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Abstract:

This masters thesis is about ber rein-
forced FFF 3D-printing and how simulta-
neous topology and ber angle optimization
can be used to create structural parts with
this material. Density based topology op-
timization is used together with the discrete
material optimization. Since the original for-
mulation penalizes intermediate densities ex-
cessively hard it is not possible to use it
together with density Itering. Therefore
two new formulations have been proposed
and implemented to circumvent this prob-
lem. The rst formulation reduces the pe-
nalization while the second method removes
the Itering.

The problem that is solved is a minimiza-
tion of the volume of 3D-printed structures,
subjected to a strength constraint. The op-
timization is based on material parameters
found from experimental tests of ber rein-
forced 3D-printed material. Both continu-
ous and short Dber reinforced materials are
investigated. The optimization is validated
against experimental tests. Both methods
can therefore be viable but the method with
the reduced penalization is recommended
due to the introduction of a minimum length
scale from the Iter.

The content of this report is freely available, but publication (with reference) may only be

pursued due to agreement with the authors.



Resume

Denne kandidatafhandling omhandler ber forst rket FFF 3D-print og hvordan det kan kom-
bineres med topologi- og berretningsoptimering, til at designe strukturelle dele.
To ber forst rkede 3D-print materialer er testet for at bestemme materialeegenskaberne.
Disse to materialer er en kort berforst rket Polyamid og en Polyamid der er forst rket
med kontinuerte bre. Disse materialeegenskaber bliver benyttet i optimeringen og g r det
muligt at validerer optimeringsresultaterne med eksperimentelle test. Materialemodellen der
benyttes, vil blive antaget v rende line r elastisk.
Til optimeringen anvendes nite element metoden til at bestemme svigtindeks. Det benyt-
tede svigtindeks er Tsai-Wu, hvilket tilf jes som en bibetingelse til optimeringen, hvis formal
er at minimere volumen. Topologioptimeringen tager udgangspunkt i den densitetsbaserede
metode mens der til berretningsoptimeringen anvendes Discret Material Optimization (DMO).
Udv Igelsen af DMO’en skyldes prim rt muligheden for at kunne fremstille de optimerede
emner med minimal postprocessering af resultaterne. Implementeringen af DMO-metoden
er uddybet og analytiske udtryk for sensitiviteterne er bestemt til implementeringen i den
densitets baserede topologioptimering. Det er fundet ud af at den oprindelige formulering af
DMO’en til optimering pa baggrund af svigtindeks ikke kan anvendes i sammenh ng med
densitetsbaseret topologioptimering nar densitetsbaseret Itrering anvendes. Derfor er to
I sningsforslag udarbejdet og testet. F rste | sningsforslag er ikke at summere fejlkriterierne
i de enkelte elementer, hvorved penaliseringen mindskes. Det andet | sningsforslag er at fjerne
Itreringen. Dette resulterer dog i problemer med checkerboarding, hvorfor det er n dvendigt
at introducere en kvadratisk elementformulering, der ikke kr ver Itrering for at give fysiske
resultater.
Disse | sningsforslag er testet i forskellige numeriske eksempler for at vurdere dem mod hi-
nanden. Denne vurdering viser at den line re elementformulering uden summering af svigtin-
deks, er mere favorabel end den kvadratiske, grundet den | ngdeskala der introduceres med
Itreringen. De numeriske resultater er desuden valideret med eksperimentelle test for det
kort berforst rkede materiale. Dette viser en underestimering af den strukturelle styrke,
hvilket er forventeligt da der tilf jes materiale til den optimerede geometri under postpro-
cesseringen, der tillader at emnerne kan 3D-printes. Optimeringen vurderes derfor at v re
tiln rmelsesvis sammenlignelig med de eksperimentelle resultater. Der er derfor opstillet
to metoder til at kombinere topologi optimering med berretnings optimering af FFF 3D-
printede geometrier. Begge metoder kan bruges, men metoden med Itre uden summering af
svigtindeks er dog at foretr kke grundet den tilf jede | ngdeskala.
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Reading guide lines

The project is written using American English spelling and the Harvard method is used
throughout the project as source referencing. The report will be divided in chapters numbered
(x.y.z), where the rst number marks the chapter, the second mark the section and third
number mark the subsection.

Throughout the project vectors will be marked with curly brackets fxg and matrices will be
marked with square brackets [X].

In order to de ne the stresses the Voigt notation is used.
The numerator layout is used in order to determine the gradients.

A nomenclature list can be found in the start of the project, which will give an overview of
the notation.

At the end of the report a complete bibliography can be found together with the applied
appendixes denoted A, B, C, D and E.
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Nomenclature

Vector

f g Lagrange multipliers

T ¢g Stress components of element e
fFg Global force vector

fUg Global displacement vector
fueg Nodal displacements for element e
fyg  Merit function vector

Matrix

[@] Partial operator matrix

[B]  Strain-displacement matrix

[C] Constitutive matrix

[H]  Linear weight matrix

[K] Global sti ness matrix

[ke]  Elemental sti ness matrix

[N]  Shape function

[T] Transformation matrix

Scalar

Xe Projected element densities

Xe Filtered element densities

Smoothing parameter for projection
Iters

Move limits

Threshold value for threshold Iter
C Compliance
c Adaptive constraint scaling factor
dext  Size of domain extension

E Young’s modulus

Fle

Flpn

F Irel;e

Wa
Wi

WE|

Xe

Failure index in element

P-norm of failure indices
Relaxed failure index in element
Shear modulus

Determinant of Jacobian
Element length

Measure of candidate non-discreteness
Measure of density non-discreteness
Number of elements

Number of materials

P-norm aggregation factor

Sti ness penalization factor
Failure index relaxation factor
Filter radius

Shear strength

Tsai-Wu strength ratio
Thickness

Volume

Poisson’s ratio

Weight of Gauss points

Sti ness weight function

Failure index weight function
Strength in ber direction
Element densities

Strength perpendicular to ber direc-
tion
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1 Introduction

Additive Manufacturing (AM) also known as 3D-printing has become widely used in many
di erent applications. It has become a technology that many companies are currently imple-
menting in their work ow for prototyping, but also for manufacturing of production equip-
ment and end use products.

In Additive manufacturing material is added selectively in order to create a 3D structure.
This is the opposite of traditional manufacturing like machining, where material is removed
in order to create the part. The main bene t of additive manufacturing is the large design
freedom and that it does not create a lot of excess material. The large design freedom is
a result of the additive manufacturing process, being able to place the material where it is
needed. This is also why there is not a lot of excess material used.

Additive manufacturing is normally used in cases of manufacturing low quantities, because
the manufacturing time per part is typically higher than for traditional manufacturing. De-
pending on the additive manufacturing method used the manufacturing time can vary a lot.

The additive manufacturing method Stereolithography (SLA) is a very fast method for cre-
ating 3D structures. The SLA method uses light to cure a polymer resin layer by layer in
order to create a 3D structure (Formlabs 2022)). The light source could be a laser or a screen
that cures the resin. The light source typically has a high resolution which results in good
surface quality.

The SLA method does not result in strong mechanical properties, because it is limited by the
materials that can be used in the process. SLA additive manufacturing is therefore useful for
creating prototypes and for other use cases, where the part does not have to withstand high
structural loading but surface quality is important.

The high surface quality and complex geometry that can be achieved by SLA can be used
for 3D-printing injection molding forms. Hereby it is possible to injection mold complex
geometries that would otherwise not be possible. A SLA printed mold and the molded part,
can be seen in[Figure I.I] The SLA mold can be removed by a special solvent that does not
damage the injection molded part. This will result in a highly complex injection molded part,
by using a SLA manufactured form, that bene ts from the large design freedom of additive
manufacturing. (Addifab [2022)

Figure 1.1: SLA manufactured mold (blue) and injection molded part (red).

10f
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The large design freedom of additive manufacturing can also be used for creating structural
parts, that are not possible with SLA. Powder bed fusion is a method, which can be used
to create these structural parts based on powder, which is fused together during the man-
ufacturing process. The most popular method within powder bed fusion is Selective Laser
Sintering (SLS), which uses a laser processing system to sinter thin layers of powder together.
This results in almost isotropic material properties (Varotsis 2022).

The SLS method is also a relatively fast additive manufacturing method similar to the SLA
method. The surface quality of the SLS manufactured parts is also high, but without pro-
cessing it will have a grainy/powdered look, that the SLA manufactured parts do not have
(Varotsis 2022).

Where the SLS has its bene ts is in the selection of materials. It can use both polymer and
metal powders, which opens up the method for di erent use cases. One of the downsides
of the the SLS manufacturing method, is the amount of post processing it takes to clean
the parts from excess powder. All this excess powder can though be reused with minimal
processing. Furthermore the high initial cost of the SLS machines makes it a technology that
mainly larger companies invest in.

Due to the large design freedom and the good material properties it is possible to combine
multiple load bearing parts into a single piece. This has been utilized by General Electric to
create a single piece SLS metal 3D-printed fuel nozzle for an aircraft engine, that otherwise
had to be made from about 20 di erent components. In this process they were able to lower
the weight of the fuel nozzle by 25% as well. (GE Aviation 2018)

Due to the high cost of the SLS 3D-printers this is not a method that is readily available for
smaller companies, especially the SLS 3D-printers that can manufacture parts in metal are
very costly.

Another additive manufacturing method that is very widely used is the Fused Filament Fab-
rication (FFF). This additive manufacturing method includes 3D-printers ranging from low
cost hobby printers to large production printer for industrial use. The entry cost of this
method can thus be lower and it is therefore a method that is more accessible.

This method uses a lament strand that is extruded through a nozzle to create the 3D struc-
ture. The surface quality of this manufacturing method will be highly dependent on the
machine and manufacturing settings used. Because the 3D part is build from layers of thin
print paths, this will be seen in the surface quality as shown in Figure 1.2. It is therefore
di cult to reach the same surface quality as SLA and SLS manufacturing. It is furthermore
seen that voids can be created between the print paths. Large voids should be avoided in
order to obtain good mechanical properties.
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Figure 1.2: Surface nish of FFF 3D-print including voids. Picture from Ste ensen et al.
(2019).

The FFF method is slower than the SLA and SLS methods, because it has to move a larger
mass while printing. This limits the speed and acceleration during the manufacturing pro-
cess. The laser processing system that can be used in SLA and SLS is much faster, because
it does not need to move a large mass. The FFF method will in general create parts, that are
less isotropic than the parts produced by the other methods. This is because the mechanical
properties depend on the direction of the print paths. The FFF printed material will be
stronger in the direction of the print paths. (Bellini and Geceri 2003)

This e ect becomes especially evident when utilizing ber reinforced laments. Fiber re-
inforced FFF 3D-printing can be divided into two di erent classes, which are short ber
reinforced and continuous ber reinforced printing. The short ber reinforced laments can
be used on standard FFF 3D-printers, in order to increase the strength and sti ness along the
print paths. For the continuous ber reinforced materials specialized 3D-printers are needed,
but the strength and sti ness can be improved with around an order of magnitude.

The technology of continuous ber 3D-printing is more expensive than the hobby grade FFF
3D-printers, but di erent models are available. For example the Anisoprint continuous ber
3D-printers exist in three sizes ranging from 113.000 DKK to 1.800.000 DKK (3D-Experten
2022).

Continuous ber FFF 3D-printed parts can for example be used for equipment with high
structural requirements. An example is the lifting tool by Wartsila (Markforged 2022). By
using continuous ber 3D-printing they created a lifting tool that can carry 960kg. They
estimate a saving of around 1.000 EUR per tool they 3D-print and a mass reduction of 75%
compared to the original steel tool.

The FFF additive manufacturing using continuous ber therefore has a great potential in
manufacturing of strong structural parts. The problem with this method is the placement of
the bers in the 3D-geometry. In order to fully utilize the bene ts of continuous ber FFF

3D-printing, the ber paths must be placed according to the load scenario. The 3D-printing
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programs used today, do not take the load case of the part into account, but instead simply
place the bers around the contour as seen in Figure 1.3. This improves the bending strength
and sti ness, but in some cases it can be bene cial to place the bers di erently. If this was
implemented the use of FFF continuous ber 3D-printing could become more common for
strong, light and complex structural parts.

Figure 1.3: Carbon ber (black) reinforced polymer (clear) using contour reinforcement.

A way to include the load case in the ber placement, could be by using optimization.
Structural optimization is widely used in a lot of di erent applications in order minimize
weight, stresses or compliance of structural components. A widely used method for structural
optimization is topology optimization, where material is removed from a design domain in
order to strategically place holes in the structure.

Topology optimization was rst introduced by Bends e and Kikuchi (1988), which introduced
the large design space that de nes topology optimization. This was expanded to density
based topology optimization using a continuous variable by Bends e (1989), where the Solid
Isotropic Material with Penalisation (SIMP) method is often used to penalize the sti ness.

A common challenge for topology optimization is to reach a physical results and thus lter
are typically applied in order to ensure a feasible solution. This could be the sensitivity Iter
as introduced by Sigmund (1994) or density Itering introduced by Bourdin (2001) and Bruns
and Tortorelli (2001). Other ltering methods can be implemented in order to increase the
discreteness of the optimization results.

In order to ensure that the optimized structure does not fail, strength based topology op-

timization has to be used. Strength based topology optimization results in a singularity

problem. This was discovered by Sved and Ginos (1968) when solving truss optimization
problems. In order to solve the problem Cheng and Guo (1997) introduced stress relaxation
through the "-approach which was further developed by Bruggi (2008).
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When optimizing ber reinforced 3D-printed parts the material properties are orthotropic.
The optimization thus has to be able to determine both the best material distribution and
ber orientation. This has for example been done by Mirzendehdel, Rankouhi, and Suresh
(2017) for maximization of the failure load using a single orientation variable.

The optimization problem has also been solved by Hoglund and Smith (2015) considering
raster optimization of ber reinforced FFF 3D-printed material, although only considering
compliance optimization. The aim of this project will thus be to develop a method for
simultaneous strength based topology and ber orientation optimization of ber reinforced
FFF 3D-printed parts. This will include a material characterisation of the ber reinforced
material and an investigation of di erent methods for optimizing the ber orientations.
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2 Problem formulation

In order to fully utilize the additive manufacturing process with ber reinforced materials,
the combination with structural optimization is a vital part as discussed above. The problem
formulation, which will frame this project is thus given as:

"How do ber reinforced FFF 3D-printed materials behave structurally and how
can they be used to improve parts in combination with simultaneous strength
constrained topology and ber orientation optimization?"

In order to ful Il this problem formulation the following points will be addressed throughout
the project.

" Establish material data
" Perform optimization

~ Validate optimization results

Material tests will be performed in order to establish material properties for FFF 3D-printed

materials. Both short ber and continuous ber reinforced materials will be investigated.

This is necessary in order to match the results from the optimization with the experimental
validation.

The topology optimization will take o set in the density based method, while di erent meth-
ods for simultaneous ber orientation optimization will be investigated. The optimization
will be based on a minimization problem with the focus on minimizing the volume of FFF
3D-printed parts. The problem will include a strength constraint in order to ensure that
the optimized parts can withstand the speci ed load. Only static stress based strength mea-
sures are considered and other factors such as fatigue and strain based failure criteria are not
considered. Furthermore only plane stress problems will be considered.

The optimized part will be 3D-printed and tested in order to validate the performance.
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3 Additive manufacturing

Throughout this chapter the fundamentals of FFF 3D-printing will be described, together
with a more detailed description of ber FFF 3D-printing. The 3D-printer that will be used
for manufacturing test samples will be introduced, together with the print settings that have
an in uence on the structural integrity of the 3D-printed part. The importance of the print
path orientation of ber reinforced 3D-prints are examined, through test of both short and
continuous ber 3D-print materials. Tests of the ber reinforced 3D-printed materials will
establish the material properties, that will be used throughout the project. The material
properties will be based on a linear elastic assumption for the two materials tested.

3.1 Fused Filament Fabrication

The manufacturing process of FFF is illustrated in Figure 3.1 and it starts with the lament
strand. This material is inserted through an extruder that feeds the material through a
heaterblock to the nozzle. The heater block heats the nozzle to the melting point of the
lament and it is thus melted when extruded through the heater block and the nozzle. The
material is extruded out through the nozzle and is placed on a build plate. By moving the
print nozzle relative to the build plate it is possible to place the extruded material in strands
next to each other and let them fuse together. This will create a solid layer that can be the
foundation for the next layer and thus a 3D geometry is created.

Something that needs to be taken into account is overhang, which is the amount of material
that is placed over the edge of the 3D-printed part as illustrated in Figure 3.1. If the overhang
becomes more than 4% support material is typically necessary in order to get good surface
quality. Support material is extra material that is not a part of the original structure, but is
placed where large overhangs are needed. The support structure is designed to be removed
afterwards either mechanically or chemically.

Figure 3.1: De nition of 3D-printing terminology.
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