of data for analyses
of the three most promising large scale AM methods.
This data consists of numerical data and 3D models
and can be directly derived from the output of the
design decision tool.

1.6.1 DATA ANALYSES
The data collected in the first stage is numerical
and contains printer and material properties. With
this numerical data the conditions of the tool are
defined. These conditions are focussed on printability
and are given by the size, the angle, the span and
the minimal thickness of the object. At the first stage,
the tool checks whether a topological optimized
beam is printable or not. The tool adapts the beam
to a printable one and if necessary a secondary
support is applied. The printer size and four static
models are used to create a selection of topological
optimized beams for the three most promising large
scale AM methods. These optimized beams are
used as input for the design decision tool. For each
model three different orientations are applied. For
the models with the use of supports, variations are
created without the supports to show the impact of
future developments towards removable secondary
materials.
The output of the tool is a range of 60 printable
solutions and is placed in an overview as shown in
figure 1.3. This overview consists of 3D models and
volumetric values. For each beam the volumetric
value is used for further analyses like active printing
time and volume reduction.

Research Plan
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Figure 1.3 - Models used in the research

6

Large scale additive manufacturing of topological optimized beams

Figure 1.4 - Selection of models for structural analyses

Research Plan
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1.6.3 VALIDATION AND VERIFICATION
The development of the tool is an iterative process
with the following steps: planning, requirement
analysis, design, development and testing. The
cycle is repeated until the tool works properly.
The development is split into several steps, where
the same cyclic approach is applied. Each step
represents a rule of printability as applied in the
tool. In software development a project broken up
into small iterative builds is called an agile method.
A visualization of this method is shown in figure 1.5.
Iterations are separately developed and tested
(Software Development Life Cycle, 2014).

changed to validate the output. If the output does
not meet the requirements, this step is rejected and
the iteration starts over.
At the end of the development, the whole design
decision tool is checked. Here, it is checked if the
output of the design decision tool is printable and if
the output of the design decision tool still is structural
sufficient.
First a prototype beam is manufactured with one
set of properties given by a small scale AM method.
This prototype beam is checked on printability. The
printed model is measured and compared with the
3D model output of the design decision tool.
Another step is to validate if the output of the tool is
still structural sufficient. The output and the input are
analysed with a finite element software package
and compared to each other. If the adaption to
printability contributes to a different strength of the
beam, the finite element analysis will reveal this. When
the deviation of the optimized printable beam is too
large, the beam is rejected as a printable solution.

VERIFICATION

Figure 1.5 - Iterations are the steps in the tool (Software Development Life
Cycle, 2014)

Iterations are separately validated and verified with
two questions:
Is the right thing built? (Validation)
Is the thing built right? (Verification)

VALIDATION
The product is a design decision tool to support the
large scale additive manufacturing design process
of topological optimized beams by giving a range
of printable solutions. The validation of this product
consists of two questions:
- Is the right design decision tool developed?
- Does the output of the design decision tool
support the large scale additive manufacturing
design process?
To validate if the right design decision tool is developed,
the output of individual iterations is checked during
development. In the iteration the developed parts
are created with rules and conditions retrieved from
properties found in literature. The properties are
8

Within the iterations, the built steps are verified. The
graphical algorithm editor detects when faults and
malfunctions occur. The faults and malfunctions are
reported and manually adapted. Other flaws can
only be found by checking the output. When the
output does not match the expected output, or is
not in the right format, the part is adapted.
At the end all iterations are combined and the
total product is tested. The volume of the mesh is
compared with the volume retrieved from all layers
and with the input volume. If there is too much
deviation between the input and the output; parts
are reviewed and checked for flaws.
For the input, the topology optimization software is
verified with other topology optimization software.
Similar static models and design spaces are imported
into both software programs. If the results of both
methods correspond, these models are verified and
are used in the next step of the research.

1.6.4 RESEARCH MODEL
From the previous sections the research model
is compiled. In figure 1.6 on the right the result is
presented.
The research model shows four phases of the study;
problem definition, research, development and
product analyses.

Large scale additive manufacturing of topological optimized beams

Problem Definition
In the pre-study the background of the study is
researched to formulate the problem inside the
research field.
Research
In the research phase, conditions are determined by
the properties which are collected of the AM methods
and the topological optimization. Combined in
the synthesis they formulate the constraints for the
development of the tool.
Development
The development phase is an iterative process;
design, develop and test. The tool is re-designed until
the tool fulfils the requirements.
Product Analysis
The first product of this study is the design decision
tool. The second product is an overview which the
tool creates. This overview is created by running
the tool with the AM properties and optimized
beams gathered from respectively the additive
manufacturing and topological optimization study.
Volumetric and structural analyses are comparative
analyses and are included in the overview.

1.6.5 RESEARCH TYPE
This research is split into two parts. The first part is
the collection of data and the development of the
tool. This is the main research and is an explorative
study to find the most appropriate way to develop a
design decision tool which gives a range of printable
solutions. The second part is a comparative study in
which the most promising large scale AM method for
the production of topological optimized beams will
be established. This part is an addition to the main
research.

1.6.6 HYPOTHESIS
The product of this research is a tool which creates
an overview with printable solutions consisting
of 3D models and volumetric values. With these
values further analyses are made and added to
the overview. The tool creates support columns
where necessary and we expect to find a difference
between volume additions according to the object
orientations and the static models. Also the AM
properties could show several differences between
the AM methods, for example a difference in
secondary support. Structural analyses show if these
additional supports contribute to or counteract
with the structural integrity of the beam. Here, we
expect that like the volume addition the supports
will have a different effect on the beam for each

Research Plan

Figure 1.6 - Research model

object orientation and static model. The differences
demonstrate the most feasible AM method. Future
developments within the AM methods result in new
variables which can be adapted in the tool and
therefore change the results over time.

9
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2 Additive Manufacturing
Contour Crafting, Concrete Printing and D-Shape,
as introduced in the Project Framework are three
most promising AM methods for the manufacturing
of large scale components. (Lim, et al., 2011)

four main properties, pumpability, printability,
buildabilty and open time (Lim, et al., 2012). D-Shape
distinguishes itself from the other two AM methods by
applying a powder based method.

Contour Crafting and Concrete Printing can both
be categorized as extrusion based AM methods,
meaning they both use an extrusion technique to
deposit wet build material at desired pre-defined
locations. The extrusion based methods depend
heavily on their mix design. The mix design determines

In this chapter the focus is on an application of
the three AM methods. Subsequently, printer and
material properties of the different AM methods are
collected in order to answer the second research
question: What conditions arise from the large scale
AM methods?

2.1 CONTOUR CRAFTING
Contour Crafting was developed in 1998 by Behrokh
Khoshnevis at the University of Southern California.
With this development, Khoshnevis pioneered in
developing the already existing production method
Additive Manufacturing on a larger scale, and
introducing it to the construction industry (Hwang &
Khoshnevis, 2005). His technology functions like Fused
Deposition Modelling, in the way that it extrudes
material through a nozzle in a layer-by-layer fashion.
Instead of plastic it uses concrete as its building
material (Kamrani & Nasr, 2006).

by the width and height of the printer gantry frame
and the length of the rails. The printer dimensions are
not specified. An impression of the scale is shown in
figure 2.1. The dimensions are estimated at a 4 meter
width and a height of 3 meter. The printer length is
determined by the variable length of the rails.

2.1.1 PRINTER
SIZE
The Contour Crafting printer consists of a printing
nozzle, carried by a gantry system that enables
the nozzle to move in XYZ direction. Movement in
the X-direction is possible since the gantry frame
is mounted on rails. The gantry system provides
movement in YZ-direction (Khoshnevis, 2004). The
maximum size of a printable object is determined

Figure 2.1 - The Contour Crafting gantry system (Khoshnevis, 2012)
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Contour Crafting patents show that the printer
is designed to be relocated, thus enabling
transportation to building sites. There, it can print on
site. Early concept drawings show that a frame is
mounted to a vehicle and that it is deployable (figure
2.2). More recent images show a version of a gantry
frame without the attachment to a vehicle. The
printer is light weight so transportation and assembly
can be carried out by a small crew (Khoshnevis,
2006).

MULTIPLE NOZZLES

Figure 2.2 - Deployable printer frame mounted to a vehicle (Khoshnevis,
2006)

Figure 2.6 - Six axis nozzle design (Khoshnevis, 2004)

In 2004 developments were conducted for a different
type of nozzle specifically designed for large scale
construction application. Two single nozzles are
combined to manufacture both outlines of a wall. A
third nozzle in the middle fills the whole cavity with
a filler material (Khoshnevis, 2004). An example is
shown in figure 2.6.
A more recent technique uses the same two nozzles
for the outlines of the wall, but instead of a solid
filling, it manufactures a corrugated internal structure
(figure 2.7) (Khoshnevis, 2012).

SINGLE NOZZLE
Contour Crafting is characterized by its large nozzle
width of 15mm diameter (Lim, et al., 2011) that ensures
thick layers and minimizes manufacturing time
(Hwang & Khoshnevis, 2005). A second distinctive
feature is the side trowel mounted at the end of the
nozzle. This trowel is the boundary for the extrusion
material that creates a high quality surface finishing
(figure 2.3). The top trowel contains the extruded
material so that a constant layer height can be
achieved (Khoshnevis & Hwang, 2006). Figure 2.4
gives a schematic example of the extrusion nozzle
with the trowels. The orientation of the side trowel
is changed by a control mechanism, enabling the
possibility to print angular sections (figure 2.5).

Figure 2.3 - Side trowels mounted at the end of the Figure 2.4 - Single nozzle assembly (Hwang & Figure 2.5 - Layer printed in angular section (Kwon,
nozzle (Khoshnevis & Hwang, 2006)
Khoshnevis, 2005)
2002)
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Figure 2.7 - Wall section built with a corrugated internal structure (Khoshnevis, 2012)

FUTURE DEVELOPMENTS
A future development focusses on a different
approach of manufacturing supportless roof
structures. This development is inspired by the
ancient technique of constructing domes and vaults.
Improvements are made on high nozzle positioning
flexibility, which enable a different material extrusion
path, as illustrated in figure 2.8 (Khoshnevis, 2004).

Another development focusses on improving the
efficiency of the Contour Crafting process. When
manufacturing multiple residences or structures with
larger floor plans it is interesting to develop a system
that functions with multiple printing heads in order to
reduce construction time and costs (figure 2.9a). The
printing path of each individual printing head must
be programmed in order to prevent collision and
ensure an optimized printing process.
Momentarily the height of the printable structure is
limited by the height of the gantry frame. Research
is being done on how to develop a printer with a
climbing gantry frame anchored to the already
cured layers, enabling the printing head to elevate
to a higher level (Figure 2.9b) (Khoshnevis, 2012).

Figure 2.8 - Contour Crafting approach to fabricate supportless structures
(Khoshnevis, 2004)

a)

b)

Figure 2.9 – a) A system that functions with multiple printing heads and b) A climbing gantry frame (Khoshnevis, 2012)
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2.1.2 MATERIAL
As build material Contour Crafting uses a concrete
mixture. This wet material used in the extrusion process
has four characteristic properties. It needs to move
through the delivery system of the printer in a smooth
and reliable manner, this is called pumpability. The
same smoothness and reliability is required at the
deposition device, this is known as printability. As a
third important characteristic, the material needs
to have certain buildability, the ability to resist to
deformation under load. The last characteristic is
open time; this is considered the time period where
the aforementioned features are consistent within
certain tolerances.
The optimum mix proportion of sand, water and
cement depends on the application of the concrete.
Through experimenting with different mix proportions,
the following suitable mix ratio was found for Contour
Crafting; (Hwang & Khoshnevis, 2005).

with Contour Crafting are proposed. The first option
is a wall like element and the second support system
consists out of several columns. The last option shows
the placement lintel, prefabricated by the Contour
Crafting printer. Examples of the three options are
shown in figure 2.10. In comparison with the first and
second method, the third requires the use of a robotic
picking and positioning arm, and notches integrated
in the design to support the lintel. Of the first and
second option, the latter would be preferable, since
it saves material (Khoshnevis, 2006). The differences
in volume and printing path of the various secondary
support options affect the printing time of the object.

Figure 2.10 - Examples of three secondary support options (Khoshnevis, 2006)

2.1.3 APPLICATION
HORIZONTAL PLANES

Material
Type II hydraulic Plastic Portland cement
Sand
Plasticizer
Water

Mix ratio (kg)
4.31
4.76
0.36
2.18

REINFORCEMENT
Three reinforcement possibilities are proposed for
Contour Crafting (Khoshnevis, 2004). Steel mesh
reinforcement components can be assembled
robotically. In an automated process, short steel
bar elements are screwed on top of each other in
the centre of the wall, at the solid filling. A second
reinforcement possibility is the placing of post
tensioning metal in ducts that are manufactured
by the printer. Instead of metal, this post tensioning
can also be done with reinforced plastics. The
reinforcement technique chosen for walls with
the corrugated internal structure is the use of high
performance composite fibre reinforced concrete
with use of 2mm fibres (Khoshnevis, 2013). The strength
of this material is 6.9 N/mm2 and has a density of 2447
kg/m3 (Khoshnevis, 2012).

Contour Crafting’s high rate of form freedom enables
a higher rate of flexibility in architectural design. Ducts
for plumbing and wiring can be taken into account in
the design stage so that gaps are imbedded during
the layered manufacturing process.
Behrokh Khoshnevis designed an extra feature for
the manufacturing of full scale dwellings. The layered
Contour Crafting technique is combined with a
robotic picking and positioning arm integrated in the
same gantry frame. This arm is used for picking up
lintels and beams to place on top of the printed wall
structures. A thin panel can be attached to these
beams (figure 2.11). On top of this panel the layered
printing process can continue (Zhang & Khoshnevis,
2010).

SECONDARY SUPPORT
A primary rule on the layered geometry is that during
manufacturing, each layer should be supported by
the layer beneath it (Khoshnevis, 2006). When large
overhanging structures like roofs or balconies have
to be manufactured, a secondary material needs
to be applied for support. This support material
should be temporarily and preferably reusable
(Kwon, 2002). With testing of Contour Crafting on a
small scale, application support out of wax, sand or
a combination of both were feasible (Kwon, 2002).
Three different ways of creating mega scale supports
14

Figure 2.11 - Robotic picking and positioning arm (Khoshnevis, 2004)
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LUNAR CONTOUR CRAFTING
NASA has showed interest in Contour Crafting and
since 2011 it started funding the research for the
application of Contour Crafting on the moon (Craft
USC, 2014). The technique is mainly promising for
lunar application because it offers possibilities of
autonomous functioning with in-situ resources,
enabling the possibility of constructing lunar structures
in advance of manned landing (figure 2.12).
Research is being done on the use of a new material
for Contour Crafting; a high strength concrete based

on lunar surface material, called regolith. Tests
conducted on a lunar mortar mixture show that it is
able to develop a 21.9 N/mm2 compressive strength
without the addition of gypsum. With gypsum a 38.8
N/mm2 strength can be achieved. Although the
use of concrete on the moon seems to be suitable,
the challenge lies in the production of the material.
Recent research focuses on how concrete can be
mixed and made in a microgravity environment
(Khoshnevis, 2005).

Figure 2.12 – Lunar Contour Crafting (Khoshnevis, et al., 2012)
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2.2 CONCRETE PRINTING
In 2006 the development of the production method
Concrete Printing started at Loughborough University
in the UK (Lim, et al., 2012). The Freeform Construction
research team has a multidisciplinary background
in material science, computer-aided design,
architecture, mechanical and manufacturing
science, and construction technology. This research
is funded by the UK Government and parties from
the construction industry. Concrete Printing can
be categorized as a Fused Deposition Modelling
technique. The method works with a selective
deposition of extruded material, bonding two
consecutive layers together (Lim, et al., 2009).

2.2.1 PRINTER
The prototype printer has a frame with the size of 5.4
meter length by 4.4 meter width by 5.4 meter height
(figure 2.13). The nozzle has a small diameter of 9 mm
and the print speed is set to 5 meter per minute (Lim,
et al., 2009). Loughborough’s Concrete Printer has no
trowel or smoothening device attached to its nozzle,
causing a ribbed exterior surface (Lim, et al., 2012).

the bench measures 0.9 m. It has a length of 2.0 m,
a height of 0.8 m and weighs approximately 1000 kg
(Lim, et al., 2012).
This model is sliced into 128 layers with a pre-defined
thickness of 6 mm. The Wonder Bench was printed
with an average printing time of 20 minutes per layer.
With specific software a printing path is generated
for each layer. The most ideal situation is when
the printing path is continuous. When the material
extrusion is interrupted, an over- or underflow of
material can occur. Print path optimization is applied
in order to minimize this effect (figure 2.15) and can
reduce printing time up to 30% (Lim, et al., 2011).
After an optimized printer path is generated, the file
is converted to a printable script (G-code), so it can
be read by the printer.

DELIVERY
The concrete printer has a discontinuous material
delivery system. A hopper is installed on top of the
delivery device that functions as a buffer. Once the
material in this buffer reaches a certain level, the
hopper has to be refilled at the recharging position.
This is done by a refill device located on the outside
of the printer frame (figure 2.16). Once the hopper is
filled, the delivery device returns to the printing table
and the printing process continues (Lim, et al., 2009).
The build material is delivered in small batches and
the delivery path is kept short intentionally in order to
ensure the right material characteristics (Lim, et al.,
2012).

Figure 2.13 - The printer frame (Lim, et al., 2009)

POST PROCESSING
Before the physical Concrete Printing process starts,
there is a step where a 3D CAD-model of a build
component is designed. In (figure 2.14) an example
of a designed component called the Wonder
Bench is shown. Its architectural form was chosen to
demonstrate the possibilities and design freedom of
Concrete Printing (Le, et al., 2012). At its widest part,

Figure 2.14 - CAD model Wonder Bench
(Le, et al., 2012)
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Figure 2.16 - Refill process (Lim, et al., 2009)

Figure 2.15 - Print path optimization (Lim, et al., 2011)
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2.2.2 MATERIAL
Because Concrete Printing manufactures objects
by a wet material extrusion process, its applicability
depends on the material mixture characteristics. The
performance of the concrete mixture is dependent
on its extrudability and buildability, which are linked
to its workability and the open time (Le, et al., 2012).
The basic concrete mixture for Concrete Printing
consists of;
Material
Sand
Cement
Fly ash
Silica fume
Water

Mix ratio (kg/m3)
1241
579
165
83
232

layered manufacturing process causes different
strength properties for a printed structure. This results
in different outcomes for the varying load directions.
Test results are presented in table 2.1 (Le, et al., 2012).
Figure 2.17 shows an example of the various test
directions.

a)

The diameter of the grains of sand are limited to a
maximum of 2 mm because of the small 9mm nozzle
diameter. Experiments were conducted on this basic
mixture in order to find the feasible configuration
with regard to extrudability. In later stadium fibres,
superplacticiser, retarder and an accelerator were
added in order to create a high performance build
material. Dosages of these additives were varied in
order to obtain the optimal extrudability, buildability,
workability and open time. Experimenting with fibres
resulted in a polypropylene micro fibre, added to the
concrete mixture at a dosage of 1.2 kg/m3. These
fibres have a length of 12mm and a diameter of
0.18mm (Le, et al., 2012).
Different loading directions result in different strength
performance of a printed object. At the University of
Loughborough, tests were conducted on material
properties like density and flexural-, compressive- and
tensile bond strength. Tests show that the density of
the optimum mix is higher when it is well printed then
that of a mould-cast specimen, namely 2350 kg/m3 to
respectively 2250 kg/m3. This is caused by the gentle
vibrating of the hopper and the delivery system
extruding the concrete under certain pressure.
In flexural and compressive strength tests, loads
were applied in varying directions relative to the
layer orientation. The anisotropy resulting from the

Direction 1 (N/mm2)

b)
Figure 2.17 (a and b) - Varying loading direction on flexural strenght test
(Le, et al., 2012)

Direction 2 (N/mm2)

Direction 3 (N/mm2)

Flexural strength

16

13

6

Compressive strength

102

102

75

Table 2.1 - Strength per loading direction
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OPEN TIME

SECONDARY SUPPORT

The time between printing two sequential layers is
called open time. Tests show that when the open
time was less than 15 minutes, the in-layer-bonding
had a higher tensile strength than the capacity of
the material itself (figure 2.18). Once the time gap
between two layers exceeded 15 minutes, all test
specimens failed at the bonding between the older
and newer layer (Le, et al., 2012). Ultimately this
can be translated to a printing time constraint of
maximum 15 minutes per layer.

At the Loughborough University, printing with two
different materials has been tested. Besides the
material used for printing the main structure, a
secondary material was used for support. Gypsum
was selected as support material due to its
characteristics. Its strength is low enough to make it
an easy removable material. The strength of gypsum
is high enough to provide sufficient load capacity to
support the weight of the main structure during its
manufacturing process. An advantage of gypsum is
that is it 100% recyclable, thus after removal of the
support structure it can be re-used (Lim, et al., 2009).

2.2.3 APPLICATION
TOLERANCE

a)

Manufacturing a structure with a wet build material,
can cause differences between the original CAD
model and the final printed structure. A laser
scanning technique is tested to determine these
inequalities. The tests show that the efficiency of this
surface capture method is not yet sufficient. Figure
2.20 shows a CAD model next to a manufactured
model, with a filament size of 22 by 15 mm (Lim, et
al., 2012).

b)
Figure 2.18 - Broken surfaces of tensile bond specimens. a) 15 minute gap
specimen and b) 4 hour gap specimen (Le, et al., 2012)

Figure 2.20 - CAD-, and printed model (Lim, et al., 2012)

REINFORCEMENT
Reinforcement can not only be applied by adding
fibres the concrete mix. A different method is made
possible by this Additive manufacturing method.
Post tensioning reinforcement can be fitted into
voids which are integrated in the components
design (figure 2.19). This reinforcement strategy is
demonstrated by the manufactured Wonder Bench
(Lim, et al., 2012).

Figure 2.19 - Reinforcement of the Wonder Bench (Lim, et al., 2012)
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2.3 D-SHAPE
D-Shape is a powder based Additive Manufacturing
method developed by Enrico Dini, also known as ‘the
man who prints houses’. In 2004 Dini patented the
3D full sized layered printing system he developed.
Later, in 2007, he patented the improved method,
where the use of Epoxy resin developed to an
inorganic chloride based binder (Dini, 2013). That
same year Enrico Dini founded Monolite UK Ltd, a
private undertaking, with the aim of commercializing
D-Shape and bringing it to the market. Dini started
collaborating with the European Space Research and
Technology Centre, a research on manufacturing
building components using D-Shape with lunar soil as
build material (Cesarett, et al., 2014).

2.3.1 PRINTER
The D-Shape printer works like a large scale inkjet
plotter, but instead of ink on paper it deposits a
liquid onto a layer of fine granular material. D-Shape
was originally designed as an off-site manufacturing
process, but can be used on-site as well (Lim, et al.,
2011). The printer consists out of a large light-weight
aluminium truss structure, enabling easy set-up
and transportation. The frame is made out of four
columns fixed to the ground as shown in figures 2.21.
A rectangular frame in the XY-plane is mounted to
these columns (Dini, 2013). This horizontal frame has
four stepper motors enabling its movement over the
columns in the Z-direction. The main element of the
printer is a beam with a 6 meter span, attached to the
horizontal frame. This beam has 300 nozzles attached
to it and therefore functions as the printing head of
the apparatus. The distance between the nozzles is
20 mm, thus the printing domain is 6 meter (Cesarett,
et al., 2014). The printing height is estimated at 5
meters.

Figure 2.21 - Printer frame (Infoniac, 2013; Dini, 2013)

POST PROCESSING
Prior to the printing process a 3D CAD model of the
structure is made. The next step is slicing the model at
predetermined vertical distance, corresponding to
the layer thickness of the D-Shape printer. Momentarily
the layer thickness of the D-Shape printer can be
varied from 5 to 10 mm. Future expectancies are
developments towards a smaller layer thickness of 3
mm resulting in a higher print precision (Dini, 2010).
The multiple planar cross-sections are embedded with
information of filled and blank surfaces. Where a crosssection slices the designed structure, the surfaces are
filled; the surroundings of the structure stay blank. The
different sections are sorted from the lowest section
to the upper one, so they can be sequentially sent to
the printer in that order (Dini, 2013). Figure 2.22 shows
the design- and manufacturing process of a D-Shape
printed structure called Radiolaria (Cesarett, et al.,
2014).

Figure 2.22 - Radiolaria design and first manufactured layers (Cesarett, et al., 2014)
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DELIVERY
The first step is of the printing process is the delivery
of the first layer granular material. This is done by the
truss beam holding the printers nozzle. This beam is
internally hollow and is filled with the fine powder
building material. With its movement, a shaving blade
attached to this beam removes the excess powder
material of a new layer. Cylindrical rollers attached to
this beam pressurize the granular material, creating
a homogeneous composited layer (Cesarett, et al.,
2014).
After the first layer of granular material is deposited
and manipulated, the liquid binder is added. This
is done by the 300 nozzles. A detail of one nozzle is
showed in figure 2.23. The beam with the nozzles
attached to it, moves horizontally. According to the
printing file, the nozzles spray the liquid binder on the
parts that have to become solid, as shown in figure
2.24.

Figure 2.23 - Nozzle
(Cesarett, et al., 2014)

detail

The gap between the nozzles is 20 mm and the
average diameter of one drop is 5 mm. Therefor
one layer cannot be completely printed in one
single printing session. The nozzles are designed to
be able to move in the Y-direction, the direction
parallel to the beam to what they are attached to.
This enlarges the print domain of the nozzles. After
the first printing session within a layer is completed,
the nozzles relocate in the Y-direction. When the
structures design demands it, the following printing
session within that layer is started. After completion
of one layer, the horizontal frame moves to the layer
above. This delivery process repeats itself until the last
layer is fabricated (Cesarett, et al., 2014).
Figure 2.25 shows that during the D-Shape
manufacturing process, a box-shaped shell is
created surrounding the Radiolaria model. The
function of this shell is to provide a containing box
for the loose granular material during the printing
process. When the printing process is completed,
the shell is demolished. The excess granular material
inside and surrounding the printed object is removed
(Dini, 2013).

Figure 2.24 - Liquid binder drops on
granular material (Cesarett, et al.,
2014)

Figure 2.25 - Box-shaped shell surrounding the Radiolaria model (Caneparo, 2014)
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2.3.2 MATERIAL

ELASTIC MODULUS
The static elastic modulus was tested as well. For this
test three specimen are loaded with a distributed
uniaxial load, as shown in figure 2.27. The result of the
test is a mean value of 25452 N/mm2.

D-Shape uses a granular base material. Enrico Dini
claims that the printing process can return any type
of sand or gravel into its original stone state, with
microcrystalline characteristics (Dini, 2014).
The
initial material used as binder consisted of an epoxy
or polyurethane resin (Dini, 2013). These substances
apparently have inflammable properties and are
not environmentally friendly. In an improved patent,
the binder is a two-component inorganic material
containing a liquid and a powder component. The
liquid component is chloride based salt (Dini, 2013)
and the powder component contains pulverized
metal oxide. When a structure is printed, a chemical
reaction takes place between the salt and the metal
oxide (Cesarett, et al., 2014).

The D-Shape material was tested on compressive
strength as well. In figure 2.28 the test setting is
illustrated, showing two specimens under an uniaxial
distributed load. The specimens differ in load direction
relative to the layer orientation. The test results show
a higher mean compressive strength for loading
direction 2 compared to direction 1. The mean
uniaxial compressive strengths are respectively 48.6
N/mm2 to 58.7 N/mm2 (Jacupovic & Dini, 2013).

FLEXURAL STRENGTH

DENSITY

At the University of Trieste the D-Shape artificial stone
material was tested as part of a Master of Science
thesis in Civil Engineering. For the determination of
the flexural strength of the solidified material, tests
with a concentrated load in two directions were
performed. This is shown in figure 2.26.

COMPRESSIVE STRENGTH

Of the 21 specimen of all the conducted tests the
density was measured. The mean value for the
density of solidified D-Shape material is 2006 kg/m3
(Jacupovic & Dini, 2013).

For each direction, three specimens were tested.
Results of testing direction 2 show a higher mean
value compared to direction 1. These mean flexural
strength values are respectively 15 N/mm2 to 13.5 N/
mm2 (Jacupovic & Dini, 2013).

Figure 2.26 – Different load directions (Jacupovic & Dini, 2013)

Figure 2.27 - E-modulus test (Jacupovic & Dini, 2013)
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Figure 2.28 - Compressive strength test (Jacupovic & Dini, 2013)
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REINFORCEMENT
Reinforcement material has to be chloride-corrosionresistant. For example networks of Kevlar or carbon
fibre can be applied. A second way of reinforcing
the printed structure is by adding high tensile strength
reinforcing fibres to the mixture of granular material.
These are glass-, carbon- or nylon fibres (Dini, 2013).

SECONDARY SUPPORT
When the first layer of powder material is deposited,
the D-Shape printer sprays its binder on predefined
areas in a layer. The rest of the material granular
build material is left unsprayed, and therefor does
not solidify. This material is used as a support for the
next layer to be deposited on. All these layers of
unsolidified material eventually support the overall
structure during its manufacturing and curing process.
In this manner, large spans, overhangs and other
freeform features are achieved. A disadvantage
of this manufacturing method is that a post process
is unavoidable, where large amounts of excess
material are removed (Lim, et al., 2011).

2.3.3 APPLICATION
LUNAR D-SHAPE
The European Space Agency (ESA) started funding
a research in 2009, with the goal of assessing the
potential of using D-Shape for manufacturing habitat
on the Moon. D-Shape is a particularly interesting
method because of its possibilities of working with insitu materials and it has proved its ability to effectively
print large scale structures in one single printing
process.
The use of local material is preferred over transporting
prefabricated structures from earth to the moon.
Furthermore maintenance proceedings are more
difficult to perform on site. The main challenge when
building a lunar habitat for human survival is to protect
the inhabitants from micrometeoroids and radiation.
In order to provide this protection, the walls of the
structure must be printed thick enough. A viable
wall thickness could be achieved with a thickness
between 1 and 2 meter. A pressurized inflatable
can be situated at the inside of the printed structure
in order to create a liveable and breathable inner
environment. This concept is illustrated in figure 2.29
and figure 2.30.

Figure 2.29 – Pressurized inflatable situated inside of the printed structure
(Cesarett, et al., 2014)

Figure 2.30 - Lunar D-Shape settlement (Cesarett, et al., 2014)

It could be more interesting to develop a smaller 3D
printer, when thinking of the issue of transportation
to the moon, and construction and mobility of the
printer on the moon. Further research has to be done
on an adequate manner to remove the excessive
build material surrounding and inside of the built
structure (Cesarett, et al., 2014).
A study has been done to design an optimal
structural wall figure 2.31, considering stability and
the ratio between the use of binder and granular
build material. This results in a minimal material use,
thus minimizing transportation of build material from
earth.

Figure 2.31 – Optimal structural wall design (Cesarett, et al., 2014)
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2.4 INITIAL COMPARISON
The main distinctive properties of the AM methods
are that Contour Crafting manufactures the outer
filament that functions as a mould for the inner
material that is manufactured by a backfilling
process. Concrete Printing fills the entire object
surface with a print path filament and D-Shape utilizes
a technique where drops of binder are sprayed on
granular material.
The AM methods will be compared on their materialand printer properties. This initial comparison, results
in an overview of the properties of the different AM
methods shown in table 2.2.
An additional comparison is made on manufacturing
aspects of the three methods. The first aspect shows
that Contour Crafting and Concrete Printing are
both in need of a supporting structure for cantilevers
or large spans. D-Shape does not manufacture any
supports because of its powder based production
method, which already provides support during the
manufacturing process.

Material Properties

Printer Properties

AM-Method

The post processing differences between Contour
Crafting and Concrete Printing are based on the
aforementioned aspect of supports. A feature of
Concrete printing is that the supporting structure can
be manufactured from a secondary material, like
gypsum, which can be removed and reused in the
post processing phase. Contour Crafting is not yet
developed for the application of multiple materials,
meaning that the created support consists out of
primary build material, which is difficult to remove.
D-Shapes post processing step is concerned with the
removal of the printed outer containing shell and the
excess unbound granular material.
The three AM methods all have their distinctive
surface finish. Because of the trowels that smoothen
the exterior surface Contour Crafting creates the
best surface finish. Concrete Printing utilizes a smaller
layer thickness, but does not apply any surface
finishing technique, resulting in a ribbed surface.
Despite the use of an even smaller layer thickness,
D-Shape does not have a smoother exterior surface.
The method of dripping liquid binder on a granular
material has its disadvantages. Each drop of binder
differs in bleed region, resulting in an unpredictable
and rough surface finish.

Contour Craftin

Concrete Printing

D-Shape

>1 x 4 x 3

5.4 x 4.4 x 5

6x6x5

Nozzle width (mm)

15

9

5

Layer thickness (mm)

13

9

5

Density (kg/m3)

2447

2350

2006

Elastic-modulus (N/mm2)

30000

30000

25452

0.2

0.2

0.2

Printer size (l x w x h) (m)

Poisson’s Ratio

Table 2.2 - An overview of the properties of different AM methods
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2.4.1 CALCULATION DEPOSITION SPEED
The printing time of the various AM methods is
determined by their layer thickness, nozzle diameter,
number of nozzles and their ability of printing
simultaneously and the deposition speed. It is also
taken into account whether the printing process is
done in batches or continuous, and whether the
manufactured product needs post processing or not
(Lim, et al., 2011). The unattended printing time for the
three AM methods is determined for a conventional
concrete beam of 5.4m x 0.27m x 0.54m (l x w x h).
The volume of the beam is therefore: 0.8 m3

CONTOUR CRAFTING
When printing an object, the Contour crafting printer
initially deposits the outer printing path functions as a
mould. When the outer mould layers reach a height
of 0.13 meter, the printer starts the backfilling process
of these layers. A backfilling batch has a hardening
time of one hour (figure 2.32). When the height of the
beam (0.54 m) is divided by the height of backfilling
batch (0.13m), it results in 4.25 batches which are
needed to completely fill the printed mould. When
rounded up, five batched are needed to fill the
entire beam.
Extrusion width
Number of layers
Deposition speed
Backfilling operation
Backfilling hardening time

0.015 m
42
1.2 m/min
0.13 m
60 min

CONCRETE PRINTING
Within the Concrete Printing process, the surface
that has to be printed is divided into a printing path.
Extrusion width
Nr of layers
Deposition speed
Surface

0.009 m (Lim, et al., 2012)
61
5m/min (Lim, et al., 2012)
(5.4 * 0.27) 1.46 m2

When calculating the print time per beam, the
width of the beam is divided by the extrusion width
(0.27/0.009) of the Concrete Printer. To print one
layer, a printing path that consists of 30 printing paths
of 5.4 m are needed. This results in a printing path
of (30*5.4m) 162 meter per layer. With a deposition
speed of 5 meter per minute, this results in (162 m/5
min) 32.4 minutes per layer. For a total of 61 layers, the
printing time results in (32.4 min/layer * 61 layers) 1976
minutes per beam, which is 32.9 hours per beam.

D-SHAPE
The D-Shape printer fills an entire printing surface
with granular material for every layer. Therefore, the
printing speed is given in a total printing height of
0.15 meters per day (Dini, 2010). The height of the
object determines the majority of the printing time.
The height of the beam is divided by the printing
height per day (0.54/0.15). This results in a printing
time of 3.6 days, which can be referred to as 86.4
hours. If the beam is printed with a 90° orientation,
the printing height per day (0.27/0.15) results in a
printing time of 1.8 days (43.2 hours).

COMPARISON
The results of the deposition speed of the three AM
methods are given in table 2.3 and 2.4. Here is clear
that Contour Crafting is a fast method because of
the large extrusion profile. The D-Shape method fully
deposits every layer and therefore is a slow process.

Figure 2.32 - Backfilling process (Hwang & Khoshnevis, 2005)

For one layer the contour of the beam is the mould
that has to be printed is (2*5.4 m + 2*0.27 m) 11.34
meters. When divided by the deposition speed
(11.34 m/1.2 m/min) it results in 9.45 minutes per layer.
For contour of the total beam, that consists out of
42 layers (9.45 min/layer * 42 layers). This results in a
printing time of 396.9 minutes. The five hours of the
backfilling process are added to the printing time of
the total moulding process. This results in (396.9 min +
300 min) 696.9 minutes per beam, or 11.6 hours.
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Contour Crafting

Concrete Printing

D-Shape

Nozzle diameter (mm)

15

9

5

Nr. of nozzles printing simultaneously

1

1

300

Layer thickness

13

9

5

Continuous process

Yes

No

No

Deposition speed (m/min)

1.2

5

N/A1

Post processing

No

Yes

Yes

Table 2.3 - Properties of the AM methods.
) D-Shape has a sand bed and therefore a full layer deposition. The speed is given by 0.15 m/day in height of the object

1

Manufacturing Aspects

Contour Crafting

Concrete Printing

D-Shape

Supports

Yes

Removable

No

Surface finish

Yes

No

No

Printing time of basic beam (hours)

11.6

32.9

43.2

Post processing

No

Yes/No

Yes

Table 2.4 - Printing time

COST ESTIMATION
The costs per beam are difficult to determine for the
various AM methods because not enough information
could be acquired. For D-Shape the material costs are
unknown, so no comparison can be made with the
other two AM methods. What would probably make
D-Shape an expensive method in comparison to the
other two, are the required manual post processing
steps of demolishing the exterior shell and removal of
excess granular material. D-Shape would probably
be the method requiring the most maintenance, as
it uses large amounts of fine granular material, which
could damage the parts of the printer. Concrete
Printing prints its supports with a secondary material,
which means an extra deposition device is needed,
also resulting in extra maintenance proceedings.
Additionally it can be stated that Contour Crafting
has the highest production rate, which could result in
a faster return of investment.
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2.5 SUB CONCLUSION
The three AM methods differ in their properties and they
all have their own advantages and disadvantages,
as shown in table 2.5. These are determining aspects
for the manufacturing of structures and they are used
in the final conclusion of this research. The printer
properties are used in the next section to create rules
on which the tool functions. The material properties
are used at the structural analysis in this research. This
research also focusses on the differences between
structures manufactured with and without secondary
supports, and what the impact of these supports is
on the structural behaviour of these structures. Figure
2.33 is based on the diagram proposed by S. Lim
(2011) and shows the similarities between the three
AM methods.

No data about open time could be found for Contour
Crafting. However, Contour Crafting is a wet extrusion
based printing method, with material properties
close to the material properties of Concrete Printing.
Therefore, an open time of 15 minutes is assumed for
Contour Crafting as well.
Data considering open time could not be found for
D-shape either. Because D-shape functions by a
different printing process than Contour Crafting and
Concrete Printing. Therefore, no assumptions can be
made.

The three large scale AM-methods all have a
layered approach when manufacturing an object.
In a study on Concrete Printing by Le (2012), open
time is mentioned. Open time refers to the time
gap between two printed layers. From this study a
maximum time constraint of 15 minutes per layer
is derived in order to print an object with isotropic
properties.

Figure 2.33 - Comparison diagram of the three AM methods (Lim, et al.,
2011)

Contour Crafting

+
-

•
•
•

Concrete Printing

•

•

Smooth surface by trowel
Fast process
Multiple nozzles enable
manufacturing of a wall
with corrugated internal
structure
Continuous process

•

Support structure needed

•
•
•

•

D-Shape

Prints secondary material
so supports can be
removed
Print path optimization
enabled

•
•

No supports needed
High resolution

Support structure needed
Ribbed exterior surface
Material supply in batches

•
•
•

Slow process
Rough surface
Post processing; removal
of excess material
High in maintenance

•

Table 2.5 - Advantages and disadvantages of the three AM methods
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3 Topology Optimization
Topology optimization is used to achieve mass
reduction of a beam, without compromising the
structural integrity of the beam. At the structural
optimization phase, a beam with fixed dimensions is
optimized according to four different static models.
There are noticeable distinctions between the four

topological optimized beams. The output of this
phase is used as input geometry for the tool, where
it is adapted to a printable beam. Manufacturing
of complex geometries is now a new possibility for
designers, and enables the production of parts closer
to the optimum design.

3.1 TOPOLOGY OPITMIZATION
Within structural optimization, three different
categories are defined. Each category addresses
a specific aspect of structural optimization. These
categories are sizing, shape and topology, and are
all concerned with finding the optimum distribution
and layout of isotropic material in a linearly elastic
structure.
Figure 3.1a shows that a typical sizing problem is
about the distribution of the optimal member areas
in a truss structure. Shape optimization is concerned
with the shape of the holes as a design variable. The
process results in a certain shape configuration of
these holes within the defined domain, as shown in

figure 3.1b. Topology optimization of a solid structure
is a process which features if there should or should
not be material in a predefined design space.
In this process, holes are created with a certain
number, location and shape. The connectivity of
the remaining material is also taken into account,
resulting in an optimal layout of a structure within this
certain region, figure 3.1.c. Topology optimization is
often used to create the initial design in the structural
design process. Integrated with this process, size and
shape optimization are often used as refining steps
of the topological design (Benso & Sigmund, 2002).

Figure 3.1 a) size, b) shape, c) and topology optimization (Benso & Sigmund, 2002)
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In this research, we focus only on the topological
optimization process, with the goal to create
the initial freeform design of different structural
beams. These beams are used as input for the tool.
These designs are a starting point for optimization
concerning design criteria like maximum deflection
and maximum stress (Benso & Sigmund, 2002).
Eventually the output of the tool is tested on these
design criteria at the analysis phase of this research.


3.2 SOFTWARE
For topology optimization various software packages
are available on the market. Reviewers of CADdigest
(2013) claim that Inspire has an easy to use interface
and works with generic and industry standard data
formats. Furthermore it is mentioned that it shows
quick results due to its fast and powerful optimization
process. We were able to obtain a licence for
SolidThinking Inspire 9.5. After a short trial period,
we determined this software is adequate for the
creation of the basic topological optimized beams,
by checking it on the criteria as mentioned on
CADdigest (2013). We found that the output of the
optimization process is a solid, making the output
suited for 3D-printing. Therefore we did not extend
our search for alternative software packages. As an
addition to our own findings on Inspire, graduates on
Rigidized Inflatable Structures also recommended
the use of this software (van Dijck & van de Koppel,
2013).

Current optimization software only enables the input
of homogeneous material with similar compressiveand tensile strength properties. Therefore this software
is mainly used for naval, aeronautic and automotive
industries. In the building industry, materials with
anisotropic properties like wood and concrete are
used. Concrete has a tension-compression ratio of
approximately 0.1 (Luijten, 2004). This ratio can be
translated to a similar ratio for the section dimensions
of the beam members.
The existing software is not adequate for the design
of optimized structures with these material properties
(Dombernowsky & Sondergaard, 2009). Therefore
in this research a hypothetical concrete with
identical strength in both compression and tension is
applied. Future software developments concerning
anisotropic material input would create a more
realistic initial model for topology optimization.

3.3 TOPOLOGY OPTIMIZATION PROCEDURE
Inspire utilizes a basic solid-geometry modelling
toolset. At this initial step, a suitable reference domain
is chosen. The designer can define for every modelled
part whether it is part of the design space or not. This
determines if the part is left solid or optimized in the
process. In the design phase, loads and supports are
applied to the geometry.
The next step within generic topology optimization
software is the creation of a finite element mesh for
the basic solid-geometry. An iterative process starts,
where the homogeneous material is optimized by
a displacement based finite element analysis. At
the end of each iteration, the resulting strains and
displacements are analysed. The compliance of the
model is computed. When minimal improvement
occurs, the iterative process stops. At the post
processing stage, the optimum distributed material is
defined into a topology optimized shape, as shown
in figure 3.2 (Benso & Sigmund, 2002).

Figure 3.2 – The flow diagram of computations of topology optimization
process (Benso & Sigmund, 2002)
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3.4 CASES
Inspire is used to create four different topological
optimized beams. This paragraph shows the four
static models that are determined and what settings
are used for optimization.

a pressure load of 48 kN/m distributed over its top
surface. The loads are applied perpendicular to the
span of the beam.

3.4.1 DESIGN SPACE

Prior to optimization the basic beam is modelled into
SolidThinking Inspire. After modelling, the designer
can set the number, placement, direction and
amount of the loads. Two load cases are defined; a
linear load on the top of the beam and a point load
concentrated at the exact middle of the top surface
of the beam. Both load cases are oriented in the –z
direction.

LOAD CASES

The topology optimization starts with modeling the
design space. By modelling this 3D design space
with a certain length, width, depth and cavities, the
outlines of the available space for optimization are
set. The length of the basic beam is determined by
the maximum printable dimensions of the smallest
AM method, Concrete Printing. The width and height
dimensions are determined by a rule of thumb. The
height is 1/10 of the length, and the width is ½ of the
height of the beam (Briedé & Blok, 2000). The basic
beam modelled in Inspire has a length of 5,4m, a
width of 0,27m and a height of 0,54m (figure 3.3).

3.4.2 STATIC MODEL
Any number of supports can be applied at desired
locations within the design space. Loads and supports
can either be placed at a single point on the model, to
an edge or a face. After this placement, supports can
be edited to different translation possibilities in one or
more directions. Loads with specified magnitude can
be applied in either push or pull direction and under
a certain angle. Four different basic static models
are established from a combination of two different
restraint- and load cases. Of the set of two beams
with the same supports, one beam is modelled with
a point load of 259.2 kN in the middle, the other with

Structural Element

The weight of a generic concrete floor is calculated
in order to determine the amount of the loads. The
generic concrete floor is situated on top of the beam
to calculate the pressure load.
Floor dimensions
Floor volume
Concrete density
Length of the beam

10m x 5.4m x 0.2m (l x w x h)
10.8 m3
2400 kg/m3 = 24000 N/m3
5400 mm

The total load of the concrete floor is calculated by
multiplying the floor volume by the concrete density
(10.8 m3 x 24000 N/m3). The result is 259200 N, and
is transposed to a point load of 259.2 kN. For static
model 2 and 4 in this research, this load is applied as
imposed point load in the middle of the beam in the
–z direction.

Static model and section

Casted beam

Span
l

Ratio
h/l

Ratio
b/h

4-18 m

1/10

1/2

Table 3.1 - Determination dimensions of a beam (Briedé & Blok, 2000)

Figure 3.3 - Dimensions of the basic beam
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When this point load is converted into a linear load,
it is divided by the length of the beam (259200
N/5400mm). This results in a linear load of 48 kN/m.
For static model 1 and 3 in this research, this load is
applied as an imposed projected linear load over all
of the top beam elements.

CONSTRAINTS
When the design space, supports and loads are
modelled, the remaining constraints are set. The
optimization objective is set on maximize stiffness in
order to achieve models with minimum deflection
in response to the applied forces. The desired
percentage of mass in the total volume of the beam
is set prior to the optimization. The gravity option is
enabled on all optimization models, in order to take
the dead weight of the structure into account. Figure
3.4 illustrates the settings window that is filled in prior
to an optimization run. After setting these constraints,
the optimization process is ran.

OPTIMIZATION RESULTS

Figure 3.4 – Inspire 9.5: Optimization constraint settings

Pressure load

The output of Inspires optimization run is a closed
solid polygon mesh. This mesh can be exported
from SolidThinking Inspire 9.5 to SolidThinking Evolve.
In Evolve, the solid mesh can be saved as a .3dm
file, and it can be imported into Rhinoceros 5.
The tool that is created during this thesis runs in
Grasshopper, a parametric modelling software addon for Rhinoceros. The created topological output
is verified using different software called Topostruct.
Table 3.2 shows that the topological optimized output
geometry of both software packages match. This
results in verified output geometry of the optimization
phase.

Point load

Static model

Inspire output
optimized beam
Topostruct
verification
optimized model

Static model

Inspire output
optimized beam
Topostruct
verification
optimized model
Table 3.2 - Verification of Inspire models with Topostruct
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4 Tool Development
This chapter is about the elaboration of the tool
in which every step of the design of the tool is
discussed. First the parameters regarding printability
are defined. The beams created at the previous
topological optimization phase are used as input
models for the tool. The modification of these beams
is discussed in the next section. For this chosen
method the parameters are used to design rules
on which the tool performs. These rules are written
into a software program and finally the written tool is
verified by some tests.
In each step, some examples are used. These
examples are explained according to a prototype
beam (figure 4.1). This beam is especially designed
in its particular shape, so it can be used for examples
and verification of the tool. It measures a length of
2000 mm with a height and width of respectively 350
mm and 250 mm. The static model is a hinged- and
roller bearing with linear load.

Figure 4.1 – Mesh (Output optimization)

4.1 PARAMETERS
The printability of a large scale AM method depends
on parameters. These parameters are determined
by the designer and the AM method. To define
the parameters for the tool, the variables of both
the large scale AM method and the optimization
software need to be mapped. In this section the
variables for each input of the topology optimization
software and the variables from the properties of the
AM methods are discussed.

4.1.1 TOPOLOGY OPTIMIZATION SETTINGS
In the previous chapter the topology optimization
settings were discussed. These settings are variable
and divided into three categories; design space,
static model and constraints. Together they
determine the output of the topology optimization
software (SolidThinking, 2013).
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DESIGN SPACE
Unless this is a variable setting, the design space for
this thesis is set to the maximal printable design space
of the AM method with the smallest printer area.

STATIC MODEL
The static model is chosen in between the settings of
the design space. In this thesis we focus on two types
of static models in combination with 2 different load
cases. In total four models are used.

CONSTRAINTS
The remaining constraints are; optimization objective,
the desired percentage of mass in the total volume
of the beam and the gravity option.

4.1.2 LARGE SCALE AM METHODS
The conditions described in the previous subsection
are necessary variables for the optimization of a
beam. The optimized beam is checked on printability
and adapted so it can be produced with an AM
printer. The AM printers and the material they use,
have their own conditions. These conditions are
closely related to the printability of a beam.

The angle can simply be calculated by the following
formula:
tan α = layer thickness / offset
Where a is the maximal printable angle with the given
layer thickness and maximal offset. Unfortunately
the offset is a result of unknown material properties
and could not be acquired from the developing
companies. Therefore an assumption is made for the
value of the offset.
The wet layers can be compared with a stack of
dry blocks. According to Paterson & Zwick (2009)
the maximal overhang of blocks is described as
approximately a bell curve. The offset in this case
(figure 4.3) is half of the length of each block. With a
vertical stack the offset would be zero. In conclusion,
the offset value lies between 0 and 0.5 times the
length of the block.

MINIMAL THICKNESS
The minimal thickness can be determined by the
extrusion width of the printer nozzle. Each AM
method has a different nozzle; this nozzle determines
the extrusion width of the material. One dot or pixel
of material is the minimal for an AM method to print
and has the diameter of the extrusion. Therefore
the extrusion width is used as a value for minimal
thickness. Some AM methods cannot print one single
line; therefore a factor two is applied on the extrusion
width which represents a double printing path.

ANGLE
With AM methods it is possible to print small overhangs
and spans. For FDM methods, the maximal angle is
caused by the offset in combination with the layer
thickness. The offset is the distance an upper layer
can overhang until the material will droop. Material
and printer properties determine the size of this
offset. A small offset is printable, but once the offset
increases, the material can deform (figure 4.2).

Figure 4.3 - Stacked blocks with maximal offset of half the length of a block
(Paterson & Zwick, 2009)

Although the FDM methods have different material
properties compared with the dry blocks, the value
probably lies between 0 and 0.5 times the length.
Assuming this, the offset lies between 0 and 0.5 of the
length of the extrusion width. For the development of
the tool, a value of 1/3th of the extrusion width is used.
This value is variable in the tool and therefore it can
be changed according to the material properties of
the specific AM method.

Figure 4.2 - Angle due to offset and layer thickness
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MODEL ORIENTATION
The layer-by-layer construction process of additive
manufacturing results in different possibilities to orient
an object during manufacturing. The orientation can
influence the supports needed to produce the beam,
for example the beam in figure 4.4. Here, the height
of beam C compared to the other beams results
in extra support material for Contour Crafting and
Concrete Printing to ensure the model is stabilized
during the printing process. The powder bed of
D-Shape causes printability of model C. Although,
the printing time of this model increases by a factor
20 compared to model B. Therefore model C is less
interesting for additive manufacturing in comparison
with model A and B.

Figure 4.4 - Three Model Orientations

If a symmetrical model is orientated in a way that
the symmetrical plane is perpendicular to the print
direction, like in model B, the printer would return
the same result in either positive or negative rotation
of the model. If the object is not symmetrical, both
model orientations result in a different print.
For example, an object is only symmetrical in a plane
parallel to the XZ plane. Here, the standard and the
upside-down print model orientation result in two
different objects. For the model rotation of 90˚ or
-90˚ around the x-axis the results are the same, since
the printable object is symmetrical. This is the case
for this thesis. Therefore the three model orientations
standard, upside-down and sideways are used in this
research. These object orientations are parameters in
the tool, since the beams with different orientations
are tested and compared to each other regarding
their printability.
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4.1.2 PARAMETERS DIAGRAM
The parameters in the tool can be connected in a
diagram. In this diagram (figure 4.5) it is clear what
the connections between the variables are.

Figure 4.5 – Parameters Diagram

4.2 APPROACH OF THE MODEL
Before the model is used in the tool, the mesh (figure
4.6) retrieved from the optimization software is
modified. The model is divided into layers (figure 4.7).
The distance between the layers is the layer thickness
of the large scale AM method and therefore each
slice represents a printable layer. These layers are
checked individually and are compared to the
adjacent layers. With the use of a data flow diagram,
each step of the tool is described. First these steps
are introduced and in the following paragraphs, the
steps are constructed.

Figure 4.7 - Layered model

Figure 4.6 - Mesh (Output optimization)
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4.2.1 DATA FLOW DIAGRAM
The layered model is analysed step by step
according to the previous given parameters. These
steps are shown in the data flow diagram (figure
4.8). The diagram starts with a mesh, imported
from the optimization software. The first step of the
tool is the rotation of the mesh to a different model
orientation. After that, the mesh is sliced into layers.
This process is further specified in the box on the
left. The designers’ choice for a certain AM method

influences the division of the model in layers and
further steps in the process. The adaptive layers are
analysed in an iterative process until it reaches the
n number of layers. In this iteration the span, offset
and thickness are checked. If the model requires
additional material to support the layer above, this
material is added. When everything is checked and
adapted, the modified layers are extruded by the
layer thickness and the model is rotated back to its
start orientation. A printable design is created.

Figure 4.8 – Data flow diagram
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4.2.2 ORIENTATION
The model orientation affects the layer analysis for
each different orientation to the print direction.
This model orientation is used to rotate the model
to its start position. Rotation around the y-axis is less
interesting, so the model is rotated around the x-axis.
These rotations are 0, 1/2π and π for respectively
the standard, the sideways and the upside-down
orientation. The rotation of the model is only for
manufacturing purposes and therefore the model is
rotated back to the standard orientation at the end
of the tool.

4.2.3 SLICE MESH
After rotation of the geometry, the mesh input is sliced
into layers (figure 4.9). The results are contour curves
called regions with an equal distance between each
other. This distance is linked to the layer thickness of
the certain AM method.

The AM printing process builds an object from
bottom to top. To calculate the necessary supports,
the tool functions in opposite direction, from top
to bottom. The geometry is divided into n layers,
starting with layer 0. Depending on the dimensions
of the geometry and the layer thickness the number
of layers is determined. The example of figure 4.10
shows 16 regions distributed over 11 layers. The layers
define the sequence in which the tool runs, from 0 to
10. Regions are numbered by their layer.
The layers are used to check whether the geometry
is printable or not. The next paragraphs focus on
the layer analysis with rules that are applied on the
layered geometry.

Figure 4.9 - From mesh to layers

4.2.4 LAYER ANALYSIS
The layer analysis only affect the FDM based AM
methods. Therefore this step does not apply to
D-Shape. Both FDM methods, Contour Crafting and
Concrete Printing are stated to have one printer
nozzle which results in a contour for minimal thickness.
The rules are discussed in a different order than used
in the tool. In the tool the check for span occurs first,
since this determines the secondary supports. But
since the secondary supports are a result of the offset
rule, the offset rule is discussed first.

Figure 4.10 - Numbered mesh

OFFSET RULE
Once the overhang is larger than the AM properties
allow, the material in the upper layer deforms or
droops. Therefore the supporting region in the layer
below needs to be enlarged. The minimal support is
determined by the offset of the contour of the upper
layer. This is the same offset as the offset caused by
the AM properties. The offset of the contour curve
is projected on the layer beneath. By merging the
projected offset curve with the original curve, a new
region is created, supporting the layer above.
The offset rule results in adding extra material to the
optimized beam, so it actually can be manufactured.
The example below (figure 4.11) shows the minimal
material that needs to be created in the lower layer,
in order to support the layer above it.

Figure 4.11 - Offset on new layer
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The offset rule is demonstrated in figure 4.12 and 4.13.
The first figure is the prototype beam on which the rule
is used. The second figure shows the result of applying
only the offset rule. The beam is now printable, but
does not comply with the main objective of minimal
mass. Therefore a second rule is applied.

Unfortunately, this topology optimization is far too
complex for the scope of this thesis and could be
interesting for future research on printable support
structures (Frattari, 2011).

Figure 4.16 - Optimized column (Frattari, 2011)
Figure 4.12 - Prototype beam

Figure 4.13 - Massive solution as result of applying only the offset rule

SECONDARY SUPPORT RULE
Once the span of the gaps in the optimized beam
is larger than the offset value, the span should be
supported separately to reduce mass. An example is
shown in figure 4.14.

The mass of the supporting columns cannot be
omitted. Therefore we choose for an abstraction
of their shape and placement, enabling us to
approximate the material addition of the secondary
support.
Large internal overhangs or spans of the beam are
hard to define, due to their complicated shape.
Instead of designing a secondary support system
only for the layers above the internal gaps figure
4.17a, the virtual top surface of the bounding box is
used (figure 4.17b). This surface is divided in several
panels, each panel resulting in a column.

a)

Figure 4.14 – Spans are supported

A secondary support system needs to be designed
to support the internal spans of the beam. This can
be achieved by one of the methods described by
Behrokh Khoshnevis. He uses full support, columns
or prefabricated parts (figure 4.15) (Khoshnevis,
2006, p. 312). The columns best fit the scope of this
thesis according the minimal mass and align with
the production method without any pre- or postprocessing. To fit these columns within the boundaries
of this research, the columns are optimized towards
minimal mass. An example of how an optimized
column could look like is shown in figure 4.16.

b)
Figure 4.17 – a) Layers above the internal gaps and b) the virtual top
surface

Figure 4.15 - Support methods according to B. Khosnevis (2006)
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These columns are only created when necessary;
therefore a panel is discarded when no overlap
occurs with the existing geometry. This overlap is
checked on every layer. If overlap occurs, regions
surrounded by the panels are offset according the
offset distance. The resulting curves are projected
onto the next layer (figure 4.18).

Figure 4.18 – Offset of the panels

These columns are only created when necessary;
therefore a panel is discarded when no overlap
occurs with the existing geometry. This overlap is
checked on every layer. If overlap occurs, regions
surrounded by the panels are offset according the
offset distance. The resulting curves are projected
onto the next layer (figure 4.18).

CONFIGURATION OF THE ABSTRACTED COLUMNS
The number of columns, created from panels,
has a direct relation with their form and thus their
mass. A specific component of the tool is designed
to calculate the optimum column configuration
regarding minimum mass.

The length and width of the layer below become
smaller; exactly two times the offset value. For
example the next lsupport is calculated by the formula:


































This step is repeated until the length of lsupport reaches
a minimum. This is set to the minimal thickness (MT).
The exact value of the MT is explained in the next
paragraph. The MT check consists of an if-statement:







































































































For a large variation of panel divisions the total mass
of the columns are calculated. For each calculation
the mass of one column is calculated and later
multiplied by the number of columns. The number of
columns is given the variable divx in the x-direction
and divy in the y direction. Divx runs from 1 to 100 and
divy from 1 to 25, resulting in a total of 2500 variations
for each beam.














Once the MT is reached, the lsupport is continuously
applied until the bottom layer, resulting in columns.
The next script, in Visual Basic, creates a list of lsupport
for one column in a loop with n layers. Since the input
divx from Grasshopper is a list, the output is a list of
lists. This is similar for divy.

The volume of one column is calculated by the
length and width of each layer of the column starting
at the top surface. The top surface of the column is
a fraction of the top surface of the beam. The length
and width of the top surface of the support, called
respectively lsupport and wsupport, are calculated by the
length and width of the beam divided by the number
of panels created in both x- and y- direction:
lsupport = lbeam/divx and wsupport = wbeam/divy
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Figure 4.19 – Volume of different column configurations
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Figure 4.20 – Volume addition after merging
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With these lists the volume of one column is calculated
and multiplied by the number of columns used for the
calculation. The total volumes of the sets of columns
are compared to each other. The configuration with
the lowest volume is the best result and is used as
support for the beam.
An example of the result is given in the next two
graphs. Table 4.1 shows a graphical representation.
In this example the following panel divisions were
used: 1x1, 2x1, 5x1, 5x2, 15x2, 17x2, 20x2 and 20x5.

The graph in figure 4.19 shows how the minimal
volume is calculated by the script, in this case 17x2
columns. The result of merging the columns with the
input volume is different. In this case, the 20x2 division is
merging better with the input model. The calculatedand the output volumes are corresponding and
therefore the calculated volumes are used for the
secondary support, since the output volumes can
only be calculated after the tool is used.

The first graph in figure 4.19 shows the column volume
added to the input volume. The column volume is
the volume if only columns are used. The second
graph (figure 4.20) shows the volume addition once
these columns are merged with the input volume.
A complete overview of this example is given in
appendix A.
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Calculated secondary support

Mesh with secondary support

Volume: 0,05389 m3

Volume: 0,07176 m3

Volume: 0,05135 m3

Volume: 0,07030 m3

Volume: 0,04374 m3

Volume: 0,06727 m3

Volume: 0,03757 m3

Volume: 0,06659 m3

Volume: 0,02389 m3

Volume: 0,05719 m3

Volume: 0,02371 m3

Volume: 0,05718 m3

Volume: 0,02392 m3

Volume: 0,05667 m3

Volume: 0,03978 m3

Volume: 0,06900 m3

1x1

2x1

5x1

5x2

15x2

17x2

20x2

20x5

Table 4.1 - Columns and meshes
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MINIMAL THICKNESS RULE
It is impossible to print a layer section that is smaller
than the minimal thickness. Therefore, all layers are
checked on the thickness. Parts of the layer section
that are too thin, are widened to a printable thickness.

MEDIAL AXIS AND VORONOI
The first step is to find out which parts of a layer section
are too small to print. The thickness of a randomly
chosen curve is determined by constructing its
skeleton. This skeleton, or medial axis, is the set of
points that have at least two closest points in this
curve (Attali, et al., 2004).
Several studies show that the medial axis can be
found by using a Voronoi Diagram. When the
intersecting linear curves of the Voronoi Diagram

with the surface edges are removed, the medial axis
remains. The approximation of the medial axis is more
accurate when the number of points on the edges
increases (Attali, et al., 2004; Montero & Lang, 2012).
The following example (figure 4.21) shows the mass
addition of the minimal thickness rule. All edges of
the region are divided by a length in relation to
the minimal thickness. Small curves are divided in a
minimum of 20 segments. Tests show that 20 segments
are sufficient to create a proper Voronoi diagram.
The Voronoi diagram is created with the endpoints of
the segments. The offset of the medial axis represents
the minimal printable thickness of the region. This
offset is merged with the old region. The result is a
section of the structure that is modified according to
the minimal thickness rule.

Figure 4.21 – Example of creating the medial axis by the use of a Voronoi diagram.
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The offset of the medial axis is not always the minimal
printable structure. Once the medial axis is created,
the endpoints are shortened by the offset rule. This
process repeats itself layer-by-layer until the absolute
minimum is reached; a circle with the offset as radius.
Figure 4.22 shows an example of a square printed
without medial axis. The print path and rotation
of the nozzle result in a square that cannot be
completely printed. By using the medial axis to find
the minimal thickness, this problem does not occur,
but an overload of material is printed. By shortening
the endpoints of the medial axis, the print path, and
therefore the quantity of material, is reduced and
the object is still printable.

4.2.5 REBUILDING THE MESH
Once every layer is made printable, the layers
are remodelled into a mesh. This mesh is used in
further software or can be used as a 3-dimensional
representation of the model. The layers are extruded
in z-direction related to their current orientation. The
extrusion distance is set on the initial layer thickness
and is also used for slicing the mesh. The extruded
layers are merged into one mesh. In case the input
model is rotated, the output mesh is rotated back
towards its original orientation.

Figure 4.22 - Shortening the medial axis results in less material for a printable object
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4.3 RULES TO SOFTWARE
The rules, specified in the previous paragraph, are
built into a tool which is built with Grasshopper.
The choice for this software is explained in the next
section, which also elaborates on the development
of the tool in this program.

4.3.1 SUITABLE SOFTWARE
Several software packages are used to develop the
tool. The tool is built with Grasshopper, a graphical
algorithm editor which requires no knowledge of
programming or scripting. Grasshopper is integrated
in Rhinoceros and provides the 3D representation of
the model. Within Grasshopper different components
are used. Hoopsnake is a plugin that enables
feedback loops within Grasshopper.

Bowerbird is a plugin package that provides a
new offset component, enabling us to offset
polylines with other rules, instead of the embedded
offset component of Grasshopper. The Boolean
components of Bowerbird did not fulfil the
requirements of the tool and therefore the Boolean
operations are done by the Boolean component of
Clipper. Finally, the Lunchbox plugin package is used
for baking the geometry into Rhinoceros and writing
data into excel files. All the plugins are available on
the official website for Rhino and Grasshopper: www.
food4rhino.com.

Figure 4.23 – Grasshopper and the use of the plugins
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4.3.2 GRASSHOPPER DEVEVLOPMENT
In this section, the development of the tool in
Grasshopper is discussed. Important steps are
illustrated by a screenshot of the algorithm in
Grasshopper. Other steps can be found in the
algorithm file. The steps that are discussed are
marked in figure 4.24 from A to H.

A.
B.
C.
D.
E.
F.
G.
H.

Data Input
Rotate, slice and Support Calculation
Minimal thickness of the first layer
Hoopsnake and paneling
Offset panels
Merge panels with next layer
Minimal thickness layers
Mesh from curves

Figure 4.24 – Elaboration of the Grasshopper tool

A. DATA INPUT
In this part of the tool, the data is set for a particular
model and the chosen model orientation. In the
first group, the user can select the methods. These
methods are linked to the properties cluster. In this

cluster the properties of the three AM methods are
locked. For alternative data, the cluster has an
optional input. By changing the input properties, the
output changes too. In the three clusters on the right,
the data is scaled.

Figure 4.25 - Data Input

B. ROTATE, SLICE AND SUPPORT CALCULATION
The first cluster is designed to rotate the geometry
to change its orientation. This is linked to the support
calculator and the slicing cluster. This last cluster
slices the model into workable regions. The support
calculator is also linked to the box-cluster. In this
cluster, boxes and rectangles are created which are
needed in the rest of the tool.
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Figure 4.26 - Rotate, Slice and Support Calculation

The support calculator is built to calculate the
number of panels that are needed for the secondary
support of the layers. Once we open the calculator,
the supports for 2500 variations are calculated.

Figure 4.27 - Support Calculator

This number is applied on the offset rule as described
in section 4.2.4. Both sides are multiplied in the last
box and the layer thickness is applied.

Figure 4.28 - Support Calculator part a
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In the final step, the minimal number of supports is
determined for the x- and y- direction. The variation
with the minimal mass is the output in number of
panels in the x- and y-direction.

Figure 4.29 - Support Calculator part b

C. MINIMAL THICKNESS OF THE FIRST LAYER
The first layer is the input of the loop element. This
layer has not yet been checked on Minimal Thickness.
Therefore, the Minimal Thickness cluster has to run

once before the loop starts. This cluster is the same
as the Minimal Thickness cluster within the loop part
of the tool. This cluster is elaborated in part B of this
section.

Figure 4.30 - Minimal Thickness of the first layer

D. HOOPSNAKE AND PANELLING
The entire tool runs around the Hoopsnake
component, a component especially designed for
loops. The group ‘Until’ determines the number of
iterations the component makes. If the value is true,

the number of iterations is the same as the number of
layers in the model. If false, the user can choose the
number of iterations. In the upper group, the panels
that are calculated by the support calculator are
recreated to workable rectangles.

Figure 4.31 - Hoopsnake and panelling
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E. OFFSET PANELS
The panels intersect with the current curve and the
intersections are stored as separate panels. The
panels are offset as determined by the offset rule. The

Visual Basic component checks whether supports
are true or false. If false, no supports are created and
the intersect- and offset groups are skipped.

Figure 4.32 - Offset panels

F. MERGE PANELS WITH NEXT LAYER
The panels are moved to the next layer with the ‘move
to plane’-component. The plane is determined by
the next layer. The next layer is computed by the

cluster. In this cluster one layer is picked depending
on the current layer. This layer is merged with the
panels created in the previous step.

Figure 4.33 - Merge panels with next layer

G. MINIMAL THICKNESS LAYERS
The merged layers are checked for minimal thickness.
In the minimal thickness group, the current curve is
merged with the offset of the medial axis. This offset is
created in the cluster.

Figure 4.34 - Minimal Thickness layers
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G. MINIMAL THICKNESS LAYERS
The merged layers are checked for minimal thickness.
In the minimal thickness group, the current curve is
merged with the offset of the medial axis. This offset is
created in the cluster.

Figure 4.35 - Medial axis offset cluster

In part a of figure 4.35, the curve is checked on its
length. If the curve is larger than the circumference
of a circle with the minimal thickness as diameter

(MT×π), the curve is used in the next step. If not, the
curve is recreated to a circle with the same condition:
MT×π.

Figure 4.36 - Medial axis offset cluster part a

The next part shows how the points of the Voronoi
Diagram are determined. Another length check is
done; this time it is checked whether a curve is smaller
than the circumference of a panel. If so, the cluster
checks if the curve is in- or outside another curve.

If the curve is included by another curve, the inner
curve, together with the outer curve, are handled
as one group. A small outer curve is handled as an
individual curve.

Figure 4.37 - Medial axis offset cluster part b
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The next step is construction of the Voronoi Diagram
from the points on the curves. In the upper part of the
example (figure 4.38), it is shown how the grouped
curves are handled. The part below this group shows
how the individual curves are handled. This works
approximately the same. After the Voronoi Diagram

is created, the lines intersecting with the original
curves are removed, the medial axes remain. Since
there are holes in the regions, the medial axes of
the holes need to be removed. This happens in the
cluster.

Figure 4.38 - Medial axis offset cluster part c

The medial axis is shortened by the offset. In this group,
circles are created on the endpoints of the axis. The
parts of the axis inside the circles are removed, with
the consequence that the axis becomes shorter.

Figure 4.39 - Medial axis offset cluster part d

Tool Development

53

H. MESH FROM CURVES
Once the loop element has adapted all layers,
the mesh is created. During the loop, every layer is
separately built into a brep. The breps are stored in
the Visual Basic component.

Figure 4.40 - Create breps from curves

The second part is activated once the loop is
completed. In this part, the stored breps are
converted into a mesh. One mesh is an extrusion of

the curves. The second mesh has a curved edge and
therefore looks more like a printable beam. This mesh
is exclusively used for rendering purposes.

Figure 4.41 - Create mesh from breps

4.4 VERIFICATION
During the development, each step of the tool is
tested separately to verify whether the tool is built
correctly. If a step is not working properly,
it is
modified and tested again. In this section, certain
flaws and solutions are shortly described. Some
flaws were easy to solve, some were harder to solve
because of common CAD problems. Sometimes,
an alternative approach was chosen to solve the
problem.

BOOLEAN UNION
One problem that kept occurring in the algorithm
involves the Boolean union. For each layer, the
tool merges the two layers together, the supports
needed for the upper layer and the layer beneath.
Later on in the loop, it merges the newly created
layer with the minimal thickness needed for printing.
Occasionally, the two regions did not merge the way
they supposed to merge (figure 4.42). Both regions
needed to become one solid region with an open
part in the centre. However, the open part kept
being filled.
54

Figure 4.42 - Curve and minimal thickness union result in a filled region
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The filling of the curves depends on the winding
numbers assigned to the curves. This winding number
can be positive, negative or zero and is assigned
to the curves from the outside to the inside. The
winding numbers of curves in the same direction are
summed. Once the next curve winds in the opposite
direction, the winding number decreases (figure
4.43) (GLprogramming, 2003).

The inside of the curve is classified by the winding
rules. Each winding number belongs to a different
category: odd, nonzero, positive, negative, or
“absolute value greater than or equal to two”. For
this tool, only the two most common rules are used:
odd and nonzero. The next example (figure 4.44)
shows the impact of both rules to the curves and
their winding numbers (GLprogramming, 2003).
A component called ‘Clipper’ introduces a solution
for this problem: filling. This filling can be even/odd
or non-zero. Figure 4.45 shows the Grasshopper file
with both settings and their results. The Region Union
group is the group which did not work properly, the
Solution Union is the group that does work.

Figure 4.43 - Winding numbers for sample curves (GLprogramming, 2003)

Figure 4.44 - How winding numbers define interiors (GLprogramming, 2003)

Figure 4.45 - a) Non-zero filling and b) even/odd filling

Tool Development

55

PERFORMANCE

REMARKS

The performance of the tool relies on speed. A
special profiler in Grasshopper shows the time it took
to process the component. For example, for the
medial axis, the Voronoi curves outside of the object
need to be rejected (figure 4.46). A solution would
be checking whether or not a curve is on the surface
of the specific layer. This can be achieved by using
the ‘Project to brep’-component. However, this is
time consuming since the program needs to create
the surfaces first and then project the curves onto
these surfaces.

In this paragraph, two flaws are described to clarify
the verification process. As expected more problems
arose during the creation of the tool. Most problems
arose because of a lack of programming knowledge
and were solved quickly after some internet research.
Eventually, all problems are solved and the separate
parts and the final tool work properly. However, there
are still ways to improve the current tool.

Figure 4.46 - Reject noise curves of the Voronoi diagram

The cluster in figure 4.47 checks for several curves
whether or not they are inside another curve. If
the winding is odd, the curve inside is accepted.
If, however, the winding is even, the curve inside is
rejected. The profiler below shows that the moddeling
speed reduces significantely, from 2.0s (695ms +
1.3s) to 220 ms. This second approach is even more
relevant for complex geometries.

Figure 4.47 - Profilers show the processing time of a component
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5 Analyses
For the overview and analyses, 60 printable beams
are generated with the tool. Of these beams, 24 are
future prospects and used to show the benefits of
not having a secondary support structure inside the
beam. The other 36 beams are present possibilities
and therefore elaborated in the analyses. Table 5.1
shows an overview of these 36 printable beams. First
the rendered model is shown to demonstrate the
shape of the output. Each beam is labelled with a
model code. All model codes are built up the same
and give the information about the settings of the
tool and static model. Each model code looks like
XX_YYi_ZZ, where:
XX
YY
i

M1, M2, M3 or M4
CC, CP or DS
a or b

ZZ

Zp, Zn or Yp

The static model
The AM method
With (a) or without (b)
secondary support
The model orientation
(p = positive direction,
n = negative direction)

Underneath the model code, the volume results and
the deflections are listed. The volume information is
split up by result of input volume, minimal thickness
and secondary support. The percentages show how
much the volume participates in the volume of the
generated beam.
In this chapter, first the volumetric analyses are used
to show the influences of the additional material
caused by the modification for printability. Later the
structural analyses show the results of the deflection
for the conventional-, optimized-, printable- and
truss beam. Section 5.2 shows the influences of the
volume addition on the deflection of the beams. The
printability of the beams is tested in section 5.3, where
some small scale prototypes are manufactured and
tested.
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Contour Crafting

Static Model 1

Static Model 2

M1_CCa_Zp

Zp

Volume:
Input volume:
Minimal Thickness:
Secondary Support:

M2_CCa_Zp

0.34153 m3
0.24965 m3 (73%)
0.00891 m3 (3%)
0.08297 m3 (24%)

Volume:
Input volume:
Minimal Thickness:
Secondary Support:

Deflection: 37.63 mm

Deflection: 63.45 mm

M1_CCa_Zn

Zn

Volume:
Input volume:
Minimal Thickness:
Secondary Support:

M2_CCa_Zn

0.35325 m3
0.24965 m3 (71%)
0.01296 m3 (4%)
0.09064 m3 (26%)

Volume:
Input volume:
Minimal Thickness:
Secondary Support:

Deflection: 37.13 mm

Volume:
Input volume:
Minimal Thickness:
Secondary Support:

0.35291 m3
0.26787 m3 (76%)
0.01186 m3 (3%)
0.07318 m3 (21%)

Deflection: 59.81 mm

M1_CCa_Yp

Yp

0.34767 m3
0.26787 m3 (77%)
0.00857 m3 (2%)
0.07123 m3 (20%)

M2_CCa_Yp

0.32273 m3
0.24965 m3 (77%)
0.00555 m3 (2%)
0.06752 m3 (21%)

Volume:
Input volume:
Minimal Thickness:
Secondary Support:

Deflection: 36.51 mm

0.36057 m3
0.26787 m3 (74%)
0.00496 m3 (1%)
0.08774 m3 (24%)

Deflection: 62.53 mm

Table 5.1 - Overview of the 36 printable beams - Contour Crafting
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Static Model 3
M3_CCa_Zp

Volume:
Input volume:
Minimal Thickness:
Secondary Support:

M4_CCa_Zp

0.29505 m3
0.21769 m3 (74%)
0.01003 m3 (3%)
0.06732 m3 (23%)

Deflection: Unspecified

M3_CCa_Zn

Volume:
Input volume:
Minimal Thickness:
Secondary Support:

0.29890 m3
0.21769 m3 (73%)
0.01000 m3 (3%)
0.07120 m3 (24%)

M3_CCa_Yp

0.26433 m3
0.18974 m3 (72%)
0.01189 m3 (4%)
0.06270 m3 (24%)

Deflection: Unspecified

Volume:
Input volume:
Minimal Thickness:
Secondary Support:

0.27066 m3
0.18964 m3 (70%)
0.01256 m3 (5%)
0.06836 m3 (25%)

Deflection: Unspecified

M4_CCa_Yp

0.29652 m3
0.21769 m3 (73%)
0.00622 m3 (2%)
0.07261 m3 (24%)

Deflection: Unspecified

Analyses

Volume:
Input volume:
Minimal Thickness:
Secondary Support:

M4_CCa_Zn

Deflection: Unspecified

Volume:
Input volume:
Minimal Thickness:
Secondary Support:

Static Model 4

Volume:
Input volume:
Minimal Thickness:
Secondary Support:

0.29028 m3
0.18974 m3 (65%)
0.00808 m3 (3%)
0.09246 m3 (32%)

Deflection: Unspecified
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Concrete Printing

Static Model 1

Static Model 2

M1_CPa_Zp

Zp

Volume:
Input volume:
Minimal Thickness:
Secondary Support:

M2_CPa_Zp

0.32302 m3
0.24965 m3 (77%)
0.01039 m3 (3%)
0.06299 m3 (19%)

Volume:
Input volume:
Minimal Thickness:
Secondary Support:

Deflection: 36.85 mm

Deflection: 63.37 mm

M1_CPa_Zn

Zn

Volume:
Input volume:
Minimal Thickness:
Secondary Support:

M2_CPa_Zn

0.33467 m3
0.24965 m3 (75%)
0.01406 m3 (4%)
0.07096 m3 (21%)

Volume:
Input volume:
Minimal Thickness:
Secondary Support:

Deflection: 37.47 mm

Volume:
Input volume:
Minimal Thickness:
Secondary Support:

0.31285 m3
0.24965 m3 (80%)
0.00749 m3 (2%)
0.05570 m3 (18%)

Deflection: 63.24 mm

M1_CPa_Yp

Yp

0.33526 m3
0.26787 m3 (80%)
0.01037 m3 (3%)
0.05702 m3 (17%)

M2_CPa_Yp

0.31285 m3
0.24965 m3 (80%)
0.00749 m3 (2%)
0.05570 m3 (18%)

Volume:
Input volume:
Minimal Thickness:
Secondary Support:

Deflection: 36.29 mm

0.34504 m3
0.26787 m3 (78%)
0.00633 m3 (2%)
0.07084 m3 (21%)

Deflection: 61.37 mm

Table 5.1 - Overview of the 36 printable beams - Concrete Printing
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Static Model 3
M3_CPa_Zp

Volume:
Input volume:
Minimal Thickness:
Secondary Support:

M4_CPa_Zp

0.28462 m3
0.21769 m3 (76%)
0.01005 m3 (4%)
0.05687 m3 (20%)

Deflection: Unspecified

M3_CPa_Zn

Volume:
Input volume:
Minimal Thickness:
Secondary Support:

0.28467 m3
0.21769 m3 (76%)
0.00997 m3 (4%)
0.05701 m3 (20%)

M3_CPa_Yp

0.24869 m3
0.18974 m3 (76%)
0.00933 m3 (4%)
0.04962 m3 (20%)

Deflection: Unspecified

Volume:
Input volume:
Minimal Thickness:
Secondary Support:

0.25032 m3
0.18964 m3 (76%)
0.00974 m3 (4%)
0.05085 m3 (20%)

Deflection: Unspecified

M4_CPa_Yp

0.28858 m3
0.21769 m3 (75%)
0.01221 m3 (4%)
0.05868 m3 (20%)

Deflection: Unspecified

Analyses

Volume:
Input volume:
Minimal Thickness:
Secondary Support:

M4_CPa_Zn

Deflection: Unspecified

Volume:
Input volume:
Minimal Thickness:
Secondary Support:

Static Model 4

Volume:
Input volume:
Minimal Thickness:
Secondary Support:

0.27450 m3
0.18974 m3 (69%)
0.01346 m3 (5%)
0.07130 m3 (26%)

Deflection: Unspecified
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D-Shape

Static Model 1
M1_DSb_Zp

Zp

Volume:
Input volume:
Minimal Thickness:
Secondary Support:

M2_DSb_Zp

0.25445 m3
0.24965 m3 (98%)
0.00480 m3 (2%)
N/A

Deflection: 36.22 mm

M1_DSb_Zn

Zn

Volume:
Input volume:
Minimal Thickness:
Secondary Support:

0.25610 m3
0.24965 m3 (97%)
0.00645 m3 (3%)
N/A

M1_DSb_Yp

Volume:
Input volume:
Minimal Thickness:
Secondary Support:

Volume:
Input volume:
Minimal Thickness:
Secondary Support:

0.27273 m3
0.26787 m3 (98%)
0.00485 m3 (2%)
N/A

Deflection: 61.26 mm

M2_DSb_Zn

Deflection: 36.22 mm

Yp

Static Model 2

Volume:
Input volume:
Minimal Thickness:
Secondary Support:

0.27423 m3
0.26787 m3 (98%)
0.00248 m3 (2%)
N/A

Deflection: 61.26 mm

M2_DSb_Yp

0.25295 m3
0.24965 m3 (99%)
0.00330 m3 (1%)
N/A

Deflection: 36.22 mm

Volume:
Input volume:
Minimal Thickness:
Secondary Support:

0.27035 m3
0.26787 m3 (99%)
0.00248 m3 (1%)
N/A

Deflection: 61.26 mm

Table 5.1 - Overview of the 36 printable beams - D-Shape
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Static Model 3
M3_DSb_Zp

Volume:
Input volume:
Minimal Thickness:
Secondary Support:

M4_DSb_Zp

0,22208 m3
0.21769 m3 (98%)
0.00439 m3 (2%)
N/A

Deflection: 10.79 mm

M3_DSb_Zn

Volume:
Input volume:
Minimal Thickness:
Secondary Support:

0.22209 m3
0.21769 m3 (98%)
0.00439 m3 (2%)
N/A

M3_DSb_Yp

0.19335 m3
0.18974 m3 (98%)
0.00362 m3 (2%)
N/A

Deflection: 23.49 mm

Volume:
Input volume:
Minimal Thickness:
Secondary Support:

0.19335 m3
0.18964 m3 (98%)
0.00384 m3 (2%)
N/A

Deflection: 23.49 mm

M4_DSb_Yp

0.22371 m3
0.21769 m3 (97%)
0.00602 m3 (3%)
N/A

Deflection: 10.79 mm

Analyses

Volume:
Input volume:
Minimal Thickness:
Secondary Support:

M4_DSb_Zn

Deflection: 10.79 mm

Volume:
Input volume:
Minimal Thickness:
Secondary Support:

Static Model 4

Volume:
Input volume:
Minimal Thickness:
Secondary Support:

0.19642 m3
0.18974 m3 (97%)
0.00668 m3 (3%)
N/A

Deflection: 23.49 mm
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5.1 VOLUME ANALYSES
For all 60 models, volumetric analyses are done. The
volumetric information is collected in the tool and
listed in the overview of appendix B. The properties
of the AM methods are listed in table 5.2. The volume

of the models can be used for several purposes, for
example to estimate the CO2 footprint of the material
or the printing time of the beam.

Layer Thickness (mm)

Extrusion Width (mm)

Offset (mm)

Minimal Thickness (mm)

Contour Crafting

13.00

15.00

5.00

30.00

Concrete Printing

9.00

9.00

3.00

18.00

D-Shape

5.00

5.00

1.67

5.00

Table 5.2 – The properties of the AM methods

5.1.1 VOLUME REDUCTION
The overview in figure 5.1 shows a major reduction in
volume compared to the conventional beams. The
average reduction of the optimized beams is 71%
and the printable beams have an average reduction
of 64%. This means that the volume of the optimized
beams increases when the beams are modified for

printability. Since Contour Crafting and Concrete
Printing need a secondary support, the printable
beams show larger volumes than D-Shape. The
beams of D-Shape show a similar volume distribution
as the optimized beam. Therefore, in this overview
D-Shape is assigned as the AM method with the most
volume reduction compared to the conventional
beam.

Figure 5.1 - Volumes of the beams for each of the four static models

The volume addition caused by the modifications for
printability of the beams is shown in figure 5.2. Here,
the differences between no secondary support
(D-Shape) and the printable beams with secondary
support are more visible.

66

Large scale additive manufacturing of topological optimized beams

Figure 5.2 - Volume addition caused by printability

The optimized and printable beams of static model 4
always have the lowest beam volume (69% reduction
of the conventional beam) when compared to the
other beams (figure 5.1). However, figure 5.3 shows
that this static model has the largest increase in
volume of all the models with an average of 28%. The

modification for the printability has a larger effect on
the beam since the optimized input has a more open
structure than the other beams. Therefore this beam
needs more secondary support. The differences
between the volume of the static models are smaller
for D-Shape.

Figure 5.3 - Percentage of volume addition caused by printability

Regarding modification for printability, static model
2 is the most interesting. With an average of 20%, this
model needs the least additional volume to make
the beam printable (figure 5.4). However, in relation
to volume reduction it is the least favourite, since the
average reduction of static model 2 is only 59% of
the conventional beam. The average reduction of
the static models combined is 64% (figure 5.5).
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Figure 5.4 - Average Increase of the printable beam relative to the optimized
beam

Figure 5.5 - Average volume reduction in relation to the conventional beam

5.1.2 PRINTING TIME

time of the conventional beams of section 2.4.1.
Since the removable supports need to be printed
as well. Therefore, Contour Crafting and Concrete
Printing have the same printing time with or without
secondary supports. In figure 5.6 the large printing
time of the D-Shape method is shown, this is because
of the full layer deposition of granular material.

The printable volume is directly related to the printing
time, only for D-Shape the printing time is related to
the height of the object. In figure 5.6 the volume
percentage of the printable beam related to the
conventional beam is multiplied by the printing

Figure 5.6 – Printing time (h) per beam
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5.1.3 VARIATION IN THE PARAMETERS
All results are derived from the properties of the three
most promising AM methods. To get a better look
at the effect of these properties, three of the four
parameters are locked in one setting and the other
is varied. The values of the parameters are set in the
range of the three most promising AM methods. The
results are listed in appendix C.

LAYER THICKNESS
The layer thickness is varied from 5.0 mm to 15.0 mm
with a step of 2.0 mm. The extrusion width is set on 10
mm, which is the average of the three AM methods.
The offset and minimal thickness are set on the most
common value, respectively 1/3 of the extrusion
width and 2 times the extrusion width. The result in
printable volume is shown in figure 5.7. The trend
line is linear, therefore it can be concluded that the
effect of the layer thickness on the printable volume
is linear.

Figure 5.8 - The effect of the extrusion width on the volume of the printable
beam

OFFSET AND MINIMAL THICKNESS
The offset and minimal thickness also have a linear
effect on the printable volume (figure 5.9 and 5.10).
Here the layer thickness and the extrusion width are
both set to 10 mm. This results in a squared extrusion
profile, in proportion to the extrusion profiles of the
three AM methods. Here is concluded that the
smaller the offset or minimal thickness, the lower the
volume of the printable beam. A larger offset has
more effect on the volume than a smaller minimal
thickness.

Figure 5.7 - The effect of layer thickness on the volume of the printable beam

EXTRUSION WIDTH
The extrusion width is varied from 5.0 mm to 15.0 mm
with a step of 2.0 mm. Here, the layer thickness is set
on 10 mm. The offset- and minimal thickness values
are fixed at respectively 1/3 and 20 mm. In figure 5.8
is shown that the effect of the extrusion width has
almost no influence on the printable volume. Since
the offset and the minimal thickness are related to
the extrusion width, they change as well. The result
is a difference in secondary support distribution,
optimal for the set parameters. These distributions
approach a similar order of magnitude.

Figure 5.9 - The effect of the offset on the volume of the printable beam

Figure 5.10 - The effect of the minimal thickness on the volume of the
printable beam
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5.1.4 FUTURE DEVELOPMENTS
The secondary support has a large influence on
the volume of the beam with an average volume
addition of 22%. The removal of the secondary

support for Contour Crafting and Concrete Printing
results in optimized printable beams with volumes
similar to the beams of D-Shape (figure 4.11). Here,
the only volume addition is the addition caused by
the minimal thickness.

Figure 5.11 – Printable beam volumes after removing the secondary support

The addition of volume is given by the next graph
(figure 5.12). Static model 4 is still showing the
most mass reduction in percentages (figure 5.13).

Overall, Concrete Printing is the least interesting for
developments towards printing without secondary
supports, since there is the most material addition.

Figure 5.12 - Volume addition after removing the secondary support
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Figure 5.13 - Percentage of volume addition per static model

Figure 5.14 - Average volume addition per AM method

The removal of the secondary support is a suitable
feature for Contour Crafting and Concrete Printing.
The latter is currently developed with a secondary
support of gypsum. D-Shape is the method with the
least material addition compared to the optimized
beams (figure 5.14). Printing open structures is a
future development and now researched for small
scale additive manufacturing and could result in
a difference in the volume addition compared to
the optimized beams. Here, FDM methods can be
used to print hollow structures, like pipes. For actual
3D-printing this is not possible since the small granular
material cannot be removed from the inside of the
hollow structure (Kranz, 2014). Contour Crafting and
Concrete Printing are FDM methods and therefore
have the future possibility to print hollow structures.

to use a minimum of material. In this case the designer
can look at the volume reduction compared to the
conventional beam. If it is more important to the
designer to add the least material to the optimized
beam, the percentages of added volume are
interesting. Even removal of the secondary support
could be interesting for future developments. Volume
specifications can be combined with the printing
time. However, manual labour- and post processing
time need to be taken into account.

5.1.5 SUB CONCLUSION
The results from the volumetric analyses can be used
for design purposes. Concluding from the volumetric
analyses some interesting figures arise. The static
model can be of influence when the designer wants
Static Model 1

In table 5.3 the best results of these aspects are
sorted per method. The model codes shows in which
direction the aspects are carried out the best. The
value in bold is the best result for this particular aspect
related to its static model.
If the designer can choose his own settings for the
printer, it is recommended to set the offset as high
as possible, since this results in the lowest material
addition. The layer thickness and minimal thickness
are result in the lowest volume addition, when set to
a low value. The extrusion width does not influence
the volume of the printable beam.
Static Model 2

Static Model 3

Static Model 4

Most volume reduction

CC_Yp
CP_Yp
DS_Zp

59 %
60 %
68 %

CC_Yp
CP_Yp
DS_Zp

56%
57%
66%

CC_Yp
CP_Yp
DS_Zp

63%
64%
72%

CC_Yp
CP_Yp
DS_Zp

66 %
68 %
75 %

Least volume addition

CC_Yp
CP_Yp
DS_Zp

29%
25%
1%

CC_Yp
CP_Yp
DS_Zp

30%
25%
1%

CC_Yp
CP_Yp
DS_Zp

36%
31%
2%

CC_Yp
CP_Yp
DS_Zp

39%
31%
2%

Least volume addition without
secondary support

CC_Yp
CP_Yp
DS_Zp

2%
2%
1%

CC_Yp
CP_Yp
DS_Zp

1%
2%
1%

CC_Yp
CP_Yp
DS_Zp

2%
4%
2%

CC_Yp
CP_Yp
DS_Zp

3%
4%
2%

Printing time per beam (h)

CC_Yp
CP_Yp
DS_Zp

4.34
13.07
43.20

CC_Yp
CP_Yp
DS_Zp

4.68
14.01
43.20

CC_Yp
CP_Yp
DS_Zp

3.97
11.89
43.20

CC_Yp
CP_Yp
DS_Zp

3.56
10.39
43.20

Table 5.3 - Best results per volumetric aspect
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5.2 STRUCTURAL ANALYSES
A selection of the output models of the tool
is structurally analysed by Oasys GSA. The
structural analyses are conducted on schematic
representations of the output of the tool. Because
of this approximate approach, the beams are only
analysed on a global structural aspect. This analysis
focusses on the first order deflection in z-direction (Uz)
for the elastic isotropic beams. In order to compare
the different AM methods in these analyses, the

Static Model 1

Static Model 2

material properties are set to the properties of a
generic mortar mixture (Khalix, 2013). The results of
the global structural analyses are listed in table 5.4.
Material
Density (kg/m3)
Young’s modulus (N/mm2)
Poisson’s Ratio

Static Model 3

Mortar mixture
1600
10000
0.2

Static Model 4

Beam

Defl.

Beam

Defl.

Beam

Defl.

Beam

Defl.

Conventional
CCa_Zp
CCa_Zn
CCa_Yp
Optimized
CCt_Zp
CCt_Zn
CPa_Zp
CPa_Zn
CPa_Yp
CPt_Zp
CPt_Zn

16.08
37.63
37.13
36.51
36.44
36.92
36.75
36.85
37.47
36.29
37.67
37.49

Conventional
CCa_Zp
CCa_Zn
CCa_Yp
Optimized
CCt_Zp
CCt_Zn
CPa_Zp
CPa_Zn
CPa_Yp
CPt_Zp
CPt_Zn

25.42
63.45
59.81
62.53
61.70
64.39
64.12
63.37
63.24
61.37
64.94
64.54

Conventional
CCa_Zp
CCa_Zn
CCa_Yp
Optimized
CCt_Zp
CCt_Zn
CPa_Zp
CPa_Zn
CPa_Yp
CPt_Zp
CPt_Zn

3.505
*
*
*
10.97
*
*
*
*
*
*
*

Conventional
CCa_Zp
CCa_Zn
CCa_Yp
Optimized
CCt_Zp
CCt_Zn
CPa_Zp
CPa_Zn
CPa_Yp
CPt_Zp
CPt_Zn

6.851
*
*
*
24.80
*
*
*
*
*
*
*

Table 5.4 – Models and results for structural analysis. * = Unspecified and Defl. = Deflection

5.2.1 SELECTION OF THE BEAMS
For the structural analyses, a selection is made out of
the tools output models and the conventional beams.
Out of a total of 64 beams, the analysis focusses on
21 models. As delimitation, the selection of models
for the structural analyses mostly focuses on static
models 1 and 2. Of static models 3 and 4, only the
conventional beam and the optimized beam are
taken into account (figure 1.4 of section 1.6).
Because D-Shape has a high printing resolution, the
method has a high printing precision. Besides that,
D-shape does not need secondary supports for
manufacturing. This results in printable beams that
practically match the shape and volume of the

optimized input models. Therefore, in the structural
analyses, D-Shape is not mentioned because its results
closely approach the results of the optimized beams.
For the same reason, the beams of Contour Crafting
and Concrete Printing without secondary support
are not structurally analysed. As an alternative to
the beams with a secondary support, truss beams
are analysed for static models 1 and 2.

SCHEMATIC GSA REPRESENTATION
The output of the tool consists of complex 3D
geometries which are translated into 2D wireframes
that function as schematic representations. These
wireframes are derived manually from an elevation
view of the created output models (figure 5.15).

Figure 5.15 - 2D wireframe manually derived from output model
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For Contour Crafting and Concrete Printing, the
secondary support is added to the beams in order to
make the optimized beams printable (figure 5.16a).
This secondary support is not designed to contribute
to the structural function for the beam. For the
structural analyses, an alternate 2D-wireframe beam
is designed. The alternative beam has a structure that
supports the layers above it. The thicker main beam

members are based on a generic truss beam. The
angle of the trusses is determined by the printable
angle of the specific AM method it is designed for
(figure 5.17). A simplified 2D-wireframe of the initial
truss beam is imported into GSA, because the
secondary support elements led to a large amount
of overlapping elements (figure 5.16b).

a)

b)
Figure 5.16 – Beam with secondary support in GSA- a) wireframe b) section properties

a)

b)

c)
Figure 5.17 – Alternative 2D truss beam in GSA a) wireframe b) with section properties c) simplified
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The structural analyses of the beams are done with
the software package Oasys GSA 8.6 Build 9 (GSA).
When imported into GSA, each wire of the wireframe
represents a structural beam member which is
given specific material- and section properties. At
first, the section properties of the beam elements
are measured in the 3D output model of the tool.
Overlap occurs when section properties are given
to the wireframe in GSA. This is relevant for local
analysis, and does not affect the maximal deflection
of the beams significantly.
The next step is to set the mass of the beam members.
The total mass of the GSA model is compared to the
mass of the correlating output model of the tool. The
initial section properties of the GSA beam members
are altered until the masses of the two different
models are similar. For each static model, the mass
comparing step is firstly done on the optimized models
without supports, so that the basis of the GSA models
within one static model are similar. The additional

mass of the GSA models with supports is strictly added
by enlarging the section properties of the support
beam members. This results in comparable effects of
the addition of supports on the structural behaviour
of the models.
The printable beams with supports and with a 90˚
model orientation are differently modelled in GSA.
The percentage of mass addition of the supports is
calculated according to the relating model without
supports. This mass is added as a factor times the
dead weight of the model without support. In this
way the extra weight of the supports is taken into
account for calculations in the first order.
At the end of the modelling of the beam in GSA, the
supports and loads are defined according to the
static model where the beam originates from. In GSA
the linear loads are set as projected loads on the
top beam elements of the optimized static models,
figure 5.18.

Figure 5.18 - Beam with projected loads and supports, modelled in GSA

5.2.2 DEFLECTION
Within a static model, the deflection of the optimized
beam is compared to the deflection of the printable
beams. For static models 1 and 2, the conclusion of

this comparison is that the printable beams have
a similar magnitude in deflection as the optimized
beams (figure 5.19). The same can be assumed for
static models 3 and 4, which are outside of the scope
of the structural analyses.

Figure 5.19 - Deflection of optimized beam compared to printable beams
within each static model
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The ratio between the deflections of the different
conventional beams is not the same as the ratio
between the deflections of the optimized beams.
The results of the analyses show that static model 3
has the smallest deflection and that static model 2

has the largest deflection (figure 5.20). These results
are verified by literature, where the static models of
the conventional beam results in similar outcomes
(figure 5.21).

Figure 5.20 - Displacement Conventional - Optimized / Static model

Figure 5.21 - Maximum deflection for different static
models (Briedé & Blok, 1995)
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Of the beams with trusses, only model M1_CC has
a smaller deflection than the model with secondary
support. For static model 1 Contour Printing and
static model 2 Contour Crafting the models with
trusses have a larger deflection. From these results we
can conclude that the application of trusses has no
significant impact on the deflection behaviour of the

beams in comparison to the beams with secondary
supports. Within a static model, the deflection of the
beams with secondary supports and the deflection
of the beams with trusses are corresponding (figure
5.22). Considering the maximum deflection of the
beam, both types of secondary support result in a
similar outcome.

Figure 5.22 - Displacement differences Columns - Trusses

Within a certain static model and AM method, the
results of the analysis show differences in deflection
between the optimized beams and the printable
beams. When looking at static models 1 and 2, it
appears that the average difference in deflection
between the optimized- and printable beams is
approximately 2%. In conclusion, the addition of
extra mass in order to make the beams printable has
no significant effect on the deflection of the beams.
This could be caused by the large ratio between the
external load and the dead weight of the beam.
There is one exceptional result in the outcomes of
the structural analysis. Beam type M2_CCa_Zn has a
deflection lower than the optimized beam. The input
settings and data in GSA were double checked, but
no causes could be found.

VARIATION IN THE ELASTIC MODULUS
The deflection of the optimized beams is higher
than the deflection of the conventional beams. The
deflection of a beam is related to the elastic modulus
of the build material. For the structural analyses, a
mortar mixture with an elastic modulus of 10000 N/
mm2 is used as material property. For static model
2 the elastic modulus is changed in order to find
the relation between the elastic modulus and the
deflection. Table 5.5 shows that the factor within the
elastic modulus and the deflection are related.

Elastic modulus (N/mm2)

2500

5000

10000

20000

40000

GSA deflection (mm)

245

122.5

61.7

30.63

14.32

Elastic modulus factor

1/4

1/2

1

2

4

Deflection factor

3.97

1.99

1.00

0.50

0.23

Table 5.5 - Factor between elastic modulus and deflection
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Materials with a higher elastic modulus result in a lower
deflection of the beam. Therefore, development
of materials with a higher elastic modulus could be
interesting considering material savings. However,
the costs of the new material is probably higher than
the currently used materials.

5.2.3 SUB CONCLUSION
The main conclusion that is derived from the structural
analyses is that the addition of secondary support
structures has practically no impact on the deflection
of an optimized beam. Changing the columns to

a truss like secondary support has no noticeable
effect either. The extra load added to the beams
because of these secondary support structures is
insignificant compared to the external load applied
on the beams. If the designer is only interested in
the deflection caused by the dead weight of the
structures, the differences can be used for design
purposes. Removing material by optimization, results
in a larger deflection of the beam. Development
of materials with a higher elastic modulus could be
interesting considering material savings.

5.3 PROTOTYPE TESTS
To validate the printability and the structural integrity
of the beams, a FDM machine is used to prototype
the beams. These prototypes are checked on flaws
after the print process by measuring the results and
comparing them with the 3D model in Rhino. Finally,
the small scale beams are placed on a bench press
to determine their deflection. If the deflection of the
printable beams is in the range of the deflection of
the optimized beam, the conclusion of paragraph
5.3 is verified. For these prototypes, the tool is run
separately with different values. For the Leapfrog
Creatr the following specifications are known:
Material:
Print Area:
Printer Height:
Layer Thickness:
Extrusion width:

ABS plastic
230 mm x 270 mm
200 mm
0.2 mm (Recommended for
Leapfrog Creatr)
0.35 mm (Leapfrog BV, 2014)

The offset is not given by the RP printer, however on
several forums people claimed to print at a maximal
angle of 45 degrees. With the purpose to make a
better comparison with the prototype, the offset in
the tool is set at 1/3 of the extrusion width.
The minimal extrusion of the Leapfrog Creatr is 0.35
mm and is also the minimal thickness which can
be used in the model. Since it quickly breaks, this
thickness is mostly used for the breakaway supports.
Shapeways (2014) recommends manufacturing
models with a minimal wall thickness of 2 mm for ABS
printers. Therefore, the minimal thickness of 2 mm is
applied. The AM settings of ABS plastic are used as
input values for the tool (figure 5.23).

Figure 5.23 - Settings of the tool
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For this test, four models are manufactured. Since the
bench press works with a point load on a hinged and
roller bearing, static model 2 is used for the tests. The
model is tested on the three rotations with supports
and on the standard orientation without the supports.
That is a total of four models given the codes:
M2_ABSb_Zp
M2_ABSa_Zp
M2_ABSa_Zn
M2_ABSa_Yp

Standard orientation without supports
Standard orientation with supports
Upside down orientation with supports
Sideways orientation with supports

The model without supports is only used for the
comparison to the models with the secondary
supports and is not checked on printability. For this
model, the supports are calculated by the software
of the printer. These supports are created to be
removed after manufacturing and have a different
pattern than the supports created by the tool.

Figure 5.25 - Test setup of the bench press

5.3.2 RESULTS

5.3.1 TEST SETUP

VOLUMETRIC RESULTS

In figure 5.24 the test setup is shown. The prototype
beams of static model 2 are placed on the bench
press. For the prototype beams the same wireframe
models were created in GSA as for the structural
analyses (figure 5.24 and 5.25). Prior to the test, the
point load is derived from the optimized model
in GSA. The load applied for the deflection of 5
mm is used to determine the range of the force of
the bench press. The load in GSA to gain a 5 mm
deflection is 0.2 kN. The smallest range on the bench
press is a range from 0 to 10 kN and applied on the
model. The speed of the press was set to 0.4 mm/min
to slowly apply the force on the beam.

Table 5.6 shows the volumetric results of the four
models. The average volume reduction of the
printable beams compared to the conventional
beam is 52%. The volume reduction of the optimized
beam is 66%.

Figure 5.24 - Test setup and model in GSA
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For the comparison of the CAD models with the
printed models, two sets of models are printed.
For these models the length, height and width are
measured. Also the models are weighted. The
average of the two similar models is shown in table
5.7. The deviation of the printed models compared
to the CAD models is negligible for the length and
the height. The weight is comparable with the new
volumes in table 5.6. Only the width of the model
shows some deviations. A reason could be that the
printer deposits an excess of material. This could be
caused by temperature settings of the nozzle.
STRESS-STRAIN DIAGRAMS OF THE FOUR PROTOTYPE BEAMS
The main conclusion that is derived from section 5.2
is that the addition of secondary support structures
has practically no impact on the deflection of an
optimized beam. The bench press results in a similar
outcome. The graph of figure 5.26 shows the result of
the bench stress test in a load-deformation diagram.
The deflections show a similar result as calculated
with Oasys GSA.
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Box
volume
(cm3)

Input
Volume
(cm3)

New
Volume
(cm3)

Volume
Addition
(cm3)

%

Layer
Thickness
(mm)

Extrusion
Width
(mm)

Offset
(mm)

Minimal
Thickness
(mm)

n layers

M2_ABSb_Zp

20.48

6.94708

7.29443

0.34735

5%

0.20

0.35

0.12

2.00

101

M2_ABSa_Zp

20.48

6.94708

9.51750

2.57042

37%

0.20

0.35

0.12

2.00

101

M2_ABSa_Zn

20.48

6.94708

9.65644

2.70936

39%

0.20

0.35

0.12

2.00

101

M2_ABSa_Yp

20.48

6.94708

10.28168

3.33460

48%

0.20

0.35

0.12

2.00

51

Table 5.6 - Volumetric results

Length (mm)
CAD-Model
M2_ABSb_Zp

M2_ABSa_Zp

M2_ABSa_Zn

M2_ABSa_Yp

Width (mm)

Height (mm)

Weight (g)

160.0

8.00

16.00

Unspecified

Set 1: 159.5

Set 1: 8.58

Set 1: 16.00

Set 1: 7

Set 2: 159.2

Set 2: 8.87

Set 2: 15.94

Set 2: 7

Average: 159.35

Average: 8.725

Average: 15.97

Average: 7

Set 1: 159.2

Set 1: 8.76

Set 1: 16.00

Set 1: 10

Set 2: 159.2

Set 2: 8.77

Set 2: 16.07

Set 2: 10

Average: 159.2

Average: 8.765

Average: 16.035

Average: 10

Set 1: 159.3

Set 1: 8.51

Set 1: 16.03

Set 1: 10

Set 2: 159.3

Set 2: 8.50

Set 2: 16.09

Set 2: 10

Average: 159.3

Average: 8.505

Average: 16.06

Average: 10

Set 1: 159.1

Set 1: 7.74

Set 1: 16.32

Set 1: 10

Set 2: 159.8

Set 2: 7.83

Set 2: 16.35

Set 2: 10

Average: 159.45

Average: 7.785

Average: 16.335

Average: 9.5

Table 5.7 - Measurements of the models

Figure 5.26 – Results of the bench press test
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Notable here is the graph of the model printed with
a sideway orientation (ABSa_Yp). The layer-by-layer
bonding caused the model to break earlier. For
large scale additive manufacturing, the bonding
between the mortar-like materials is much stronger.
The pictures of the deformed beams are shown in
figure 5.27.
Maximum deflections of the test beams are:
ABSb_Zp
5.35 mm
ABSa_Zp
4.79 mm
ABSa_Zn
4.69 mm
ABSa_Yp
4.23 mm
GSA value
5.00 mm

ABSb_Zp

ABSa_Zp

ABSa_Zn

ABSa_Yp
Figure 5.27 - Deformations of the ABS beams

5.3.3 SUB CONCLUSION
The tests with the FDM printer show similarities
between small scale models and the calculated
models for large scale. Therefore we can verify that
the hypotheses that the models with supports do not
deviate in deflection compared to the optimized
models.

80

Large scale additive manufacturing of topological optimized beams

Analyses

81

82

Large scale additive manufacturing of topological optimized beams

6 Conclusion
The AM properties determine the modifications
towards printability of the topological optimized
beams. The layer-by-layer additive manufacturing
influences the volume of the beams. A larger layer
thickness and minimal thickness result in a larger
volume addition. On the opposite, a large offset
results in a lower volume addition. The extrusion
width has no direct influence on the volume of the
printable beam.
In order to print a topological optimized beam,
minimal thickness, angles and spans inside the beam
are the conditions determined by the properties
of the different AM methods. The conditions must
comply with the minimal values given by these AM
methods. The tool loops trough each layer of the
model to check and adapt the beam. The maximal
printable angle is related to the offset and layer
thickness and the spans are supported whenever this
is necessary. The output of the tool is collected and
exported to an overview.

and printing time calculation. The results on maximum
deflection show the feasibility of the printable beams
compared to the optimized beams. The average
volume reduction of the printable beams compared
to the conventional beams is 64%. The deflection
of the printable beams and optimized beams are
corresponding. Changing the elastic modulus lowers
the maximal deflection and therefore the beam
can be printed with a lower volume. The volume
reduction from conventional to printable beams
results in material savings which have a positive
impact on the environment.
With the tool, a range of printable solutions is given
to support the large scale additive manufacturing
design process of topological optimized beams.
This tool is the first step towards the development
of a design (CAD) environment that is fine-tuned
towards large scale AM methods. The designer can
anticipate on the consequences of the changes of
the parameters on the volume and deflection of a
beam.

The overview consists of volumetric information and
the maximum deflection of a selection of beams.
With this overview, the designer can select the most
suitable large scale AM method for the design of
the topological optimized beam. The volumetric
information can be used in material saving analyses
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7 Future Prospects
As delimitation, this study focusses only on the
additive manufacturing of topological optimized
beams. We expect corresponding results for
different structural elements, for example foundation
beams, structural wall elements and floors. The mass
reduction of a single beam caused by structural
optimization can be generalized for other structural
elements. This could have a major impact on the
material fabrication, transportation and demolition in
the construction industry. These aspects have major
impact on the global CO2 usage. Developments of
these manufacturing methods for the construction
industry could have a large positive environmental
impact.
When we take a look at the results of our research
on printing large scale topological optimized beams,
we think that additive manufacturing in construction
will particularly develop towards printing of large
scale building components before printing entire
buildings will become interesting. We think that a
shift in vision in the building industry is necessary for
the development of large scale AM for construction.
Developments in design-, engineering-, and software
are necessary.
Within the current vision large scale AM is often
compared to conventional production methods,
for the production of conventional buildings or
building elements. In this comparison, large scale AM
often seems an expensive and devious production
method, while we believe that the wrong comparison
is made. It is not logical to use an advanced method
for the production of conventional buildings or
building elements. These comparisons will not result
in an added value of large scale AM for the building
industry.

From this research can be derived that large
scale AM is suitable for the production of free form
structures. It should be mentioned that the designs
of these free forms is always linked to the printer- and
material properties of the AM method which they
are produced with. The added value of printing the
topological optimized beams in this research is that
the freeform design is not only based on an esthetic
design, but that it is linked to the function of the
component.
In this research the function of the building element
is purely structural. We believe that the main
advantage of large scale AM is that it enables the
possibility of integrating multiple facets in the building
industry in one building or building element. These
can be complex and sophisticated systems, like;
HVAC-, domotics- and other smart systems, which
can be combined with the optimized structuraland esthetic design of a building element. With
this vision, printing of buildings is becoming more
interesting. Large scale AM could fabricate these
complex building elements. A conventional building
would then change into a living environment, with
the dynamic function of the building, comfort and
usability for the occupants as central principals.
These developments would stimulate a smart use of
energy and savings of building materials by enabling
integral optimized designs.
In our view, the addition of value to building
elements must be the goal of developing large
scale AM for construction. Large scale AM is part
of the developments towards the production of
integrated living environments. After engineering
and manufacturing, developments in the automatic
assembly of these elements would preferably be
developed as well.
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We expect that in the next five years, large scale
AM for construction will keep on developing. The
first developments will be on structural optimization
software for anisotropic building materials like
concrete. Simultaneously, more printable building
materials will be developed. For the building elements,
parametric modeling will become increasingly
more important for the design and engineering of
the complex geometries. During these five years,
more knowledge and a larger understanding of the
possibilities of large scale AM will be developed. We
expect that large scale AM will still only be used for
architectural design purposes.
In about ten years from now, the first large scale
AM building elements will be designed where
architectural design is linked to a structural function.
New printable materials will result in innovative AM
applications. There will be research on how to print
transparent and translucent materials. Through these
developments, the first apparent differences with
conventional buildings will become noticeable.

Window frames will not be necessary anymore, and
transparent building materials will be integrated
with the continuous printing process. New insulating
materials and printing patterns will be developed
and applied. The first test building elements with
added value will be designed. To be able to engineer
these elements, new 3D CAD software needs to
be developed, where the multiple disciplines of
the building industry are integrated. Designers
and engineers that use this software need a high
understanding of integrated and parametric design.
In twenty to thirty years, we expect that the difficult
software will develop towards a more automated
and user friendly software. At this time, the first multi
material, smart integrated building elements will be
printed. Conventional construction will slowly start to
decrease, and due to large scale AM, construction
will be largely automated. Buildings as we know them
will develop towards integrated living environments
(figure 7.1).

Figure 7.1 - Buildings will develop towards integrated living environments
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8 Discussion
To accomplish the main goal of this research, a
design decision tool is developed to support the
large scale additive manufacturing design process.
The tool creates a series of outcomes based on
volumetric analyses of topological optimized beams.
These outcomes are placed in an overview together
with results from a structural analysis on the maximum
deflection of these beams.
In this research, the output mesh of the tool was
imported into an analysis software package. The
complexity of the mesh model combined with our
limited structural knowledge prevented a complex
approach for the structural analysis. Therefore, a
schematic wireframe representation was made
manually. Because of this global representation, only
structural analyses on the deflection in y-direction
were performed. Local analyses would not have
resulted in representative results.
At the structural analyses, truss beams are introduced
as a structural alternative to the beams with
supporting columns. In this comparison, the mass of
the truss beam is set equal to mass of the correlating
beam with columns. We expected that the truss
beam would have a lower maximum deflection than
the beams with columns. Because the extra weight
of the columns does not contribute to the structural
function of the beam. The mass of the truss beams
is distributed over beam members with a structural
function. It appeared that there was an insignificant
difference between the maximum deflections of
both beams. This is caused by the small impact of
the additional load of the columns on the deflection
of the beams in comparison to the external load on
the beams.

The beams in this research are topological optimized
with an existing software package. This software
package is used to generate optimized solutions for
structural beams with isotropic materials with linear
elastic behaviour. This means that this software cannot
be used for anisotropic materials like concrete. The
choice to use this software for our initial topological
designs is based on the lack of existing optimization
software for anisotropic building materials. When
optimization software for construction is developed,
the output models of this software can be used as
input for the tool we developed.
The tool developed during this research still has room
for improvement. The initial plan for this research
was to focus only on the volume analyses. In a later
stadium of the research the structural analyses were
introduced. The topological optimization and the
structural analyses are conducted separately and
manually with external software packages. At this
point, the tool was in a stage of development in
which it was not viable to integrate these separated
processes. The integration of the topological
optimization and the structural analyses into the tool
would improve the automation of the total process.
This would enable a wider range of possibilities by
iteration. For instance, the integration would enable
the optimization of a secondary support structure for
the printable beams. We left out the optimization of
these supports because more advanced structural
knowledge is needed. Future structural research can
result in a support structure that uses less material
and contributes to the structural function of a beam.
The output information of the tool shows designers
and developers the impact of a decision on the
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volume reduction of a beam. In this research the end
user was left out of consideration and the focus lied
on the volume and deflection of the beam. Future
studies could focus on this end user. Additional
information, like costs, manual labour and material
properties of the AM methods can be added to the
tool. In this way, the overview to support the design
process can be expanded.
Large scale additive manufacturing is a relatively
new development in the construction industry.
The lack of information about the developed AM
methods, and the lack of available software resulted
in choices that were made in this research that have
influenced the results. The parametric tool that is
developed during this explorative study and the
overview created in this study provide a basis for
further studies on the topic of large scale additive
manufacturing for construction.
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A Optimal Column Division
This table shows the mass comparison of the columns of the prototype beam. The offset is set at 5mm and
the layer thickness is set at 13mm. The minimal thickness is 10mm. The configuration of 17x2 columns has the
minimal volume.
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B Volumetric Results of the AM Methods
This table lists the volumetric values directly retrieved
from the tool. The following AM properties are used
to create the list:
Method

Layer Thickness (mm)

Extrusion Width (mm)

Offset (mm)

Minimal Thickness (mm)

Contour Crafting

13.00

15.00

5.00

30.00

Concrete Printing

9.00

9.00

3.00

18.00

D-Shape

5.00

5.00

1.67

5.00

New
Volume
(m3)

Volume
Addition
(m3)

Number
of layers

Mass
Reduction

Column
Volume (m3)

Model Code

Input
Volume
(m3)

MT Volume Printing time/
(m3)
beam (h)

M1_CCa_Yp

0,250

0,323

0,073

21

59%

0,068

0,006

4,34

M1_CCa_Zn

0,250

0,353

0,104

42

55%

0,091

0,013

4,76

M1_CCa_Zp

0,250

0,342

0,092

42

57%

0,083

0,009

M1_CCb_Yp

0,250

0,255

0,006

21

68%

4,34

M1_CCb_Zn

0,250

0,263

0,013

42

67%

4,76

M1_CCb_Zp

0,250

0,259

0,009

42

67%

M1_CPa_Yp

0,250

0,313

0,063

31

60%

0,056

0,007

13,07

M1_CPa_Zn

0,250

0,335

0,085

61

57%

0,071

0,014

13,98

M1_CPa_Zp

0,250

0,323

0,073

61

59%

0,063

0,010

13,5

M1_CPb_Yp

0,250

0,257

0,007

31

67%

13,07

M1_CPb_Zn

0,250

0,264

0,014

61

67%

13,98

M1_CPb_Zp

0,250

0,260

0,010

61

67%

13,5

M1_DSb_Yp

0,250

0,253

0,003

55

68%

86,4

M1_DSb_Zn

0,250

0,256

0,006

109

67%

86,4

M1_DSb_Zp

0,250

0,254

0,005

109

68%

43,2

M2_CCa_Yp

0,268

0,361

0,093

21

54%

0,088

0,005

4,85

M2_CCa_Zn

0,268

0,353

0,085

42

55%

0,073

0,012

4,75

M2_CCa_Zp

0,268

0,348

0,080

42

56%

0,071

0,009

4,68

M2_CCb_Yp

0,268

0,273

0,005

21

65%

4,85

M2_CCb_Zn

0,268

0,280

0,012

42

64%

4,75

M2_CCb_Zp

0,268

0,276

0,009

42

65%

4,68

M2_CPa_Yp

0,268

0,345

0,077

31

56%

0,071

0,006

14,42

M2_CPa_Zn

0,268

0,344

0,076

61

56%

0,063

0,013

14,37

M2_CPa_Zp

0,268

0,335

0,067

61

57%

0,057

0,010

14,01

M2_CPb_Yp

0,268

0,274

0,006

31

65%

14,42

M2_CPb_Zn

0,268

0,281

0,013

61

64%

14,37

M2_CPb_Zp

0,268

0,278

0,010

61

65%

14,01

M2_DSb_Yp

0,268

0,270

0,002

55

66%

86,4

M2_DSb_Zn

0,268

0,274

0,006

109

65%

86,4

M2_DSb_Zp

0,268

0,273

0,005

109

65%

43,2

4,6

4,6
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New
Volume
(m3)

Volume
Addition
(m3)

Number
of layers

Mass
Reduction

Column
Volume (m3)

Model Code

Input
Volume
(m3)

MT Volume Printing time/
(m3)
Beam

M3_CCa_Yp

0,218

0,297

0,079

21

62%

0,073

0,006

3,99

M3_CCa_Zn

0,218

0,299

0,081

42

62%

0,071

0,01

4,02

M3_CCa_Zp

0,218

0,295

0,077

42

63%

0,067

0,010

3,97

M3_CCb_Yp

0,218

0,224

0,006

21

72%

3,99

M3_CCb_Zn

0,218

0,228

0,01

42

71%

4,02

M3_CCb_Zp

0,218

0,228

0,010

42

71%

3,97

M3_CPa_Yp

0,218

0,289

0,071

31

63%

0,059

0,012

12,06

M3_CPa_Zn

0,218

0,285

0,067

61

64%

0,057

0,010

11,9

M3_CPa_Zp

0,218

0,285

0,067

61

64%

0,057

0,010

11,89

M3_CPb_Yp

0,218

0,230

0,012

31

71%

12,06

M3_CPb_Zn

0,218

0,228

0,010

61

71%

11,9

M3_CPb_Zp

0,218

0,228

0,010

61

71%

11,89

M3_DSb_Yp

0,218

0,224

0,006

55

72%

86,4

M3_DSb_Zn

0,218

0,222

0,004

109

72%

86,4

M3_DSb_Zp

0,218

0,222

0,004

109

72%

43,2

M4_CCa_Yp

0,190

0,290

0,101

21

63%

0,092

0,008

3,91

M4_CCa_Zn

0,190

0,271

0,081

42

66%

0,068

0,013

3,64

M4_CCa_Zp

0,190

0,264

0,075

42

66%

0,063

0,012

3,56

M4_CCb_Yp

0,190

0,198

0,008

21

75%

3,91

M4_CCb_Zn

0,190

0,202

0,013

42

74%

3,64

M4_CCb_Zp

0,190

0,202

0,012

42

74%

3,56

M4_CPa_Yp

0,190

0,275

0,085

31

65%

0,071

0,013

11,47

M4_CPa_Zn

0,190

0,250

0,061

61

68%

0,051

0,010

10,46

M4_CPa_Zp

0,190

0,249

0,059

61

68%

0,050

0,009

10,39

M4_CPb_Yp

0,190

0,203

0,013

31

74%

11,47

M4_CPb_Zn

0,190

0,199

0,010

61

75%

10,46

M4_CPb_Zp

0,190

0,199

0,009

61

75%

10,39

M4_DSb_Yp

0,190

0,196

0,007

55

75%

86,4

M4_DSb_Zn

0,190

0,194

0,004

109

75%

86,4

M4_DSb_Zp

0,190

0,193

0,004

109

75%

43,2
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C Volumetric Results of the Parameters
This table lists the volumetric values directly retrieved from the tool. Each time. one parameter is varied. The offset and
minimal thickness value change directly with the value of the extrusion width.

Box
Volume
(m3)

Input
Volume
(m3)

New
Volume
(m3)

Volume
Addition
(m3)

Volume
Addition
(%)

Layer
Thickness
(mm)

Extrusion
Width
(mm)

Offset
(mm)

Minimal
Thickness
(mm)

n Layers

Divx

Divy

0,787

0,250

0,291

0,041

17%

5

10

3,33

20

109

54

2

0,787

0,250

0,301

0,052

21%

7

10

3,33

20

78

43

3

0,787

0,250

0,313

0,064

25%

9

10

3,33

20

61

51

3

0,787

0,250

0,320

0,071

28%

11

10

3,33

20

50

62

3

0,787

0,250

0,323

0,073

29%

13

10

3,33

20

42

68

3

0,787

0,250

0,340

0,090

36%

15

10

3,33

20

37

73

3

0,787

0,250

0,323

0,073

29%

10

5

1,67

10

55

135

5

0,787

0,250

0,319

0,069

28%

10

7

2,33

14

55

89

4

0,787

0,250

0,318

0,068

27%

10

9

3

18

55

69

3

0,787

0,250

0,319

0,069

28%

10

11

3,67

22

55

46

3

0,787

0,250

0,321

0,072

29%

10

13

4,33

26

55

48

2

0,787

0,250

0,322

0,073

29%

10

15

5

30

55

37

2

0,787

0,250

0,297

0,048

19%

10

10

5

20

55

42

3

0,787

0,250

0,318

0,068

27%

10

10

3,33

20

55

55

3

0,787

0,250

0,343

0,094

37%

10

10

2,5

20

55

68

3

0,787

0,250

0,358

0,108

43%

10

10

2

20

55

62

4

0,787

0,250

0,383

0,133

53%

10

10

1,67

20

55

70

4

0,787

0,250

0,288

0,039

16%

10

10

3,33

10

55

108

4

0,787

0,250

0,304

0,054

22%

10

10

3,33

15

55

61

4

0,787

0,250

0,318

0,068

27%

10

10

3,33

20

55

55

3

0,787

0,250

0,335

0,085

34%

10

10

3,33

25

55

43

3

0,787

0,250

0,356

0,107

43%

10

10

3,33

30

55

49

2
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D Results Structural Analyses
This table lists the maximal deflection (mm) for the selection of beams retrieved from the structural analyses
in GSA.
BEAM
Method

Type

Total
Mass

Gravity
factor

Mass(kg)

Load (-z)

Unit

Deflection
(Uz)

Conventional

0,787

1259,8

1

1260

48

kN/m

-16,08

Optimized

CC
M1

CP

0,250

399,5

1

399,2

48

kN/m

-36,44

CCa_Zp

0,342

546,5

1

546,5

48

kN/m

-37,63

CCa_Zn

0,353

565,3

1

565,6

48

kN/m

-37,13

CCa_Yp

0,255

408,4

1,26

408,3

48

kN/m

-36,51

CCt_Zp

0,342

546,5

1

547,1

48

kN/m

-36,92

CCt_Zn

0,353

565,3

1

566,1

48

kN/m

-36,75

CPa_Zp

0,323

516,9

1

516

48

kN

-36,85

CPa_Zn

0,335

535,5

1

535,3

48

kN

-37,47

CPa_Yp

0,257

411,5

1,21

411,7

48

kN

-36,29

CPt_Zp

0,323

516,9

1

517,2

48

kN

-37,67

CPt_Zn

0,335

535,5

1

535,4

48

kN

-37,49

Conventional

0,787

1259,8

1

1260

259

kN

-25,42

Optimized

0,268

428,6

1

428,1

259

kN

-61,7

CCa_Zp

0,348

556,3

1

556,2

259

kN

-63,45

CCa_Zn

0,353

564,7

1

564,6

259

kN

-59,81

CCa_Yp

0,273

436,6

1,18

435,3

259

kN

-62,53

CCt_Zp

0,348

556,3

1

556,4

259

kN

-64,39

CCt_Zn

0,353

564,7

1

565,2

259

kN

-64,12

CPa_Zp

0,335

536,5

1

535,8

259

kN

-63,37

CC
M2

CPa_Zn

0,344

550,4

1

551

259

kN

-63,24

CPa_Yp

0,274

438,8

1,18

539,2

259

kN

-61,37

CPt_Zp

0,335

536,5

1

536,4

259

kN

-64,94

CPt_Zn

0,344

550,4

1

549,1

259

kN

-64,54

Conventional

0,787

1259,8

1

1260

48

kN/m

-3,505

Optimized

0,218

348,4

1

348,1

48

kN/m

-10,97

Conventional

0,787

1259,8

1

1260

259

kN/m

-6,851

Optimized

0,190

303,6

1

303,3

259

kN/m

-24,8

CP

M4

GSA

Total
Volume
(m3)

Model

M3

TOOL
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E Process Summary
LARGE SCALE ADDITIVE MANUFACTURING
OF TOPOLOGICAL OPTIMIZED BEAMS
This thesis focusses on the development of a design
decision tool which gives a range of printable
solutions in order to support the large scale additive
manufacturing (AM) design process of topological
optimized beams.
The data for this research is collected in different
stages. The first stage is embedded into the first sub
goal; Determine the properties from the three most
promising large scale AM methods to define the large
scale AM processes when producing topological
optimized beams. In this first stage, data is collected
to determine the conditions needed for the tool.
Data for the three most promising AM methods are
collected by correspondence with manufacturers
and by a literature study. For all missing information
an assumption is made according to similar data.
Information according to topology optimization is
collected by a literature study.
The data collected in this stage is numerical and
contains printer and material properties. With this
numerical data the conditions of the tool are defined.
These conditions are focussed on printability and
are given by the size, the angle, the span and the
minimal thickness of the object. At the first stage, the
tool checks whether a topological optimized beam
is printable or not. The tool adapts the beam to a
printable one and if necessary a secondary support
is applied. The printer size and four static models are
used to create a selection of topological optimized
beams for the three most promising large scale AM
methods. These optimized beams are used as input
for the design decision tool. For each model three
different orientations are applied. For the models with
the use of supports, variations are created without the
supports to show the impact of future developments
towards removable secondary materials.
The development of the tool is an iterative process
with the following steps: planning, requirement
analysis, design, development and testing. The
cycle is repeated until the tool works properly.
The development is split into several steps, where
the same cyclic approach is applied. Each step
represents a rule of printability as applied in the tool.
In software development a project broken up into
small iterative builds is called an agile method.
The second stage is the collection of data for
analyses of the three most promising large scale AM
methods. This data consists of numerical data and
3D models and can be directly derived from the

output of the design decision tool. This output is a
range of 60 printable solutions and will be placed in
an overview. For each beam the volumetric value is
used for further analyses like active printing time and
volume reduction.
On a selection of printable beams, global structural
analyses on deflection are executed to test their
structural integrity. The results of these optimized
beams are compared to the structural behaviour
of the conventional beam of each static model.
Additionally the supports of the optimized beams
are modified to a truss-like support structure. The
optimized beams with trusses are compared to the
other beams in the selection. Within the reach of
these analyses, the feasibility of the AM method for a
certain model is determined.
The volumetric analyses focus on volume reduction,
printing time, variation of the AM properties, and
future developments. The overview of the volumetric
output of the tool focusses on the mass reduction of
printable beams compared to conventional beams.
The conclusion of the volumetric analyses is that the
designer can use these results of the overview for the
design of an optimized printable beam.
The structural analyses are done on the schematic
representations of a selection of the output models
of the tool. These analyses focus on the deflection
in z-direction. The conclusion is that the addition
of secondary support structures has practically no
impact on the deflection of an optimized beam.
Materials with a higher elastic modulus result in a
lower deflection of the beam. Therefore, future
development towards printable materials with
a higher elastic modulus could be interesting
considering feasibility of printing optimized structures.
The overview shows the feasibility of the printable
solutions in volumetric information and maximum
deflection of the beams. The volume reduction of
printable- compared to conventional beams results
in material savings with an average of 64%. These
material savings have a positive impact on the
environment.
With the tool, a range of printable solutions is given
to support the large scale additive manufacturing
design process of topological optimized beams.
This tool is the first step towards the development
of a design (CAD) environment that is fine-tuned
towards large scale AM methods. The designer can
anticipate on the consequences of the changes of
the parameters on the volume and deflection of a
beam.
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F Division of Labour
In this master thesis we worked together on the development of a design decision tool. During this process
we divided the labour only for elaboration of each step. The literature study, the research and design of the
tool and analyses are conducted together. The elaboration of the parts in this thesis is divided as follows:

Adrie
Research Plan

Additive manufacturing

Topology optimization

Tool developement

Analyses
Conclusion
Future prospects
Discussion

Bas

·

Content definition

·

Content definition

·

Elaboration in report

·

Elaboration in report

·

Literature study

·

Literature study

·

Content definition

·

Content definition

·

Elaboration in report

·

Literature study

·

Literature study

·

Content definition

·

Content definition

·

Topology optimization in Inspire
and Topostruct

·

Elaboration in report

·

Literature study

·

Literature study

·

Content definition

·

Oasys GSA analyses

·

Structural analyses in report

·

Content definition

·

Content definition

·

Elaboration in report

·

Content definition

·

Elaboration in report

·

Content definition

·

Grasshopper development

·

Elaboration in report

·

Volumetric analyses in report

·

Content definition

·

Elaboration in report

·

Content definition

·

Content definition
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