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Abstract

The composite additive manufacturing industry keeps growing with every year alongside the need for
more light-weight structure problem specific components in EV, wind, space, sports and more industries.
This need has come with a great deal of research on the optimization of composites as they offer way
more lightweight design possibilities and are more problem directional specific which makes it more
efficient. This however comes with some difficulties that are being solved in this thesis namely the
manufacturability of it all.

The thesis combines the SIMP method for topology optimization, together with an ANDFO approach to
the fiber orientation optimization methods. The SIMP method provides a well defined variable parame-
ter which can be used to retrieve a manufacturable design without gray areas when implemented with a
power scale as in this thesis. The ANDFO on the other hand uses normal distribution weight functions
to make the fiber also push towards a discrete value without having multiple design parameters per
layer.

The model is initially compared for its manufacturability efficiency against other optimization methods
like the level-set or heavyside methods, or against the lamination parameters and other methods for
the laminate design.

The model, which works with a mix of heuristic and concurrent combination methods, is shown to have
verified results tested against other known literature, and has shown to have some amount of increase
in its manufacturability and compliance levels. The randomness test however still shows that even with
the use of a GCMMA solver the non-convexity of the problem still makes the randomized initialization
point have different results however this is mostly viewed for the fiber orientations as they are more
susceptible for it.
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Introduction

In 2026, more than ever, the automotive and energy sectors are increasing their use of AFP (automated
fiber placement) composites to build more lightweight EVs, as every weight saved in an EV chassis
reduces the necessity for large batteries and in turn reduces vehicle costs [20]. Also in the energy sector,
weight matters as better TFP (tailored fiber placement) in wind turbines can decrease its necessary
weight and thus increase its efficiency. Here, composite optimization allows us to place carbon fiber
along primary load paths [25].

Currently, the literature shows much progress in composite optimization with many different methods
solving this non-convex problem. Many methods in the literature neglect manufacturability and focus on
the theoretical optimizable result which cannot be used practically in the real world. Some studies try to
add some manufacturability through filtering of design variables, but the problem remains non-convex
and often provides theoretical specific results.

This thesis tackles and develops existing methods that have proven to have improved manufacturability
and optimization. It bridges the gap where some optimizers like ANDFO optimizer lack in their fixed
curvature constraints and amplifies the need for a more robust model that can produce results specific
for certain machines with their curvatures constraint. It looks at the method more in depth and discusses
its weaknesses and strength as well as provides some different methods to solve certain weaknesses.
The thesis initially goes over some of the current available and most promising methods as well as
shows an in depth look into optimization itself, so the reader has a good comprehension as to why this
problem is so complex to tackle.

The literature study focuses on general optimization techniques and provides the reader with a good
understanding as to why a certain method is better for this problem than another. It provides a study
on the different solvers used and the strategies applied that can help maximize the manufacturability.
It continues with a section on different topology optimization methods that have been proven to have
great result. On top of the Topology optimization it also covers the VSO (Variable stiffness optimization)
methods and a section on different methods for combining both the topology and the VSO together in
1 optimizer.

In the Methodology section the most manufacturability fitted methods from the literature study are ex-
plained in depth and used to build the optimizer used by this thesis. It explains the laminate theory
that is used in the mathematics, an in depth look into the math behind the topology optimization with a
problem definition and sensitivity analysis. Similar to the topology optimization a mathematical defini-
tion and analysis on the VSO is done. To face the manufacturability, some strategies are explained to
achieve these manufacturable results for our methods. Finally, the solver chosen is implemented with
the optimizing methods chosen and then the methods are all combined into an algorithm to achieve
the best results possible.

After the methodology section an in depth look at the program and numerical implementation of the
methodology is applied to understand and reproduce the code if wanted. The thesis then ends with



a section where the optimizer is tested and an analysis on the different parameters for manufactura-
bility are looked at in depth to provide the most optimal results from the program, after which different
examples and interesting tests are applied to discuss the programs capabilities.



[Literature Review

2.1. Structural Optimization Problem

2.1.1. Optimization Approaches

Many optimization approaches have been used by mathematicians, engineers and other professions
to obtain optimal results to desired systems. Many of these have their own strengths and weaknesses
in how well they can be used by a system, how fast they provide the optimal result, or how highly
constraint the problem can be.

Some reviewed approaches, provided later on, are used in FRC (Fiber Reinforced Composites) opti-
mizations to obtain optimal composite results with high structural performances [35]. They target key
properties that represent their objectives by simplifying them into mathematical models that optimiza-
tion systems can use. The objective functions are mathematically represented by f, and should be
minimized or maximized in respect to the set design variables . This optimization is represented as
such:

maz f(x),

2.1

min f(z), 2.1)
In most optimizations, constraints are required to be meaningful. They set limitations on the design
variables to achieve more goal specific results. Mathematically they are represented by an equality or
inequality [21]:

(2.2)

In practical optimization methods, these constraints set the rules for the system. For example, in struc-
tural or topology optimization, constraints often control the total material used, enforce minimum feature
sizes, or ensure mechanical feasibility. The constraint functions and the objective functions are then
used together in a Solver, which uses these functions and different methods to find the optimal solution
for them.

2.1.2. Solvers

The different optimization problem have different solving approaches to result in their respective con-
verged goals. For convex problems very efficient optimizer are the gradient based optimizers.

Gradient descent optimization

Convex linear equations can iteratively, and efficiently, be solved using a gradient descent optimization
method.
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The method uses the tangential slope or gradient of the current design to evaluate in which direction the
optima are located. The gradient is iteratively calculated from the sensitivities of the design variables
with respect to their objective function. The slope is then followed with a certain user-set step for the
next iteration. After which, the loop starts again and the sensitivities and gradients are recalculated
until convergence.

F = g% — step Vf(2*) (2.3)

In the unconstrained equation for the gradient descent o method, the 2**! represent the next iteration
of the design variable z*, step the step size at which the gradient V f(«*) is applied.

The method is computationally very fast in finding its optima, but has some problems as it can fall into
local optima when the problem is non-convex or non-linear. The MMA (Method of Moving Asymptotes)
method improves on the gradient decent method with an adaptive step control and good handling of
the constraints

MMA

The non-convexity of the problem stays also in MMA solver. However, MMA uses known convex func-
tions to approximate the current evaluation of the system at an iteration and thus provides for every
operation, a singular solvable solution to work toward, as shown by Xueyan Hu et al. [12].

The method uses asymptotes to limit the change in the design variable at every iteration. These asymp-
totes are used to create the approximation function around the current value of the design variable:

tph qf
@) = Y ).
j=1 "7 J J J
n rk Sk (24)
~k ij ij
gi () =) ( + )
j; Ujk T x5 — L;?

The f*(z) is the convex approximation, of the objective function, and j*(z), of the constraint func-
tion, used in MMA to solve for the next iteration. UJ’? and L;?' being respectively the upper and lower
asymptotes, and p? and qf are two variables set to fulfill the gradient equation:

af 4 (2.5)

d.Ij - dl‘j

This approximation is simultaneously done for the constraint functions of the system after which the
approximated system can be solved analytically resulting in 1 solution for the minima. A certain step
towards this solution is then followed, and the asymptotes are grown or shrank based on if the design
updates need to be more locked in or if they have the room for bigger steps.

The MMA method has better control of its step-size and can lock into minima faster than the gradient
descent method. It can also more efficiently use the constraints in its analysis. However the MMA
method still considers the gradient as a compass to follow blindly toward the optimum, which can cause
divergences or neglect constraints. GCMMA (Globally Convergent Method of Moving Asymptotes), on
the other hand, uses the same system as MMA but with more doubt and mathematical restrictiveness
towards following the gradient.

GCMMA

The GCMMA solver adds a conservative addition to the constraints where MMA might have a lower
approximation. It's a method highly used in composite optimization where a lot of constraints like stress
and buckling need to be taken into account [12].

The application goal of GCMMA is to have the approximation function of the constraint to be higher
than the actual function within the feasible domain.
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gi(x) = gi(x) (2.6)

This state is achieved using an additional term 7]’? which increases the approximation function so that
the equation in 2.6 holds true.

n k k
kN Tij Sij k
g; (x) = ;(Uf ey + 7 — L-I;) + 7 (2.7)

To update the asymptotes the method also uses an adaptive asymptote update system, instead of a
constant step, to ensure the asymptotes don’t take too big steps when not necessary.

Others

Next to gradient based, deterministic, solvers there are also solvers using direct search methods, where
the function as a global is evaluated and they use patterns to explore the design space. This method
can for example help with finding more the global optimum in the end as it is not stuck in a certain
direction of the system at the initial pattern compared to gradient based.

Evolutionary algorithms use population-based optimization, as used by ZhenZhou Wang et al.[30], to fill
the design space with many optional re-combinations and evaluates them with swarm like intelligence
to retrieve the optimal results. e.g. it analyzes a set of different candidate solutions randomly selected
and uses the one with the best objective value to evolve into the next iteration of candidate solutions.

The choice of solver shows the blueprint into solving the system’s optimization. However, many results
that come out of these solvers are not useful as the solver only considers the optimal for the objective
and the constraints. To solve this certain strategies can be implemented to provide feedback to the
solver of which type of results are not desired.

2.1.3. Strategies

Because of the simplified nature of optimizers, they can often result in non-manufacturable or reality
inconsistent optima, which shows the complexity in which reality based manufacturable optimizers lie.
To tackle these problems, strategies have been implemented to either push design variables towards
certain results or filter them to ensure meaningful results. The penalization is often used for topology
or other optimizers

Penalization

Some optimizers implement the design variables using a continuous domain, to have an easier ana-
lytical way to efficiently arrive at a result. However some of these design variables have as a result
non-physical solutions.

Penalization uses mathematical methods to push these design variables towards more physically mean-
ingful values. Power penalization strategy 2” uses a power p on the design variable to push the value
towards a 0, 1 solution as used by Bendsoe et al. [6]. Another strategy implemented to push values
towards 0 nonexistent and 1 existent value is the heavy side penalization.

tanh(Bn) + tanh(B(x —n))
tanh(Bn) + tanh(B(1 —n))

In this penalization the § parameter determines the steepness of the Heaviside function similar to the
power value. Weighting coefficients have also been used as penalization strategies where certain
values in the domain have weights to them and these weight which are continuous between 0 and 1
are then penalized via methods used above.

f:

(2.8)

Even with penalization, gradient on design variables can vary a lot for different elements in the mesh
they have some independence towards each other. Filtering strategies can help make neighboring
element in a mesh dependent on each other.

Filtering
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When two neighboring elements have different signs of gradients it can sometimes cause a high shift
in value from on element to its neighbor.

Filtering strategies use mathematical functions to incorporate neighboring values into its final next iter-
ation value.

Two types of filtering strategies implemented in optimizations are the design variable filtering, and the
sensitivity filtering. They use the average of the weighted neighbors to set the average value of the
density variable or sensitivity:

ZjeN(z‘) Wijj

P =

EjeN(i)wij ’
or (2.9)
~ d
af _ 2 jeN() Wijd%i
dl‘i ZjEN(i) Wij ’

Figure 2.1: Linear Filter Strategy

The design variable filter helps with removing checkerboard patters or to make sure that surrounding
neighbors have similar dependent values for the variable. The sensitivity filter helps by ensuring that
neighboring elements adapt gradually together to the system and thus improving convergence to a
feasible solution.

There are also filtering strategies that use power penalties on the weights to increase the effectiveness
of close by neighbors and decrease the effectiveness of further away neighbors.
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Figure 2.2: nonlinear Filter Strategy

Adaptivity

Adaptivity refers to the broad selection of strategies that deal with changing variables or parameters in
adaptation to the current system.

Parameter adaptability, where parameter e.g. power penalty or gradually increased over the iterations
so that the parameter initially leaves room for switching before locking down value into their desired
values.

Pr+1 =Pk + Ap (2.10)

This strategy is widely used to leave room for parameters to initially explore and the get fixed to their
respective values. Itis also used by uniquely changing parameters for certain design variables tailored
to the situation of those specific design variables for example to converge more to a solution in one
element and to remove oscillation in another at the same time.

Multiscale decomposition

It is difficult to put many simplifications of reality into optimizers without losing certain important infor-
mation. Multiscale decomposition of optimizers can help simplify the problem into multiple steps where
each step results in a more physically feasible realistic representation of the result.

This strategy helps to reduce the complexity of the problem and aids to improve the convergence of
the result. The typical steps in which the optimizers are set in is initially in macro-scale where the form
of the design is obtained. Secondly, microscale how do optimize what each element now is in itself for
the problem. Finally, some step to refine the solution and retrieve physically doable results.

In general many different strategies are used for a wide variety of optimizers in different categories like
economics, engineering or others. On this thesis the focus lies on finding optimal composites which is
split in 2 main types of optimizers a topology optimizer and variable stiffness optimizer. First up, the
topology optimizer approaches are reviewed in depth.
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2.2. Topology Optimization

The initial part of any structural optimization, is to know where material has to be placed for the structure
to hold up to certain stresses and loads, like designing a bridge out of Legos. This often comes with a
constraint on the amount of material the system can use, as to efficiently use the available resources
instead of just filling everything up.

A simple way to mathematically have a continuous value of whether or not material should exist on
a certain location is by implementing a density method, where the density represents the amount of
material used in that location.

2.2.1. Density Based Method

The density based method sets the density variable onto the material properties of the system. To
simplify, the design variable is clipped between 0 and 1 and represents the amount at which the material
properties of an element are present, 1 being fully present 0 representing no material properties in that
element.

Figure 2.3: SIMP (Solid Isotropic Material with Penalization) Method

The most used case for this is the SIMP Method, introduced by Bendsoe and Sigmund [5]. It uses a
density variable p penalized with a power parameter p to guide the variable solution towards a binary
solution (0 or 1).

E= E’m,in + pp(EO - E’m,in) (211)

The minimum value FE,,;, is used to avoid singularities when reaching 0.

In FRCs, this method extends to the fiber orientation 6 that defines the direction of the material proper-
ties inside the element. This is done by assembling the global stiffness matrix K with each element’s
stiffness K. matrix subjected to the variable density p, as shown by Delin J. et al. [13].

K(p,0) = (pe)P Ke(be) (2.12)
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Where e represents the element, and N the number of elements. This Method is simple and keeps
the number of the design variables of the density limited to 1 for element. However this does limit the
optimizer by making the existence of material in all layers of the element uniform.

A different setup for the SIMP method, represented by Zheng Qiu et al.[23], distinguishes the density
variable for each layer in the element. This sets up a system for which the layup itself can be optimized
for as well. This is mathematically achieved by applying the density variable on the elasticity matrix D
of the layer inside the element.

Dpee = (e x Dee (2.13)

Where [ and e represent the layer and element respectively, p the density variable, and p the penalty
power. While this provides a more specific construction of the composite with the optimizer it also
results in a more heavy computational cost, as the design variable is multiplied by the amount layers.

Even with the penalty power there are still some gray regions that come as results out of SIMP methods
and that is where the BESO (Bi-directional Evolutionary Structural Optimization) method is better in.

2.2.2. Bi-directional evolutionary structural optimization method
Instead of continuous density used by the SIMP method, the BESO method uses a discrete design
variable x which can either represent 1 (solid) or 0,001 (void).

The method optimizes the design by setting each element to one of the discrete values after each
iteration. This is determined by how much an element is contributing to the objective function. After
this a cutoff is done based on the resource constraint provided, which results in a certain top performing
percentage of elements gets turned into a solid and the other into a void. This is then done iteratively
recalculating the performances of each element after the cutoff sequence [26].

In a paper by Xiaolei Yan et al. [34], they used the BESO Method, to optimize the topology of a
structure with 3 design variables, the macrostructure, microstructure and orientation of microstructure.
The objective function was the natural frequency of the system:

Figure 2.4: BESO Method example Applied by Xiaolei Yan et al.

maz(wy)
(K (2,y) — wi M(z,y)] ux = 0

2,y = 1o 0.001 (2.14)

™ i
—— << =
2 -2
where x and y the macroscale and microscale structure design variables are, wy, is the natural frequency,

K and M are the macro structural stiffness and mass matrices, uy is the displacement matrix, and
thetay, is the orientation of the microstructure.
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The BESO method is a strong method for direct representations for either a void or solid, it results in
no gray areas and a clear distinction. But even with the BESO method, there are still some boundary
difficulties like irregularities or blocky-ness. The level-set method on the other hand optimizes its shape
using smooth boundaries

2.2.3. Level-set Method

While the SIMP and BESO Method implement their optimization using a meshed system, the level-set
method uses mathematical surface boundaries equations in attempt to receive a less jagged and a
more smooth boundary result [29].

w}
4
N

Figure 2.5: Movement of structural Boundary in the Level-set Method

The method uses a boundary function ¢(x), also called the level-set function, that defines the structure
of the object by setting:

¢ > 0, solid
¢ < 0,void (2.15)
¢ = 0, boundary

In each iteration, the system evaluates its sensitivities on the boundary resulting in the boundary velocity
field V,,. This is then used with the gradient of the level-set function in the Hamilton-Jacobi equation to
update the next iteration of the shape function as follows:

& Vvl =0 (2.16)

In this equation, % is the change of the shape functions over the iterations.

After the initial shape is set, the function doesn’t allow any more protrusion with this method as only
the boundary can shift and no void can form inside. This is why this method often gets initialized with
a porous shape where the pores are already inside the boundary and can be used to grow different
structures with holes.

This method has been proved to have smoother boundaries and higher sharpness in edges compared
to the SIMP and BESO methods. However, the method has a high computational cost due to its complex
mathematical implementation, and while you can add initial pores, once a boundary is formed no more
holes can form inside it.

The many approaches in topology optimizers have a wide variety of strategies to get that optimal
macroscale for the structure set. A more complex system is the microstructure or the variable stiff-
ness optimizer which deals with more design variables and higher non-linearity.
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2.3. Variable Stiffness Optimization

In FRCs there are also optimizations inside the composite anisotropic properties and layups. These
help improve material structures more specifically for their respective load demands. They help the

user not only optimize the topology but also their stacking sequence and fiber placement for optimal
structural performance.

So where topology optimization optimizes the placement of material itself, Variable stiffness optimiza-
tion optimizes the variations in stiffness properties throughout the object due to fiber angles and thus
anisotropic material.

There are a lot of studies on different approaches to optimize these fiber paths. They use the ABD matrix
of a laminate inside an element to retrieve its stiffness properties from the layer stacks or parameters.
The ABD-Matrix provides the constitutive properties of the laminate from where the stiffness matrix is
assembled.

This simplifies the VSO optimization there are multistep approaches where the system gets simplified
in each step to end up with the fiber paths in the end a blueprint of steps.

2.3.1. Multi-step Lamination Parameter Approach

Composites consist of 1 or more layers of lamina resulting in a unique material anisotropy that can be
mathematically shown by its ABD-matrix. The Multistep method, similar to the one used by Eralp Demir
et al. [8], is a stepwise method that uses a 3-step system to optimize the fiber paths of the object.

ED 20 D
S S Sy

initial guess: {EP}"

&%

results:

Figure 2.6: The Lamination Parameter method used by Eralp Demir et al. [8]

In the First step of the process, an optimizer is used on the 12 lamination parameters of the elements
of the mesh which is a representation of the ABD Matrix as follows:

2
(VlA,VgA,Vg,A,‘QA):/ (cos20, sin26, cosdl, sindf)dz

[N

(ViB,Vap,Vsp, Vag) = 4/ 2(cos20, sin20, cos46, sindf)dz (2.17)

[N

(Vip,Vap,Vap,Vap) = 12/ 22(60520,5in20,cos49,5in40)dz

1
2

In these equations V; 4, V; 5, and V;p represent the in-plane, coupling, and bending parameters of the
matrix and z is the thickness axis of the laminate. These parameters can be further simplified in a few
parameters using known lamination design rules, which can help designs against bending and coupling
handling [28].

In the second step of the process, the fiber orientations are retrieved, from the lamination parameters,
using different types of methods. There is not 1 correct solution, out of a fixed set of lamination param-
eters, for fiber orientation and stacking. Many approaches were designed to approach the lamination
parameter. A closed-form inverse laminate design approach, used by Fukunaga et al. [11], which fo-
cuses on a direct analytic solution, or an evolutionary algorithmic method used by Autio M. et al.[4],



2.3. Variable Stiffness Optimization 12

which uses an iterative algorithm to retrieve the optimal fiber orientations belonging to those lamination
parameters.

The final step in the multistep method assimilates the fiber orientation mesh, created in the second
step, into a full pathway streamlines design that can be implemented. This step has many articles
referencing the streamline-based method, e.g. an article by Daniel P. [22], which uses the fiber angles
as a velocity field where other manufacturing constraints are enforced. Other methods also include the
B-Spline method [31], which uses control points to bend a flow field around them, and is then optimized
for the fiber orientations, ensuring more smooth curvatures, which is good for manufacturing.

The multistep method has a better defined optimization problem that leads to a convex solution in the
initial step, it removes the manufacturability from the initial step and focuses on structural performance
first and then take care of manufacturability later on [1]. However, this can cause the manufacturable
solution at the end of the multistep to not be the optimal fiber laying solution. This is where, instead,
the DMO (Discrete Material Optimization) methods add manufacturability limits from the initial optimizer
step.

2.3.2. DMO

The anisotropic properties of a laminate can also be directly retrieved from the stack up of fiber angles
using e.g. the elastic constitutive matrix of each element’s layer. The DMO methods use this to optimize
directly from a possible discrete set of fiber orientations in each layer.

Some methods like a genetic algorithm method, used by An Haichao et al.[3], optimize the stacking
sequence and implement strength constraints using the stresses and failures of the object. Others
have also used anisotropic penalization, which penalizes the fiber angles that are causing unwanted
behavior often e.g. fibers that are not along the stress directions [9]. Or even the EAOT, equivalent
anisotropy orientation tensor method, which makes a directional tensor from the ply angle stacking
sequence, and uses it like a compass to optimize the direction of the tensor, as shown by Zebei Mao
[18].

Because the design variables highly increase in numbers, when additional layers or finer meshes are
desired, these methods use either simplifications or penalization methods on discrete values, but re-
sulting in a non-convex local-optima solution due to the nature of the problem. Newer methods, like
NDFO (Normal Distribution Fiber Optimization) interpolations use a normal distributed weight system
over the many candidate angles to retrieve 1 design variable per layer instead of many over different
discrete angles [14].

eon
Di*(0) = wij,pe(0)Dij, pe
! pgl (2.18)
_ (97P6)2

Wij,PC(e) =e W’PC €1,..,N“" g ¢ [1 Ncan]

The NDFO interpolation in the equation calculates the elastic constitutive matrix Df}ic of the element ¢
and layer j using a weighted sum w;; p- of all the elastic constitutive matrices of the candidate angle
D;; pe with a weight in a normal distribution where the means are the different candidate angles P¢, the
deviation is P?, and the weight is calculated using the location of the actual design variable’s 6 within
the normal distribution for all candidates.
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Figure 2.7: Graph of the weighing coefficients w;; pc corresponding to different P~

This method uses a decreasing penalty parameter on the deviation of the distribution to decrease
the early convergence of the system and thus decreasing chance of initially falling into local optima.
However because of its general penalization scheme on all elements, some elements get blocked
to early in the iterations or others are not settling in their values. That's where a proposed ANDFO
(Adaptive Normal Distribution Fiber Optimization) scheme has been adapted for, by Zunyi Duan et
al.[10].

The ANDFO scheme uses a similar initial setup as the NDFO scheme, where it implements an initial
constant value for the penalty variable for k iterations, after which a linear decent is applied to converge
the overall result into a more general optima. The ANDFO addition comes with the last adaptive stage
where from a certain level of convergence the penalty parameter decreases adaptively unique to each
element and layer, if that element hasn’t achieved the density threshold p;;... or the normalized fiber
weight threshold @y, yet. This way it converges the more difficult to converge elements as well by
having their penalization unique to them.

Stage 1 ) { Stage 2 ) Stage 3

The initial stage Linear descent stage Adaptive descent stage

ak _ k-1
Pij =Py Xa ‘

By = a(y)’ + b)) + v+ |

No ¢k — 1| Yes
k-1

Figure 2.8: The 3 stages for the deviation penalty parameter P during optimization in ANDFO

The Variable stiffness optimizer and topology optimizers both have a high quantity of research in their
approaches to their respective problems and strategies in how to best handle certain complexities. The



2.4. Combination Approaches 14

next section will show some literature results of the combination methods of both optimizers to see how
the system can result in 1 optimizer for composite laminate objects.

2.4. Combination Approaches
Multi-Step

The easiest approach to implement is the multistep method, it uses the decomposition strategy talked
about in the strategy section of the structural optimization 2.1.2.

The method solves the optimizers sequentially by either first solving the topology optimizer and then
the VSO or vice versa, e.g. Lee etc.[16] used a three-step optimizer where they initially retrieve the
optimal topology after which in the second step the fiber orientation is optimized. Lastly, they refine the
orientation for a more manufacturable result. The method is more computationally efficient and easier
to implement than other approaches. However there are some missed optimization opportunities that
are not considered within this method.

1o Uil Chptisiizatien 1 = Filsiw Aiggle Retvicval 3« Fibei Path Casistiactios
gt maain 58 Mo ews Trwe Fibire Arch il mn: Fiber Paths
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S ternl Hegurerneni= U encepival | pdwmoarm and Fiter Angle angd | hacloness
1=ireneth. Beckdme, Woszhid S anefsounne Koguiromenis hswiharisn
L TR Dhilput: Chilpial
Compeepiunl Chpiarrrany “iher Amgles and Easching Path lafisnmstiom fo: Faher
Design Semsinvimics. Saquence Per Foin PFrcemert Mach

Figure 2.9: Multi-Step Methods using Lamination Parameters

Hierarchical

While the multistep goes about the optimization sequentially and thus separately, the hierarchical
method uses a multiscale method inside an inner loop, it iterates over both optimizers with feedback
responses. While it is not concurrent, as first an iteration of the macroscale is done after which an
iteration of the microscale is done.

J.H.S. Aimeida et al. [2] , implemented a hierarchical method for optimizing topology and fiber orienta-
tion. They used a framework in which you do each optimization separately after the other. so in their
framework specifically they initially do one increment with a topology optimizer after which they use the
updated topology to do a step with the orientation optimizer. If after the second optimizer the system
has converged it will take that current system as its optimal, if not it will redo the loop and start again
with a next iteration of topology optimization.
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Figure 2.10: Example of a Hierarchical approach to the optimization used by J.H.S. Almeida et al. [2]

Concurrent optimization

While the hierarchical goes about the optimization sequentially in an outer loop, the concurrent optimiza-
tion method runs both optimizers simultaneously. In this way it can truly be called a single optimizer
instead of a smart framework with multiple optimizers.

In an article by Zunyi Duan et al. [10] using an ANDFO approach, a concurrent framework was used
to simultaneously optimize the fiber orientations of the structure as well as optimize its topology.
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Figure 2.11: Example of a concurrent approach used by Zuryi Duan et al. [10]
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Level-set with path optimization

The previously mentioned level-set method, in the topology optimization section 2.2.3, uses a evolving
structural boundary to create its topology. This has been combine with fiber path methods like stream
functions or velocity fields to obtain good manufacturability and smooth results. This approach comes

with a high computational cost to use and a very complex implementation.

T. Xu et al. [33] used a combination of the level-set method where a level-set function for topology
is used and a fiber path optimizer for VSO. They used them in a hierarchical framework from each
other where an iteration was done on the level-set topology optimizer followed by an iteration on the

fiber-path optimizer and those in an outer loop till convergence.
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Figure 2.12: Example of the level-set approach with path optimization used by T.Xu et al. [33]

Conclusion

The different methods used in the literature study show that the variety of optimizers, optimization
techniques and strategies are broad and open for bigger discussions. When focusing on the manufac-
turability aspect of the thesis, there are a few options that stand out as more suited for the constraints.
In the case of the optimizer itself a GCMMA solver provides the best gradient based solution for more
convex problems similar to the MMA solver its computational time is quite low as it brings the problem
into a convex approximation after which the optimal result is sought. But the global convergence of the
GCMMA above the MMA also provides an improvement on the chances of falling into a local optima
as a more global solution is reached from it. The strategies section also showed that many strategies
can aid in increasing the manufacturability, they can help guide the solution towards a more manu-
facturable solution as well as set foundational rules to solve micro structural problem that can show
improved compliance without manufacturability. In topology optimization the complexity and CPU time
of the system can drastically increase if more smooth topologies are desired for example in the level-set
method. While this method, does provide a smoother result for manufacturability the increase in com-
plexity for that slight smoothing improvement weighs against the improvement of its manufacturability
in this case. The case of the denisty based model offers the continuity in parameter variables with a
decreased CPU time, and with some combined strategies can show great manufacturble results. For
VSO the manufacturability really shines with the DMO methods as it can be related directly on the fiber
angle instead of having an optimized parameter result which then needs to be optimized separately
for fibers. In particular, the new studies on ANDFO interpolation of the fiber angles have shown great
results for manufacturability. For the combination approaches, a mix of the different approaches offers
the best results as each approach has its advantages and disadvantages and can be used in a multi
step breakdown each offering some level of hierarchical and some level of concurrent optimization with
post processing.



Methodology

3.1. Finite Element Analysis

3.1.1. Classical Laminated Plate Theory

In this thesis CLPT (Classical Laminate Plate Theory) is implemented to model the behavior of the
composite. This theory simplifies the physics of laminates into its in-plane and bending behavior, while
neglecting transverse shear properties. This is computationally more favorable for assumptions of thin
plates as used in this thesis, on top of having a pretty for thin laminates used in this thesis as shown
by Odeh, Ali et al.[19]. With this simplified theory, the ABD matrix method can be used to define the
behavior of the laminate. In CLPT the fiber orientation influences in-plane anisotropy through the ABD
matrix.

ABD matrix

The ABD matrix represents the constitutive matrix of the whole laminate, in a relation form it gives the
equation below 3.1.

N

M

Here N and M represent the in-plane forces and bending moments on the laminate. " represents the
strain of the mid-plane of the laminate, and « represents the curvature of the mid-plane.

A B 0

B D

15

(3.1)

K

Initially to retrieve the ABD-Matrix of a laminate in CLPT the constitutive matrix at each ply is required,
this matrix is defined by the constitutive relation as such:

o1 Quu Q2 0 €1
o2 | T |Qz2 Q22 O €2 (3.2)
Ti2 0 0 Qesl| [M2

In this formula the left side, o, o5 respectively represent the stress in the principles directions 1 and 2
and 71, represent the in-plane shear stress. On the right you have the constitutive matrix for the principle
direction and the strain matrix for that principle direction, ¢, e being the strains in the principle direction
and ~15 is the shear strain. The matrix is derived from the material properties for the principle directions
using the following equations:

En Qup— — 12 (3.3)

b
1 —vio10g 1 —viav9g

Qll =

18
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L
Qu=1"""—  Qu=C (34)
— V1221
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When building the ABD matrix from the ply constitutive matrices, transformation need to be applied
for their respective ply orientations. The orientated ply constitutive matrix can be obtained using the
following equations.

m = cos 0, n = sind (3.6)
Quo = Quum* + 2(Q12 + 2Qss)m°n® + Qaon®
Qyy = Qun* +2(Q12 + 2Qss)m°n® + Qaam*
Quy = (Q11 + Qa2 — 4Qg6)m*n? + Q1a(m* + n?)

Qus = (Q11 — Q12 — 2Qes6)m>n + (Q12 — Q2 + 2Qes)mn? (3.7)
Qus = (Qu1 = Qu2 — 2Qe6)mn® + (Q12 — Qa2 + 2Qss)m°n
Qss = (Qu1 + Q22 — 2Q12 — 2Qe6)m*n” + Qgs(m” + n*)
- Que me Qus
Q= |Quy Quy Qus (3.8)
Qus  Qus Qs

The ABD matrix follows then from the stacking sequence of the different ply constitutive matrices for
each ply, and their respective location on the laminate thickness plane defined by z with the z = 0 plane
being the mid-plane of the laminate.

A=>"QW (z - z_1) (3.9)
k=1
B = §ZQ(k) (2 = 2i-1) (3.10)
k=1
Lo a0) (3 3
ng Q™ (2 — z1) (3.11)
k=1

To retrieve the stiffness matrix using the ABD matrix in finite element analysis one must first define the
elements and shapes used inside the FEA (Finite Element Analysis) model.

B matrix

The B-matrix is a representation of how the displacement inside the nodes of an element result in the
strain values of that element by using the shape functions of the respective geometry of that element.

¢ = Bu (3.12)

In the thesis, quad elements are used in the mesh to solve the system, as they provide a better com-
putational efficiency than higher order elements and is highly used in laminate composite modeling as
it can be used to accurately represent the behavior of the element.
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Figure 3.1: quad element representation in FEA

To retrieve the B matrix of this element, the shape functions are first required which represent the
interpolation method to apply to any field on the element’s node to retrieve its continuous element
representation.

u=3 Ny (3.13)
i=1

In this equation the NV, is defined as the shape function of node i that is applied on the node’s displace-
ment u; to retrieve the full displacement matrix of an element. The shape function in a quad element
are defined by:

M) = ;0-60 )

Nolem) = ;0461 — ) 010

Na(&m) = 70+ +)

Nu(em) = (-1 +)

In these equations for each node of the element the £ and 7 represent the local coordinates in the range
of [-1, 1]. Following this, the derivative of the shape functions in respect to the local coordinates are
retrieved.

dNy 1 dNy 1 dNs 1 dNy 1
dNy 1 dN, dNs 1 dNy 1 |

1
d—n:fi(lfﬁ) Tn:*1(1+€) W:Z(lﬂLf) dn :1(1*5)

The B matrix is made from the shape function derivative with respect to the global coordinate system

x and y, for which the Jacobian is used:
ldz] =J 1| & (3.16)
dN; dN;
dy dn

The Jacobian is calculated from the derivatives of the shape functions in local coordinates and the
coordinates of the nodes in global coordinates.
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de dy 4 N; dN;

_ |de ae TG v d&
J I Z o (3.17)
dn dn = Ti dn y’ dn

After obtaining the shape functions derivative with respect to the global coordinate system, this can
now be used to assemble the B matrix as follows:

oMy 0 ONy 0o ... ONw 0
Ox ON, ox ON, ox N,
B0 oo o0 (3.18)
ON1 ON; ONy 0N, ON, ON,
Oy Ox Oy ox T Oy Ox

With these equations the element’s stiffness matrix can be calculated next.
Element Stiffness Matrix

The element’s stiffness matrix is mathematically defined, in CLPT, as the integral off the nodal forces
out off the displacement of the nodes BT QB, integrated over the element’s volume dV .

K, = / BTQBdV (3.19)
VE

Because the laminate is made up of layers with constant thicknesses and constant constitutive matrices
over each of those thicknesses as presented in equation 3.7, the out of plane integral can be set as a
summation of the different layers as such:

nlayfrs‘

K, = / BTD,,B.t;dA (3.20)

To simplify the analysis even more an approximation of the element’s stiffness matrix can be done using
Gauss points where the Gauss points for a quad element are

(&r.ny) = ( \/7 \/7> (3.21)

with Gauss weight of W; = W; = 1.
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Figure 3.2: Gauss Integration Points in a quad element for FEA

When using the Gauss integration points on the stiffness matrix integral to approximate, it becomes
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s 2 2
K. = N B n)Dalérny)Be6r )t det(J(Er,m0))WiW,y (3.22)

Boundary Conditions

The first part of the BCs are the known displacement defined as u;. They represent the clamping and
other fixed motions of the problem. Each of these displacements are saved in the known displacement
vector u; and their respective DOFs are saved.

For fixed node DOF this is just adding the displacement to the corresponding node DOF, but for the
edge displacements the corresponding nodes for that edge is first retrieved and then these nodes DOF
displacements are set to the edge displacement that was set.

Next to displacement boundary conditions you also have force boundary conditions which is imple-
mented in the next section.

force vector

In this thesis for optimization only point loads and distributed surface loads are considered, body force
like gravity are neglected as they are applied on the volume which for a CLPT is greatly diminished by
its thin thickness.

fo= / N”bdV + / NTtds + froint (3.23)
Ve Se

Point loads are implemented by simply setting their value in the correct location in the force matrix,
which in our CLPT case is often registered to the corresponding node and it’s corresponding dof.

fo = fromt (3.24)

For distributed forces or tractions, 2 cases are considered. First a distributed force on an edge or line
of an element, line traction, often integrated over the line. Secondly, a surface traction/pressure over
a surface which is integrated in response over the whole applicable surface. However, as the surface
traction and or pressure influence the transverse displacement it is not considered in this case as we
use a simplified in-plane model, which do not include the transverse DOFs.

The force resultant from a line traction p,,, can be calculated using the integral as follows

fe= / N”pg,dl (3.25)
Fe

Here the N represents the shape function, p the pressure or edge traction in N/mm and dT is the
loaded line. After Gauss interpolation this becomes:

2
fe= ZNT(&mUJ)ny(UJ)det(JF(UJ))WJ, with det(Jr) = %, & =[—1/1]
o (3.26)
Je= ZNT(SLUe)pxy(m)det(JF(fI))Wb with det(Jr) = é, ne = [—1/1]
=1

Here the initial function represents the edge load cases where the ¢ edge is selected with either the
left or right edge respectively [—1/1]. The second function follows the same case but for the top and
bottom edges representing 7.

Now that the force vector and the stiffness matrices have been formed the problem properties and
compliance can be calculated.
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strains and stresses

Initially, the global stiffness matrix is assembled by adding all the element stiffness matrices obtained
from eq 3.22. Secondly, the known displacement DOFs, referenced by subscript k, and the unknown
DOFs, referenced by subscript u, are separated from all the matrices in the global equilibrium equation:

Ku=F
Kiuw Kip] [ur Fy
To Solve : K,,u, =F, — Ky rug

Solving the system above for the unknown displacements and assembling them together with the known
displacement returns then the displacement matrix u. The strains and stresses can then be calculated
in order from the displacement matrix using the equations 3.12 and 3.2, with Gauss point the central
point of the element if you wish for a general representation of the strain and stresses in that element.

Compliance

The compliance C is a value representing the deformation of a structure under a given load. A high
compliance thus means that the structure deforms a lot, while a low compliance means that the structure
is stiff. It is mathematically calculated by the force and displacement vector as follows:

C=FTu (3.28)

It can also be represented by the relation with strain energy U and the stiffness matrix K using eq 3.27
as such:

1
U=-u"Ku
2 (3.29)

C=u"Ku=2U

So to conclude the FEA model uses a CLPT method with an ABD matrix on an element basis and focus
onin plane loads. It also implements a Gauss integration over the quad elements for a more integrated
element stiffness matrix and to see the change in displacement and stress and strain over the element.
also the boundary conditions and compliance are fitted into the methodology. With the setup of the
FEA ready the topology optimization is constructed next with the rules of the model.

3.2. Topology Optimization

Topology optimization, as mentioned before in 2.2, is a structural optimization method that retrieves
where a structure should have material for an optimal objective function results, in our case that refers
to compliance. The three methods mentioned in that section, density-based, BESO, or level-set, are
all good approaches for topology optimization. However, while the level-set method shines in providing
a more manufacturable component, it comes with high complexity into coupling it with fiber and high
computational cost, which is not desired for this thesis. The BESO method is easy to understand
and implement but doesn’t allow for continuous gradient-based analysis and is more complex for VSO
coupling. The density based gradient, SIMP in specific, has a simple setup that used a continuous
design variable that can be implemented with our FEA analysis.

3.2.1. SIMP

There are two use cases that can be implemented with the SIMP method, the element-based and layer-
based method. While the element-based method, where the density is applied on the whole element,
drastically decreases the number of design variables to 1 per element. However, this method does not
allow interchangeable densities throughout the layers which leaves out interesting cases where there
might be more layers in certain locations than others. That is where the layer based method comes in,
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where the density is applied on each layer separately. It provides much more control over the layers
that are necessary for the structure in each element but comes with higher computational costs.

On top of the layer based method a penalty power system p is used with the SIMP density to push the
values of the density p toward 0 or 1.

In CLPT it is defined as:

DM (p) = pliDe (3.30)

Where DM P represents the layer’s constitutive matrix after application of the density SIMP model for
element e and layer I.

3.2.2. Problem

The problem of the topology is defined as minimizing the objective function F', represented as the
compliance of the structure C, with reference to the densities p of the elements in the structure, with a
constraint on the total density used inside the structure limited by a resource constraint R.

min F(p) = min C(p),

. (3.31)
with [ pdV < R, p € [0,1]
Q

As stated before in 3.1.1, the compliance equilibrium is defined as twice the strain energy or as equation
3.28. The minimum of the compliance function with respect to p, can then also be written as:

dC(p) _ d(FTu(p))
dp dp

dC(p) _ prdulp)
dp dp

(3.32)

From the equilibrium equation 3.27, we can take the derivative as such:

d(Ku) dFT
dp  dp

(3.33)

The force vector does not change with density, so % =0.
Then after applying the product rule:

u+ K =0 (3.34)

Adding this equation and the equilibrium equation 3.27 to the sensitivity equation 3.32, we get

dC(p) _  pp.dulp)
dp “uwkK dp

AC) __ rdK(p) (3:39)

dp dp
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Next, is the derivation of the derivative of the stiffness matrix with respect to p. The global stiffness
matrix is a summation of all the different element stiffness matrices, where each stiffness matrix only
changes due to it's own design variable p, the others are not affected leading to:

Nelem

dK(pe) dK;(pe)
dpe 2 dpe

dK;(pe)

=0 fori#e (3.36)
dpe

dK(pe) _ dK.(pe)
dpe dpe

Using equation 3.20 to fill the element stiffness matrix and substituting the SIMP constitutive matrix
gives

dK(pe) _ dKc(pe)
dpe dpe

dK(Pe) d " TSIMP
B D B.t;dA

(3.37)

Because the B matrix B, and the thickness ¢; have no dependencies on the density, and the density
variable for a layer does not have an effect on the constitutive matrix of another layer, it can be deducted
to the following equation:

K (pe1) / g7 e (pet) tidA (3.38)
Ae

dpel B c dpel

Now from the previous definition of the SIMP constitutive matrix of a layer 3.30, we can retrieve the
gradient as such:

dDglIMP (pel) _ d

= D.

dpel dpel (pgl Z)
dDSIMP(p ) (339)

eld el _ ppgleel

Pel

Now implementing this equation back into eq 3.38 and 3.35 gives:

dcdf)p‘”) =-—u’ / Bl pp? "D B.t;dAu (3.40)
el

e

After applying gauss we get:

2 2
=-—u")" Z (&r.m0)pe ' DeBe(&r,n0)t det(J(Er,ms)) WiWu (3.41)
I=1J=1

This can also be rewritten to be easier made as:
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2 2

dC(pe
APat) 7 DS S B (€ ) DB €5, ) det (€1, 7)) Wil
Pel Pel I—1 J—1
dC(pe) 2
2Pl T2 > BI(&n)DIMPB.(Er,n0)t det(T(Er,m5)) WiWu (3.42)
dpei st
dC(pet) T P
——— =—-u —K(pe)u
dpel Pel l(p l)

With the topology problem there is also a need for a constraint gradient, which comes in play with the
volume gradient limiting the amount of material used by the problem.

3.2.3. Volume Gradient

For the GCMMA solver used in this thesis, the Volume gradient is also necessary to retrieve the con-
straint’s approximation function. The constraint function can be seen as the application of the density of
an element on that elements volume respecting a certain resource constraint or volume fraction, thus

giving:

Niayers Netem
1
9(p) = v E E petVer — fr <0 (3.43)
tot 1 e=1

Where ¢(p) represents the constraint function which should be lower than or equal to 0. The V;,,; variable
is the total volume of the design domain, V,; is each element layer’s volume. The resource or volume
fraction in this case is represented by a volume fraction fy,. For the GCMMA a gradient with reference
to the design variable p.; is found by the derivative of the constraint function:

dg(p) Vel
= =G 3.44
dpel ‘/tot v ( )

3.3. Fiber Optimization

The fiber optimization, or VSO, can also be used with different methods to retrieve a good optimized
result. The multistep lamination parameter approach provides a good simple system to execute, how-
ever it does lack in manufacturable area as it is only adapted in the system in the post-processing part
which eliminates the effect of the manufacturability within the optimization itself. So a DMO approach
for this thesis is more useful as it gives the optimizer direct control of the orientation of the fiber. Within
the DMO approaches, our thesis focuses on the ANDFO approach as it provides a more refined and
adaptive system for the DMO method.

3.3.1. NDFO

The ANDFO follows the same system as NDFO when it comes to the design variable dependency
inside the system. As previously shown in section 2.3.2, the fiber orientation is used in a normal dis-
tribution weighting system where the design variable is between [1, N.q,4], where N4 is the amount
of candidate fiber angles chosen for the optimization. The implementation of the fiber angle is done
through the layer constitutive matrix where equation 2.18 is used.

Nean
Wel,Pe (0
D PFO(0) = Z W—()Dez,Pc,
Pe=1 2_pe=1 Wel,Pc(0) (3.45)

(6—P°)?

Wer pe(f) = e 27 PCc1,.. N g ¢ [1, Noond]

Here DQ’DFO represents the constitutive matrix of the layer where the NDFO interpolation has been
applied to the actual constitutive matrix for each candidate angle D.; p-, and which is later applied to
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topology optimization for density applications. @ is a representation of the orientation of the fiber «,
where the value corresponds to:

Ncand 180
0= g0 @+90),  0=[Neana] o =[5—

— 90, 4+90] (3.46)

The Pe refers to the candidate orientations which are the discrete values from 1, ..., N°@"d_ |t refers
to the mean value of each weight’'s normal distribution. The standard deviation of each distribution
is represented by P?. So in the equation for the weight the value is retrieved by checking where the
design variable 6 currently lies in all the normal distribution of corresponding to each candidate angle.

3.3.2. Problem

The problem for the VSO follows a similar pattern as the on for the topology optimization, where the
objective function is the compliance C for which the minimum is optimized with reference to the design
variable § of element e and layer [. The same initial conditions hold to result in the following equation

dC(0) 7 dK(0e)
deel -t deel "

(3.47)

The same element and layer dependencies hold, as well as the B-matrix and thickness dependencies,
resulting in the following:

dK(eel) _ TdD P(ael)
0., _/A B; 2000 B.t;dA (3.48)

Here the SIMP constitutive matrix can be written down as:

delIJWP(eel) _ d
dbe; dBe;

(pEDPEO) (3.49)

Because the density is not affected by the fiber orientation we can pass on the derivation to the NDFO
constitutive matrix:

SIMP NDFO
dDel (ael) _ ppdDel (3_50)
dfe; ¢ dby

Filling in the equation for the NDFO constitutive matrix and knowing that the constitutive matrix D¢ pe
is not dependent on 6 gives:

dDNDFO Nean Wel pe(o
Pel—_ 3 i (O ) Dy (3.51)
el Pe—1 Y pe—1 Wel,Pe(0)

Applying the quotient rule:

cand Ncand
d ( Wel,P<(6) _ l(wel Pe(0) ch 1 Wel,Pe(0) — Wel,Pe( (Epc 1 dgllwel Pc(e)) (3.52)
>

Ncn,nd Nrand
e Ppe—1 Wel,P<(6) (D pe—1 Wel,pe(6))?

Separately:
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d d ,w(P”));
c —_ 2(P°
6., (Wet,p (e)) = 4o, e

d §— Pc _(0-rc)?
do,; Werpe@) = gz e T (3.53)

d 0 — P°
@(Wez,zac(e)) = —7(})0)2 Wel,P<(6)

3.3.3. Adaptive Descent Strategy

As previously explained and shown in equation 3.45, the ANDFO method uses a deviation penalty
parameter P? on the weights to push the fiber orientation design variable towards the candidates angles
set. However, to initially allow the design variable to move around and explore the full range of fiber
orientations the penalty parameter is set to a large enough number to allow that initial movement. This
is then followed by a linear decreasing strategy after certain amount of iterations to start locking in
the fiber orientation into it's respective candidate angles. This linear decent strategy for the penalty
parameter allows the design to settle down and converge to these discrete candidate angle options.
This strategy however still allows for some locations in the object to have local non-convergences
and oscillatory behavior of their local compliance levels. That's why an adaptive strategy is applied
afterward, to push the local element behaviors also towards their own local convergences. To check
the local convergence of each element the elements artificial density and artificial weighting coefficient
is checked for convergence by means of a threshold value. The penalty parameter, if the element does
not comply with these thresholds, is then adapted to by means of using the convergence gap between
the candidate angles and the design variable orientation to make the design variable lock into their
respective candidate angles more. To achieve this a polynomial is used that follows a pattern for the
penalty parameter in respect to the convergence gap as shown by Zunyi Duan et al. [10]. The full
penalization decent strategy is shown below in fig 3.3.

Stage 3
s

Figure 3.3: The 3 decent stages for the deviation penalty parameter

3.3.4. Curvature Constraint

To apply a well definable manufacturing limitation, on the optimization, a curvature constraint is added
which pushes the optimization problem of fiber steering towards a solution where the curvature between
elements is constraint by the minimum steering curvature.

The curvature in the model is mathematically defined as the gradient of the spatial field of the fiber
angle orientations, x = ||V#)||, as shown by Van Campen, J.M.J.F. et al. [27]. To fiber orientation is
defined in our model per element which makes the evaluation of the curvature to be defined as the
magnitude sum of the change in fiber orientation from on element to it's neighbor over their centroids
distances.

171 Oi — ¢ 2 T T

_ = ? J — _ =

K= o\ N E | ( 7 ) , where ¢ Q(Nc(mde 2) (3.54)
JEN(3)

The fiber orientation is doubled to get ¢ because the fiber orientation is periodic in 7 and not 2x. The
curvature is then compared against the maximum curvature, K™** = % which is the inverse of the
minimum steering radius, —i==. The constraint function g is then defined as a sum of all curvature
fractions of the elements to a certain penalty power p that can increase the sensitivity to outliers that
neglect the curvature constraint. To make sure that the curvature of each element stays physically inter-

esting the density of that element is also applied on the curvature, this allows the curvatures constraint
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function to be mostly dependent off actual material presentable elements. Thus, the final constraint
function becomes:

o= (5 T (m)) - 259

l
em eENeciem

To find the gradient of the constraint function with respect to the fiber orientation 3 product rules are
applied where:

dg  dg dr dS do

d0 ~ drdS dp do

= 3 (")

JEN (G Y
dg D Pe Pekie \P~1
dke  Ngjem K™T </~€m‘w)
dke 1
dS. ~ 4N;r. (3.56)

ds, G — G

dq; -9 Z % - M,
! JEN(e) ¢

d(bz ™

daz Ncand

G.— P pe <p€l€e)p_1N'1/£ Z:( Oe—bi py T

2 INT
Nelem KMaT \ gmar ifve JEN(e) dej Ncand

The optimizers provide the model now with the routes to drive the problem towards an optimal solution.
Next few strategies are applied that provide certain guidances in the route towards the optimal solution.

3.4. Solution Strategies

The optimizers implemented have an affinity for using checkerboard patterns or similar patterns in
the fiber angles where two aligning elements can have a high difference in angle. To solve these
occurrences, strategies and filters are implemented as mentioned in 2.1.3

3.4.1. Density Filter

For the topology, the density design variables can be filtered using the equation as shown in the strategy
section giving:

[]

Figure 3.4: Density Filter on Topology Optimization
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Pel = (3.57)
ZkEN(e) WE

The N (e) represents the set of elements within the parametrized boundary defined as the neighbors of

element e. wy; refers then to the weight of neighboring element &, determined by its distance explained

later. py,; refers to the density of same element as the weight, &, at the same layer of the to be derived,

density variable p.;.

The neighbors are determined by the elements whose central point lays within the circle created by a
radius parameter R,. The weight of that neighboring element is then calculated through the normal of
the distance between the central point of the neighboring element and the boundary set by the circle
of R, represented as follows:

where R = dist(C., Cy) for R< R, (3.58)

In this weight equation C. and C}, represent the central points of the focused element e and it’s neighbor
k.

The function is also implemented into the sensitivity analysis as now the gradient is taken on the filtered
design variable, and thus the product rule can be used as such:

A0y~ dC diu

dpel o dpg1 dper (3.59)

keN(

Where ddﬁfl is the gradient equation 3.42 previously defined in section 3.3.2 applied on the p.; calcu-

lated from the filter equation 3.57. % represents the change in the g.; over the actual p.;. Which is
calculated as such: R

dpr _ d ZkEN(e) Wk Pkl (3.60)
dper  dper \ Dpen(e) Wk

This only holds a value when they lie in the same element and thus can be simplified to:

dpr _ We
dpet  Dken(e) Wk

(3.61)

3.4.2. Fiber Filter

For the fiber orientation filtering both the design variable and sensitivity filtering are applied, as the
design variable filtering will make sure that fiber orientations of neighboring elements have similar
orientations. The sensitivity filtering will help more with making sure that these neighboring elements
change together after every iteration, this can be understood by saying that if the optimizer want to
change a certain element’s fiber orientation he would have to adjust the whole area around that element
at a certain level.
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Figure 3.5: nonlinear Filter Strategy

The importance of the fiber orientation filtering is highest near the element to make sure that the next
fiber in line follows the same direction but not get influenced too much by the fiber after that and thus
limiting the movement of the overall fiber in general. That is why a higher order weight function is
applied on the fiber orientation design variable. On top of this higher order an influence of the density
of an element is also added to the filtering to make sure that the fiber orientation filtering only gets
influenced by elements whom actually have a density prescribing material placement and not voids.
Both these considerations result in the following equation:

Gualp) = 2ken(e) WhPkibkl (3.62)
el ZkeN(e) Wk Pkl '

Where the weight is represented as:

Ry — R\? )
Wy = , where R = dist(C,, Cy,) for R< Ry (3.63)

For the topology optimization the fiber filter is not assumed applicable because when the density is
optimized the fiber orientation is assumed fixed at that iteration. So while the density is used as a
variable in the filter, there is no adaptation on the density sensitivity for topology optimization.

However, for the sensitivity of the fiber orientation the filter is adapted as it helps with setting how the
fiber orientation should change knowing the filter is used. This leads to the following equation derived
similarly as before:

dcC _ Z dC' by

ﬁkl 0., (3.64)

e keN(e)

Where jéi is the gradient equation previously defined in section 3.3 applied on 6.,. % represents the

change in the filtered orientation over the actual orientation. Which is calculated as such:
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(3.65)

dékl d ZoEN(k) WoPollol
dgel B deel

ZoGN(k) WoPol

Following the same line of thought as the previous calculations in the density filter, the equation only
holds a value for the same element.

by _ We Pel
dbe ZoeN(k) WoPol

(3.66)

As for the sensitivity version of the filter that is used for smoothing the gradients of neighboring element
uses the same weighting as the design variable filter and can be defined as follows:

dc B ZkEN(e) wkpkl;inl

2 p) = 3.67
b D_keN (e) WhPkL 37

The density filter can also be used inside the fiber orientation filtering. It would mean that the more an
element is in a dense region of multiple dense neighbors the more the fiber orientation filtering will take
place as well. This way it can help reduce fiber filtering for less dense regions where the control should
be smaller.

3.4.3. Substitution
Topology Optimization

For Topology optimization substituting the filters inside the gradient gives:

2 2
=—u"> "N B (& n)pdl DuBr(Erna)t det(T(r,ms) WiWsu (3.68)

dp“ I=1J=1

Then substituting eq 3.68 in eq 3.59 gives:

JC 2 2 .

G, = pi = Z (—uT Z Z Bf (&r,m7) pPkl Dlek(f[,n])tl det(J(&r,my)) W[W‘]u) -
Pel 1EN(e) =17=1 D_keN(e) Wk
(3.69)

VSO Optimization

Because of the size of the equation of the fiber orientation sensitivity it is kept simple below where one
should assume that the report refers to filling in the filtered design variable inside the function in the
mathematical location of the design variable. And then substituting the gradient into eq 3.64, provides:

dC dC(ékl> We Pel
= > 3.70
dfei keN(e) Ok 2 o0eN (k) WoPol (3.70)
Substituting this then into eq 3.67 provides:
~ dC(é ) Wm Pm
dC (p) _ ZmEN(e) Wm Pml (ZkGN(m) dékljl EOeN(f) o.l;op(,l ) (371)

9 =

deel ZmGN(e) Wm Pmi

The two filter strategies and their effect on the gradient are well applied on the model now and can
be used in concurrency with the optimizer to create a roadmap. The driver itself is left and for this as
explained before the GCMMA is used.
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3.5. GCMMA

The solver used in this thesis is a GCMMA solver, explained in section 2.1.2. The GCMMA gives more
adaptability for complex non-convex problems to gradually descend to a converged result, which is
highly sought after in this thesis as the combination of the topology optimization with filters and fiber
orientation optimization with filter makes this a highly non-convex problem.

3.5.1. Topology GCMMA

As mentioned before the GCMMA method uses an approximation function of the objective function
to approximate the non-convex problem with a convex one. For the topology optimization objective
function this becomes:

Netem Niayers

k
=3 % Dey el 3.72
LR T e T Ty F A ©72)

The p*, and ¢* parameters of the functions are retrieved in the GCMMA equation using the gradient
computed earlier in sec 3.4.3:

. {Gl,el(U;ﬁpd)?, G20

0, otherwise
(3.73)
¢ = Grelpa —LY)?, G1 <0
el —
0, otherwise

Where (U — pe;)?, and (pe, — L¥,)? are the asymptotes scale which set how close it is allowed to move
towards the edges.

To make the equation globally converge, the approximation must be bigger than the equation itself for
the set domain as mentioned in section 2.1.2. The method used, is the addition of an artificial curvature
¢ > 0 to the gradient of the optimizer which gives:

& {(Gl,el + m)(Ué@l —pet)?, G1>0

Pel =
0, otherwise
(3.74)
¢ = (Grer+ 5—)(pa — Ly)?, G1 <0
0, otherwise

Later to set the approximation on the same level again, one more additional term - is added to comply
with C(p*) = C(p*).
The topology optimization uses a volume constraint which in GCMMA is also approximated as shown
in above, this gives:

Nelem Nlayers

k k
Vk(p) = Tel Sel 3.75
D=3 X Grn )+ (375)

The gradient of the volume constraint function, calculated in 3.2.3, is then used in a similar manner as
above in eq 3.73. This provides:
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k (Gy + —2—)(UL — pa)?, Gv >0

r = Pmaxz —Pmin

0, otherwise
(3.76)

Sel =

ko {(GV + o) (pe — LYy)?, Gy <0

0, otherwise

Next, the convex problem is assembled and solved using a Newton-Raphson method by stating:

min C*(p)
st.V5(p) <0 (3.77)
Ly <p<UY

Finally, the system updates the parameters of the GCMMA solver. The asymptotes are updated based
on past movements, where if 2 consistent iterations move the design variable in the same direction the
asymptotes size increases, and decreases otherwise by a set factor as shown below:

k+1 ; k41 : k—1
L+ — {Pefr - fincr(p]gl - Lél)? (PelJr - Pfl)(ﬂél —pg ) >0
el -

PEFY — facer(pF, — LF)), otherwise

(3.78)
L {p’&“ + finer (Ul = 05, (05 = o) 0k = pli 1) > 0
el -

p’éﬁl + faeer(UE — pk),  otherwise

The artificial curvature components are also updated at this stage, they are a global mean of all the
design variables inside their domain multiplied by a factor of 0.1:

Netem Niayers

1
O N e Niagers G maz — Pmin
' Neleleayey»s ; ; | 1 | (p )

(3.79)

Netem Nlayers

1
=01% —— G maz — Pmin
v . NelemNZayers ; ; | V|(p p )

3.5.2. VSO GCMMA
The VSO optimizer follows the same steps as the topology optimizer for the GCMMA method but for
the ANDFO function and gradients retrieved in 3.4.3. This results in the approximation function:

Nelem, Nl‘“JETS

k k
Ck(0) = Pet Tet 3.80
() Zj ; ey AR (3.80)

el

With:

(Goet + 52—

pk — maz —Omin
el

0, otherwise

(U = 0er)?, G20

€

(3.81)

¢t = (Gael + g2 ) (0 — L)%, G2 <0
0, otherwise
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The curvature constraint is also added to the GCMMA solver for the fiber optimization a similar to the
volume constrain as such:

Nf:l,f:7n Nlayers

k k
~k Tel Sel
0) = 3.82
g"(0) ; ;(U§—961+9el—Lfl)+6 ( )
’I"k _ (Gn,el + gma;jgmm)(Ufl - eel)27 Gm 2 0
el —
0, otherwise
(3.83)
Sk - (Gn,el + gmawcfgmm )(9€l - Lf;l)Qa Gm <0
el —
0, otherwise
with the constants given as:
1 NelehL Nlaye'rs
Cy = 0l ———— Z Z |G2|(9maz - emln)
Neleleayers e—1 -1
(3.84)

Nclcm Nlayers

Cx = 0.1 % ; Z Z |Gn|(9mam - emin)

Nejem N
elem4Viayers —1 -1

The basic methodology of the model is now in place and all that is left is the algorithm that defines what
happens at what points in the model.

3.6. Combination Method

The two optimizers are combined using a mix of concurrent and hierarchical methods to provide some
feedback between both optimizers and not be primarily dependent on either one. To implement this
with the current methodology an algorithm as shown below, in fig 3.6, is created. The algorithm uses
1 main outer loop which uses each GCMMA solver optimizer once concurrently and not sequentially.
The GCMMA solver for each optimizer uses a small inner loop which initially retrieves the sensitivity
analysis from the main outer loop and uses those gradients fixed with an iterative GCMMA adaptation
to the design variables till a conservative compliance is reached or the maximum amount of iterations
for that GCMMA solver is run. After the inner loop for the topology finishes the GCMMA inner loop for
the fiber is run and the same system holds where either a conservative result comes out or the maximal
inner iterations are run. In this way each GCMMA solver has time to find the most conservative solution
and thus help avoid too fast falling into local optima.

Figure 3.6: Combination Algorithm for the Laminate Optimization
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After the retrieved optimized solution the model results are a bit difficult to analyze. A last post process-
ing step can aid in explaining and analyzing some of the results obtained out of the model.

3.7. Post Processing

The AFP Machines don’t use FEA fiber orientations per elements as an input but need streamlined paths
for fiber steering. This final process is done in the post processing stage where the FEA optimization
result is used to make a streamlined showcase of the path the machine should follow. To better show
the curvature improvements, that were gotten from the optimization, a low to no smoothing method
is used with simple streamline tracing over a masked vector field retrieved from the fiber orientations
angles with an Euler stepper starting from seeds placed in a grid-like fashion.

First the vector field is retrieved from the fiber orientations. The first step in retrieving this is to convert
each fiber angle into a vector with two scalars, the cos and sin of the double angle. The double angle is
used as mentioned before in the curvature constraint section to apply a 27 period instead of a = period
which is used in the angles as a fiber orientation is physically the same if it is +45° or +135°, and when
interpolating the vector field continuation is preferable. This thus results in:

vy = cos(¢)
vy = sin(¢) (3.85)
with ¢ = —2% 0 4+ 1
cand

This centroid vector is then interpolated over the domain of the object with a nearest interpolation where
each resolution grid point has the vector for which the value is taken as the vector value of the centroid
nearest him. To get the final vector field result the vectors field retrieved before is brought back to the
fiber orientation angle and vectorised as such to have a correct direction field.

cos (3 atan2(qy (z,y), ¢2(,y))) (3.86)

V((L‘, y) = | .
sin (5 atan2(qy (z,v), ¢=(2,9)))

With the vector field in place a density and domain mask is applied on the vector field eliminating all the
vectors that have a lower density than a fixed threshold density and or elements outside of the domain.
Next, a seeded grid is made for the starting locations of the streamlines inside the domain where each
seed is a starting point for a streamline. These seeds are then put in an Euler stepper method where
they look at the vector on that seed and take a step in the direction of the vector, if the step does not
comply with a minimal curvature that is added the seed finished its run else it goes to the next pos and
runs the vector Euler step again until all the streamlines are created.



Numerical Implementation

4.1. Mesh Generation

The mesh generation in this thesis was done using the gmsh python software, which is a highly efficient
tool to generate any mesh for all types of geometries. It can make different mesh sizes and can be
adjusted to your needs for a mesh.

The thesis uses simple gmsh scripting to create the geometries and mesh them in a way such that
the element geometries form quad elements that are not too elongated so to get better and accurate
results. To explain how a gmsh is scripted, the thesis follows a rectangular element with a circular hole

as an example.
¥
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Figure 4.1: Quad element representation in FEA

The initial step of the generation is to define the geometry of the object’s design space. For the example,
the height H and length L of the rectangle are defined as well as the circle’s radius R, and center
position (c,, ¢,). To set the reference for the mesh and optimizer later a point is also chosen to be used
at the (0, 0) reference point of the coordinate system as follows:

37
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Figure 4.2: Definition of the Objects Design Space before Mesh Generation

In the next step a definition of the division of quads inside the design space is set. In this example,
some symmetries are added to have more accurate results for geometrical symmetric designs. In this
step the resulting section should all have 4 edges and 4 point that can be interpolated later. The circle
is divided up into 8 separate arcs to maintain the symmetry and equivalently create the 4 edge point
subdivisions as follows (Figure 4.3). Next, the points on the design are created

L

Figure 4.3: Definition division in design space before mesh generation

using the function occ.addpoint (x, y, z) where x and y represent the coordinates of the point inside the
coordinate system set previously with the known origin. The middle section around the circle is selected
to be a square in the example’s case with edge length the height. In the examples these points are:

Table 4.1: Coordinates of mesh points

Point x y Point x y
1 0.00 0.00 12 (L+H)/2 H/2
2 (L-H)/2  0.00 13 L/2 0.00
3 (L-H)2  H/2 14 L/2 H
4 (L-H)/2 H 15 L/2+R H/2
5 0.00 H 16 L/2+Rcos(45) H/2+ R cos(45)
6 0.00 H/2 17 L/2 H/2 +R
7 (L+H)/2  0.00 18 L/2 - R cos(45) H/2 + R cos(45)
8 L 0.00 19 L/2-R H/2
9 L H/2 20 L/2 - R cos(45) H/2-R cos(45)
10 L H 21 L/2 H/2-R
11 (L+H)/2 H 22 L/2 + R cos(45) H/2-R cos(45)
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Figure 4.4: Location of the points set for mesh generation

After the points are created the line edges are formed, two different functions are used, for straight
lines the gmsh script uses occ.addLine (Point1, Point2) Where a line is drawn from Pointl to Point2. For
arc lines, a different function is used occ.addCircleArc(Pointl, centerPoint, Point2) Where once again a
line is drawn from Pointl to Point2 but in an arc with center point the center Point variable. It is very
important to keep the direction of the lines known. The list of lines for the example are shown below:

Table 4.2: Mesh Lines

Line Pointl Pointl Line Pointl Point2

1 1 2 18 14 4
2 2 3 19 2 20
3 3 4 20 13 21
4 4 5 21 7 22
5 5 6 22 12 15
6 6 1 23 11 16
7 6 3 24 14 17
8 7 8 25 4 18
9 8 9 26 3 19
10 9 10 27 15 16
11 10 11 28 16 17
12 11 12 29 17 18
13 12 7 30 18 19
14 12 9 31 19 20
15 2 13 32 20 21
16 13 7 33 21 22
17 11 14 34 22 15
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Figure 4.5: Line direction setup for the mesh generation

Next the surfaces are created using the previous created lines. To create the surface a double func-
tion can be used, occ.addPlaneSurface([occ.addCurveLoop([Linel,Line2,Line3,Line4])]). To create these sur-
faces correctly it is important to follow the directions of the lines and to make sure that the point between
the lines are the same point objects. if a line direction is in reverse then the line can be written with
a minus sign to reverse its direction. To make sure later that the mesh is correctly generated later
and that the sections can fit together, it is important to make sure that all surfaces follow a clockwise
direction. In the example the surfaces are represented as follows:

Table 4.3: Mesh Surfaces

Surface Linel Line2 Line3 Lined
1 1 2 -7 6
2 7 3 4 5
3 8 9 -14 13
4 14 10 11 12
5 15 20 -32 -19
6 19 -31 -26 -2
7 26 -30 -25 -3
8 25 -29 -24 18
9 24 -28 -23 17
10 23 -27 -22 -12
11 22 -34 -21 -13
12 21 -33 -20 16

Finally, the surfaces are synchronized together so that the mesh is resultant into 1 single object. After
the synchronization, the discretizations of the object into small element is done. The gmsh does this
by dividing each edge into discrete lengths where nodes are placed on each segment alongside an
edge of a surface. The function gmsh.model .mesh.setTransfiniteCurve(Linel, numberQ0fNodes) is used where
the numberO f Nodes is the amount of nodes that are set alongside the line Linel. in this example the
lines that go from the edges towards the circle are also progressively segmented, by placing nodes bit
by bit closer to each other the closer you get to the circle. The surfaces are the also discretized using
the gmsh.model.mesh.setTransfiniteSurface(surfacel) function, where sur facel is discretized into triangles
using the nodes or points discretized from the edges of that surface. They are the recombines into
quad elements using the gnsh.model.mesh.setRecombine(2, surfacei) function and after this the mesh is
generated and the result for this example is shown in Figure 4.6.
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Figure 4.6: The mesh result from the example

After the mesh is generated using gmsh it is saved as a file in the software and can then be loaded in to
use inside the optimizer. The elements and nodes are extracted from the gmsh file and only the useful
nodes are selected to pass onto the optimizer as helping points, like the center point of the circle, is
also saved as a node inside the gmsh file and not necessarily for the optimizer.

4.2. Object and Run Setup

In this section the program get around is explained to set up the mesh and boundary conditions and
how to go about setting certain parameters or viewing certain properties.

4.2.1. Boundary Conditions

After the mesh has been generated, the boundary conditions to the mesh can be added, as mentioned
in the methodology the boundary conditions that can be added consist of edge traction, node forces,
or displacements of nodes or edges. The GUI in the software has the following look:

® | Boundary Conditions ? %

Name:

Type: Displacement ~

Target: Node ~ Select l

Selection: Mo nodes/edges selected yet

Add / Update BC

Save/Load BC Setup

Save Setup Load Setup Clear All

OK

Figure 4.7: Boundary Conditions Ul

To make a boundary, the user of the software has to give the boundary condition set a name. The type
of boundary condition can be either loading or displacement after which you will also see the variables
below change accordingly. Also the target of the boundary condition can be chosen between either a
boundary condition on a node or edge, after which the edge or node can be selected. To select the
edge or node the user can shift click drag a rectangle over the edges or nodes they want to select and
the nodes or edges will be shown in red, to confirm selection the user can press enter and the nodes
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or pair of nodes for edges will show up in the menu screen and to finally confirm the user presses the
add button after which the BCs, are uploaded the BCs calculator object where they are processed to
make the force and displacement vector eventually.

The processing of the BCs is done inside file BCsTranslation.py where it separates the edges and
nodes at which the boundaries are applied and if it is a nodal displacement or force it is directly added
to the BCs lists and force and displacement vector. However, in the case of a loading on an edge a
Gauss integration is firstly don’t to retrieve the resulting forces on the node of the edge which is the
passes on to the vectors.

The user can also save and or load from a save file the boundary conditions setups he creates as to
not lose time having to recreate the same boundary conditions if other tests want to be run. When the
user then finishes he exits the menu by pressing ok and can continue to the parameters page to set up
the parameters off the simulation.

4.2.2. Parameters
There is a high quantity of parameters that the user can play with to set up the system of the optimization

of the composite object. A list of all the parameters and their description can be found below:

Table 4.4: Model parameters and descriptions

Parameter Type  Description

Neand int Number of candidate fiber orientations

Vi float Volume fraction representing the material re-
source constraint

Niayers int Number of laminate layers

Tinit float Initial material density value

Yinit float |Initial fiber orientation value

y float Initial density penalization parameter

A float Update rate of density penalization parameter

Ymax float Maximum allowable density penalization

Do,init float Initial fiber penalty parameter

kmaz int Number of iterations for constant p, ;i: stage

« float Scale for the p, ;ni: linear decreasing stage

Teh, float Density threshold for the p, .. adaptive
stage

Wi, float Weightthreshold for the p, ;,;; adaptive stage

a float Coefficient A for penalty function in the p, init
adaptive stage

b float Coefficient B for penalty function in the p, init
adaptive stage

c float Coefficient C for penalty function in the p, n.¢
adaptive stage

d float Coefficient D for penalty function in the pg init
adaptive stage

€ float Convergence level before activating the
Do.init @daptive stage

Ta float Filter radius for density design variable

Continued on next page
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Table 4.4 — continued from previous page

Parameter Type  Description

Ty float Filter radius for fiber orientation variable

Ty.p float Power parameter for fiber filter

asymy z float Lower asymptote for density update

asymy, q float Upper asymptote for density update

movey float Move limit for density variable

asymy float Lower asymptote for fiber orientation update

ASYMiy 4 float Upper asymptote for fiber orientation update

move, float Move limit for fiber orientation variable

topo_opt bool  Flag to enable topology optimization

fiber_opt bool Flag to enable fiber orientation optimization

topo_filter bool  Flag to enable topology design variable filter-
ing

fiber_filter bool  Flag to enable fiber design variable filtering

fiber_sens_filter bool  Flag to enable fiber sensitivity filtering

runtype str Optimization run selection

Itermaz int Maximum number of global optimization itera-
tions

B, float Longitudinal modulus of elasticity (MPa)

Ey float Transverse modulus of elasticity (MPa)

G2 float In-plane shear modulus (MPa)

Gas float Transverse shear modulus (MPa)

V12 float Poisson’s ratio

p float Material density (kg/m?)

The parameters are set up in the parameter page of the program where everything can be set and
selected to try out different parameters, shown below in fig 4.8. A parameter setup can also be saved
and loaded in if previous parameters were used to facilitate the re-testing of similar setups.

Parameters page

Save Parameter Dtonary

Load Parameter Dxtonary

Figure 4.8: Parameter page of the program
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4.2.3. Properties views

After everything has been prepped for the run, a set of properties can be selected in the Run window.
The user can select the properties that will show up during the run. They are during the run every x
amount of iterations being updated in each of their respective mesh view with hue colors and density
saturation of set in the code. The user can also select which specific layer is desired to show these
properties if more are selected. The properties that are selectable and their description are shown

below:

Select Layer to View:

Compliance
Asymptote Width
Energy Density

Area

Density Gradient

Strain XX

Stress XX

Density Gradient Filtered

Fiber Orlentation

strain YY Strain XY

Stress YY Stress XY

Psigma

Compliance

Asymptote Width

Energy Density.

Area

Compliance Plot
RUN

Figure 4.9: Runpage with property selection to view

Table 4.5: Selectable property views and descriptions

Property Unit Description

Variables

Density (-) Element-wise material density distribution
Fiber Orientation (—)ordeg Element-wise fiber orientation variable
Strains

Strain XX (-) Normal strain in the z-direction (e,)

Strain YY (=) Normal strain in the y-direction (e,;,)

Strain XY (-) Shear strain in the zy-plane (¢,,)

Stresses

Stress XX MPa Normal stress in the x-direction (o)

Stress YY MPa Normal stress in the y-direction (o, )

Stress XY MPa Shear stress in the zy-plane (o)
Gradients

Density Gradient (-) Density sensitivity of the objective

Density Gradient Filtered (=) Filtered density sensitivity after spatial filtering
Fiber Orientation Gradient (-) Fiber sensitivity of the objective

Fiber Orientation Gradient Filtered (—) Filtered fiber orientation sensitivity

Global / Derived Quantities

Psigma (-) Current fiber penalty parameter value
Compliance N-mmorJ Structural compliance (objective function value)
Asymptote Width (-) Width between upper and lower asymptotes
Energy Density J/im3 Strain energy per unit volume

Area m? Total material area of the current design
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On top of the viewable properties of the mesh, the Layer view page and the Mesh view page are
updated. The Layer view page shows the density and fiber orientation throughout the whole mesh for
each layer separately, and thus has the best representation of all the demanded design variables. The
Mesh view page on the other hand is a mean of all the densities of the elements in each layer and can
thus be represented as the overall view of the density in the design space. In this page the user can
also check the mesh displacement due to the applied boundary conditions with the current object and
can be scaled using the slide bar.

4.3. The process

The process section is the key optimization section of the numerical integration. It's divided into 3
sections which are executed in order inside the program. The pre-processing which deals with all pre-
computations to make the iterations more efficient, the optimization itself where the algorithm of each
iteration is explained and the calculations with the functions that are applied, and the post-processing
where the fiber orientations are used to create a streamline map of the results.

4.4. Pre-Processing

The pre-processing is set up to eliminate double calculations during the iterations where they are not
necessary. These calculations include the calculation of candidate angles from their numbers, the
constitutive ply matrices corresponding to those angles. The resource and area calculations of all
elements for this specific design space. The centroids and neighbor pre-computations for the filtering
later. The constant volume gradient used in the topology optimization GCMMA, and finally, the shape
functions, jacobians and B matrices for all the elements.

_calculate_candidate_angles()

This function has as input the number of candidates selected in the parameter page. It uses a simple
formula to translate the number of candidates N..,.q into a well divided range of candidate angles
Candidate Angles ranging over all possible angles for the ply.

1
CandidateAngles = [?(z +1)—90 for i=][1,Ncandl] 4.1)

Table 4.6: Calculate Candidate constitutive matrix

Inputs desc
Ncand the number of candidates
Outputs desc

CandidateAngles array with candidate angles

_calculate_candidate_elastic_constitutive_matrix()

This function creates the constitutive matrices corresponding to each candidate angle retrieved from
the previous function and the material properties set in the parameters page. The equations applied
are shown in the methodology section using equation 3.7.

_calculate_element_centroids()

In this function the centroids of the quad elements are retrieved from the coordinated of the node of
that element. The input into this function is an array of the nodal coordinates corresponding to each
element. And the mean of all 4 nodal coordinates is calculated.

_calculate_element_areas()

The element areas can be retrieved similarly as the centroids from the nodal coordinates of the el-
ements. The following functions hold for the area of the element’s coordinates using the shoelace
formula:
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Table 4.7: Calculate Constitutive matrices of candidate angles

Inputs desc

CandidateAngles array with candidate angles
Material Properties  List with all the corresponding material properties

Outputs desc

Q Constitutive matrices of candidate angles as np.array of size (Negnd, 3, 3)
Table 4.8: Calculate Element Centroids

Inputs desc

nodecoord  array with the nodal coordinates of each element of size (Ngjeim, 4, 2)

Outputs desc

centroids  array with all the central point of each element of size (Nejem)

Ale) — , 2 = o9 (4.2)

4
> (a1 - uals))
=1

1
2

Table 4.9: Calculate Element Areas

Inputs desc

nodecoord  array with the nodal coordinates of each element of size (Ngjeim, 4, 2)

Outputs desc

areas array with all the central point of each element of size (Nejem)

_precompute_neighbors ()

In this functions the centroids of the elements centroids retrieved from the previous corresponding
function, and the parameters of the fiber optimization radius R,, and the density optimization radius Ry
retrieved from the parameter section before. The method makes a (Nejem , Neer ) matrix by subtracting
the centroid coordinates by each other in a transposed form and computing the distance of the resulting
vectors. The output is a diagonal symmetric matrix where the combination of 2 elements had the value
of it's distance between them inside. Then a filter of any value bigger than the radii mentioned before
is placed on this matrix to retrieve a matrix of 1's and O’s representing elements which are each other
neighbors within those radii.

_precompute_neighbor_differences_and_weights()

In this function the same method as before for the neighbors differences is computed and the weights
from these computations are calculated using equation 3.58 and equation 3.63 from the methodology.
After the weight calculation a filter is applied by multiplying by the neighbors 1/0 matrix obtained in the
previous functions to only leave the functional weights of the neighbors.

_precompute_derivative_shape_functions()

This function precomputes the derivatives of the shape functions for the GaussPoints and the center
of the quad elements in local coordinates using equation 3.15.
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Table 4.10: Find Element Neighbors

Inputs desc

centroids  array with all the central point of each element of size (Nejer)

R, filter radius of the density design variable

Ry filter radius of the fiber orientation

Outputs desc

Preighbors ~ Matrix of size (Neiem, Neiem) representing the neighbors

of all the elements of the density

Oneighvors ~ Matrix of size (Nejem, Neiem) representing the neighbors

of all the elements of the fiber orientation

Table 4.11: Calculate Element Neighbors weights

Inputs desc

centroids array with all the central point of each element of size (N,jcr,)

R, filter radius of the density design variable

Ry filter radius of the fiber orientation

Pneighbors ~ Matrix of size (Nejem, Neiem ) representing the neighbors

of all the elements of the density

Oneighvors ~ Matrix representing the neighbors of all the elements of the fiber orientation

PRo the power of the filter radius weight of the fiber orientation

Outputs desc

Wp matrix of size (Neiem, Nelem) representing the weight

of all the elements neighbors of the density

we matrix of size (Nejem, Neiem) representing the weights

of all the elements neighbors of the fiber orientation

Table 4.12: Precompute derivative shape functions

Inputs desc

GaussPoints The GaussPoints coordinates of the local system.

Center the gauss representation of the center point of the element being (0,0)
Outputs desc

% Array of the derivative shape function values for all the 4 nodal GaussPoints
% Array of the derivative shape function values for all the 4 nodal GaussPoints
¥ (center) Array of the derivative shape function values for the center

g
‘fi—]:][ (center)

Array of the derivative shape function values for the center
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set_jacobians()

This function calculates the jacobians, inverse Jacobians, and the determinants of the jacobians for
all the elements. It uses the element’s nodal coordinates and shape functions derivatives following
equation 3.16 and equation 3.17.

Table 4.13: Precompute Jacobians and related matrices

Inputs desc
nodecoord array with the nodal coordinates of each element of size (Nejemm, 4, 2)
% Array of the derivative shape function values for all the 4 nodal
GaussPoints
(fTJX Array of the derivative shape function values for all the 4 nodal
GaussPoints
%(center) Array of the derivative shape function values for the center
%(center) Array of the derivative shape function values for the center
Outputs desc
GaussJacobians Array of size (Nejem, 4,2, 2), representing
the Jacobians for each node’s GaussPoint of each element
GaussJacobiansCentered Array of size (Nejem, 2,2), representing
the Jacobians for the center of each element
GaussDeterminant Array of size (Nejem, 4), representing

the Jacobian determinants for each node’s GaussPoint of each el-
ement

GaussDeterminantCentered  Array of size (Ngjem ), representing
the Jacobian determinant for the center of each element
GaussJacobiansInv Array of size (Ngiem, 4,2, 2), representing

the Inverse of the Jacobians for each node’s GaussPoint of each
element

GaussJacobiansInvCentered Array of size (Nejem, 2,2), representing
the Inverse of the Jacobians for the center of each element

set_B_matrices()

This function calculates the B Matrix for each element from the previously calculated jacobian informa-
tion and the derivative shape functions. The equations applied can be found in the methodology (see
equation 3.18). The B matrices are made for all the 4 GaussPoints and the CenterPoint.

As mentioned before these preprocessed properties and values are calculated before the iteration loop
to make the iterations more efficient and less computationally expensive. Once the preprocessing is
finished the algorithm starts it’s first iteration.

4.5. Optimization

During the initialization of the optimization itself there are some prepped features of the program starting
up, the view shift from the runpage to the property page, so the user can directly watch the change in
the properties during the run. The control panel for the run, show in fig 4.10, is also initialized. The
control panel is a module the user can use to pause the iteration loop at certain points if the user wishes
to analyze certain properties or aspect off the mesh or elements during a certain part of the run. The
user Can also stop the run to retry with different parameters and rerun the optimizer.
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Table 4.14: Precompute Jacobians and related matrices

Inputs

desc

GaussJacobiansInv

GaussJacobiansInvCentered

dN
de

dN
dn

% (center)
AN
dn

Array of size (Neiem, 4,2,2), representing the Inverse of the Jaco-
bians for each node’s GaussPoint of each element

Array of size (Neiem, 2, 2), representing the Inverse of the Jacobians
for the center of each element

Array of the derivative shape function values for all the 4 nodal
GaussPoints

Array of the derivative shape function values for all the 4 nodal
GaussPoints

Array of the derivative shape function values for the center

(center) Array of the derivative shape function values for the center
Outputs desc
GaussBMatrices Array of size (Neiem,4,3,8), representing the B matrices of each
element’'s GaussPoints
Center BMatrices Array of size (Ngem, 3,8), representing the B matrices of each ele-

ment’s center point

® | Simulation Run Control ? *

> |

Simulation Control Panel
Status: Starting iteration 10
Iteration: 9
9%
Elapsed: 00:05

Hide Control Panel

Figure 4.10: Control Panel of the Simulation Run

The iteration is then started and counted in a loop. This loop, shown in figure 4.10, has different sections
to retrieve the necessary properties and other optimization variables, as well as the GCMMA solvers
at the end of each iteration.

_filter_x()

If the user has activated the design variable filtering then this is the first function ran by the loop. It filter
the density design variable on its neighbors using the previously pre-calculated neighbors matrix and
weights. The current density is used as an input into equation 3.57, and the filtered density comes out
as an output array of the same size.

_filter_fibers()

After the filtering of the density design variable, the fiber orientation’s design variable is also filtered
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Table 4.15: Filter of Density Design Variable

Inputs desc

p the density design variable of size (Neiem, Niayers)

Pneighbors ~Matrix of size (Neiem, Neiem ) representing the neighbors of all the elements of the density

Wy matrix of size (Nejem, Neiem) representing the weight of all the elements neighbors of
the density

Outputs  desc

p the filtered density design variable of size (Neiem, Niayers)

using equation 3.62 (with weights from equation 3.63), if activated in the parameters page beforehand.
Depending on whether the density filter was applied the filtered or normal density DV is inputted into

this filtering.
Table 4.16: Filter of Fiber Design Variable
Inputs desc
0 the fiber design variable of size (Nejem, Niayers)
porp the inputted density design variable of size (Neiem, Niayers)
Oneighvors Matrix of size (Nejem, Nererm ) representing the neighbors of all the elements of the fiber
we matrix of size (Neiem, Neiem) representing the weights of all the elements neighbors of
the fiber orientation
Outputs  desc
0 the filtered fiber design variable of size (Nejem, Niayers)

_calculate_NDFO_interpolated_constitutive_matrices()

In this function the weight and equivocally the constitutive matrices for each ply from the NDFO method
are calculated from the preprocessed constitutive matrices of the candidate angles, the current either
filtered or non-filtered fiber orientation design variables and the adaptive Po’s, using equation 3.45.

Table 4.17: Constitutive matrix calculation of the fiber orientations

Inputs desc

Po the normal deviation of the distributions used to calculate the weight of the fiber orienta-
tions as an array of size (Neiem, Niayers)

Q Constitutive matrices of candidate angles as np.array of size (N.qnd, 3,3)

0 orf the inputted fiber design variable of size (Neiem, Nayers)

Outputs desc

QNPFO  an array with, the weighted constitutive matrix from the fiber orientations, of size

(Nelem, Nigyers, 3, 3)

_apply_SIMP_to_constitutive_matrices()

Now that the constitutive matrices have been interpolated from the weight of the candidate angles with
reference to the fiber orientation design variable, the application of the density follows. In this application
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the SIMP method as mentioned in the methodology is used to apply a fraction on the constitutive
matrix corresponding to it's equivalent density representation. The equation used can be found in the
methodology section (see equation 3.30).

Table 4.18: SIMP Method application on the constitutive matrices

Inputs desc

QNPFO an array with, the weighted constitutive matrix from the fiber orientations, of size

(Nelem, Nigyers, 3, 3)
porj  theinputted density design variable of size (N.icm, Niayers)

Outputs desc

QSTMP an array with, the SIMP applied constitutive matrices, of size (Nelem, Nigyers, 3, 3)

_calculate_ABD_matrices()

Using the constitutive matrices retrieved from the simp application, the ABD matrices of all the element
are calculated by using the integration of each layer represented by a corresponding constitutive matrix
over the thickness of that layer and added together. The formula used for this is equation 3.1.

Table 4.19: Calculation of the ABD matrices from the constitutive matrices

Inputs desc

QSIMP an array with, the SIMP applied constitutive matrices, of size (Nelem, Njqayers, 3, 3)

layerThickness The thickness of any layer in mm

Nigyers The amount of layer in the current design domain.
Outputs desc
ABD an array with, the ABD matrices for each element, of size (Nelem, 6, 6)

_calculate_element_stiffness_matrices_D_matrix()

The next step in the iteration is to retrieve the element’s stiffness matrices. The equations retrieved
in the methodology section (see equation 3.20 and equation 3.22) are applied with the Q matrices
from the SIMP application function. Together in combination with the precalculated B matrix, Gauss
determinants and Weights the element stiffness matrix is found.

_assemble_global_stiffness_matrix()

After retrieving the element’s stiffness matrices they are assembled in a global stiffness matrix using
a vectorized sparse matrix assembly which is a high computational method to assemble the stiffness
matrices together in their corresponding DOF map. The matrix is then transformed into a CSR (Com-
pressed Sparse Row) format, where only the non-zero values are saved with their corresponding in-
dexes for fast linear solving.

_solve_for_displacements()

Now with the Boundary conditions that were applied in the previous section, and the now calculated
global stiffness matrix, the resulting displacement matrix of the current iterations can be calculated by
the linear matrix solver. Before the solver the matrices are first partitioned into their Fized Nodes and
FreeNodes retrieved from the BCs displacements applied on the domain. The corresponding parti-
tioned global stiffness, force, and known displacement matrix are then used to calculate the remaining
unknown displacement (see equation 3.27), and then the displacement matrix is reassembled into 1
matrix.
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Table 4.20: Calculation of the element’s stiffness matrix

Inputs desc

QSIMP an array with, the SIMP applied constitutive matrices, of size
(Nelem, Nigyers, 3, 3)

layerThickness The thickness of any layer in mm

GaussBMatrices Array of size (Neiem, 4, 3,8), representing the B matrices of each element’s

GaussWeights

Gauss Points
Array of size (4), representing the weights of each Gauss Point

GaussDeterminant  Array of size (Neem,4), representing the Jacobian determinants for each

node’s Gauss Point of each element

Outputs desc
K, an array with the element stiffness matrices for each element, of size
(Nelem,8,8)
Table 4.21: Calculation of the global stiffness matrix
Inputs desc
K. an array with the element stiffness matrices for each element, of size (Nelem, 8, 8)
elementDOF  an array with the element’s degree of freedom index, of size (Nelem, 8)
Outputs desc
Kg a singular matrix representing the global stiffness of the object for all it's DOF in
CSR form for faster computation later
Table 4.22: Calculation of the global stiffness matrix
Inputs desc
Kg a singular matrix representing the global stiffness of the object for all it's DOF in CSR
form for faster computation later
F the force matrix representing the applied forces on the object.
U the displacement matrix filled with the known fixed displacements
FizedNodes an array with the DOFs of the fixed nodes
FreeNodes  an array with the DOFs of the free nodes
Outputs desc
U the displacement matrix now representing the whole displacement matrix of all

nodes.
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_calculate_element_strains()

Now using the known behaviour of the elements inside the design domain, the strains can be calculated i
correspondence between each element’s center B matrix and nodal displacements. The equation used
for this is the linear strain—displacement equation in equation 3.12. The resulting strain matrix can be
subdivided into the axial strains and the engineering shear strain of the elements. The center point of
the element is used as a representation of the strain on average in that element however any strain in
any part of the element can be calculated using it's corresponding B matrix.

Table 4.23: Calculation of the strain matrices

Inputs desc

GaussBMatricesCentered — Array of size (Neem,3,8), representing the B matrices of each ele-
ment’s Center Gauss Points

element DOF an array with the element's degree of freedom index, of size
(Nelem, 8)
U the displacement matrix now representing the whole displacement ma-

trix of all nodes.

Outputs desc

€ the strain matrix representing the axial and shear strains in each ele-
ment’s center point, of size (Nejem, 3).

_calculate_element_stresses()

Similar to how the strains are calculated, the stresses are also calculated at the elements center from
the previously calculated strains. These calculations are done through the stress-strain relation in
equation 3.2.

Table 4.24: Calculation of the stresses matrices

Inputs desc

ABD an array with, the ABD matrices for each element, of size (Nelem, 6, 6)

€ the strain matrix representing the axial and shear strains in each element’s center point,
of size (Neiem, 3)-

Outputs desc

o the stress matrix representing the axial and shear stresses in each element’s center point,
of size (Neiem, 3).

_calculate_element_strain_energy ()

The strain energies can be derived from the displacement behavior of the object and its stiffness matri-
ces using the elastic strain energy / compliance relation in equation 3.29.

_calculate_global_compliance_from_energy()

The global compliance calculated is easily derivable from its relation to the strain energy as shown
before is the compliance is simply the double of the strain energy. To then retrieve the total compliance
of the whole object, all the elements compliance are summed.

_calculate_gradient_x_element_stiff ()

The following functions correspond to the sensitivity calculation shown in the methodology section 3.2.2.
The first function is the calculation of the gradient for the density design variable, where the global
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Table 4.25: Calculation of the strain energy matrices
Inputs desc
u the displacement matrix now representing the whole displacement matrix of all
nodes.
K, an array with the element stiffness matrices for each element, of size (Nelem, 8, 8)

elementDOF  an array with the element’s degree of freedom index, of size (Nelem, 8)

Outputs desc

U the strain energy of each element at the current iteration, an array of size(Nem)

Table 4.26: Calculation of the global compliance matrix

Inputs desc

U the strain energy of each element at the current iteration, an array of size(Nem)

Outputs desc

C the total compliance of the object inside the desigm space

displacement vector and the stiffness matrices can be used to simplify the computation as shown in
equation 3.42 by simply multiplying it by the power and dividing over the current density design variable

or its filtered version if applicable.

Table 4.27: Calculation of the density gradient matrix

Inputs

desc

P, The density penalty power value

porp the inputted density design variable of size (Neicm, Niayers)

U the displacement matrix now representing the whole displace-
ment matrix of all nodes.

K. an array with the element stiffness matrices for each element,
of size (Nelem, 8, 8)

element DOF an array with the element’s degree of freedom index, of size
(Nelem, 8)

Outputs desc

‘fi—c the gradient matrix of the density design variables, of size

P

(Nelem ) Nlayers)

_filter_gradient_x()

The next sensitivity function follows the filtered density variable application for the sensitivity of the de-
sign variable. The equation in equation 3.59 uses as mentioned before the simple method of multiplying
the previous calculated gradient by a weight fraction of the neighbors.

_calculate_gradient_y()

The fiber orientation design variable follows if applicable a three step functions method to calculate the
gradients, apply the filters off the design variables and then another filter for the sensitivity itself. The
first function for the sensitivity of the fiber orientation design variable itself follows Eq. 3.47.
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Table 4.28: Calculation of the density filtered gradient matrix
Inputs desc
% the gradient matrix of the density design variables, of size (Neiem, Niayers)
Wp matrix of size (Nejem, Neiem) representing the weight of all the elements neighbors of the

density

Outputs desc

v the gradient matrix of the density design variables, of size (Neiem, Niayers)
Table 4.29: Calculation of the fiber orientation gradient matrix
Inputs desc
Neand number of candidate fiber angles (scalar)
0 fiber orientation design variable (or filtered variant), of size (Nejem, Niayers)
pPe normal deviation parameter for the ANDFO weights, of size (Neiem, Niayers)
constitutive matrices of the candidate angles, of size (N.qnd, 3,3)
p filtered density design variable used for SIMP scaling, of size (Nejem,, Niayers)
Pp density penalty power value used in SIMP (scalar)
t layer thickness in mm (scalar)
B Gauss point B-matrices, of size (Neiem, Ngauss, 3, 8)
det(J) Gauss point Jacobian determinants, of size (Nejem, Nyquss)
W Gauss weights, of size (Ngquss)
U global displacement vector of the current iteration (size Ng.y)
elementDOF  element DOF map, of size (Nejem, 8)
Outputs desc
dc

do

gradient matrix of the fiber orientation design variables, of size (Neiem, Niayers)
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_filter_gradient_y_density()

The next function of the gradient calculation of the fiber orientation design variable is used if the fiber
filter is applicable. It uses a similar equation as the one used for the topology optimization but with the
addition of the density design variable as a parameter. And dependent on whether a density filter is
applied this also determines whether the filtered or non-filtered design variable is used.

Table 4.30: Calculation of the fiber orientation gradient matrix with filtered orientation

Inputs desc

% the gradient matrix of the fiber orientation design variables, of size (Neicm, Niayers)
Wy matrix of size (Nejem, Neiem) representing the weights of all the elements neighbors of the

fiber orientation
porp the inputted density design variable of size (Neiem, Niayers)

Outputs desc

% the gradient matrix of the fiber orientation design variables, of size (Neiem, Niayers)

_filter_gradient_y_sensitivity()

The final function of the sensitivity section is the additional filtering of the sensitivity of the fiber orienta-
tion with a sensitivity filter, as shown in equation 3.67

Table 4.31: Calculation of the fiber orientation gradient matrix

Inputs desc

% the gradient matrix of the fiber orientation design variables, of size (Neiem, Niayers)

porp the inputted density design variable of size (Neiem, Niayers)

we matrix of size (Nejem, Neiem) representing the weights of all the elements neighbors of the
fiber orientation

Outputs desc

&= the gradient matrix of the fiber orientation design variables, of size (Neiem, Niayers) With
applied sensitivity filter.

4.6. Post-Processing

After the optimization of the problem a post processing step can be applied on the result to retrieve the
fiber streamline paths out of the result. This is done in the last page of the main GUI named Fiber Path.
A window will open as such:
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Figure 4.11: Fiber Path Ul Page

The Ul consists of the setup tab and the plot tab. The setup tab has a few properties to select to load
the streamline: The layer number to plot, The number of streamlines and the gridresolution at which
the vector field is created and the visualization of the plot where different checkboxes can be selected
to show how or what is shown. To fully apply the methodology steps for the post processing a few
streamline calculation functions are made which analyze and generate the streamline data.

generate_fiber_streamlines_polygon()

This function applies all the necesarry calculation and runs the necesarry function to retrieve the stream-
lines. It applies the algorithm to get to the streamlines which is shown in the methdodology section. It
start by running the function which retrieve the angles from the design variables, the it builds a vector
field with the near/centered method inside a domain and masks is the field for a certain chosen denisty
threshold. It then applies a seed generation function where the seeds for the streamlines are placed
inside the grid and finnaly runs the function which generates the streamlines from the seeds using an
euler stepwise method.

With the numerical implementation in place the model is now analyzed for its improvements and faults.
With many different types of tests, parametric analysis, and verifications.
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Table 4.32: Generate streamline function from domain and fiber orientations

Inputs

Description

element_centroids
elementy

ncand

polygon
element_nodes
node_coords
layer_index
elementx
density_threshold
resolution

n_streamlines

Element centroid coordinates. Shape: (Nelem, 2)
Fiber orientation design variable

Number of candidate angles

Domain boundary polygon. If None, extracted from mesh
Element connectivity, needed if polygon is None
Node coordinates, needed if polygon is None
Which layer to visualize

Density field for clipping

Density threshold for clipping

Grid resolution for interpolation

Number of streamlines to generate

Outputs Description

streamlines List of streamline arrays
X, Y Meshgrid coordinates

VX, Vy Direction field components

domain_mask

Boolean mask for valid domain




Results, Verification and Discussion

5.1. Verification

To verify the optimizer, several tests are applied on the program, where comparisons are made with
known results from the literature to verify the validity of the system. To best apply these verification
methods, the tests are divided into different categories that provide a step by step validation of all the
different sides of the program.

The optimizers are split into the topology optimizer and variable stiffness optimizers, to show the validity
of each optimizer separately.

5.1.1. Topology Optimizer

To validate the topology optimization, several different papers are taken which use this optimization
solely. In an article by Sigmund Ole [24], they show a basic algorithm for topology optimization in a
rectangular design domain with the same SIMP material interpolation and a volume constraint. They
optimize for a minimum compliance with additions of a filter on the sensitivity of the density variable.
Together with the Karush-Kuhn-Tucker criteria which enforces the volume constraint the design is up-
dated iteratively with a density gradient based approach. And some results are provided below.

The first test follows the following specifications:

Table 5.1: specification of rectangular plate problem

Specification value

Design Domain 60 mm by 20 mm

Volume Fracture 0.5
penalty power 3.0
Filter radius 1.5mm
Young’s Modulus 1.0
Point force 1N

59
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D

Figure 5.1: Beam problem used by Sigmund Ole [24]

To validate the program of the thesis with this test a few assumptions are made. Firstly, the material
property can be approximated by setting the composite material modules all to the young’s modules
to create an isotropic material. Next it is assumed that a filter on the sensitivity is in some degree
comparable to a filter on the design variable. The result out of the thesis is:

Figure 5.2: Beam problem result

The results have a high resemblance to the result from the paper although for the filter in this case the
filter radius of the design variable was set to 2 as to avoid checkerboard pattern that appeared with
the use of 1.5mm radius. this might be relatable to the different filter use case of sensitivity filtering vs.
design variable filtering.

In the next example, the focus is on a short cantilever beam tested by S. Bulman et al.[7], where the

left side is clamped and the right side has a point load down on the middle node of the part as shown
in fig 5.3. The specifications of this test are:
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Figure 5.3: Beam problem used by S. Bulman et al.[7]

Table 5.2: specification of rectangular plate problem

Specification value

Design Domain 16 mm by 10 mm

Element Size 0.25mm
Volume Fracture 0.375
Young’s Modulus 21MPa

Point force 100 N

As a different method was used in this article the test is more as an example to see whether the program
can approach the method used in the article’s results with some parameter adjustments.

The result from the program is shown in fig 5.4. It shows many similarities in the design to the results
from the paper with some deviation originating from the use of a different method.

Figure 5.4: Beam problem results from 2"< test

After successfully verifying the topology optimization results trough 2 validated papers it is assumable
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that the topology optimizer in the program works how it is intended and can be used later to do other
tests and make other assumptions on the fact that the topology optimizer works.

5.1.2. Variable Stiffness Optimizer

Similar to the verifications done on the topology optimizer, a similar method to validate the VSO system
is applied. Two articles are used with different methods and test results to verify the validity of the
optimizer in the program.

Yi Lui et al.[17] have applied a similar method to the one used in the program to orientate the fiber
of each element such that it results in a manufacturable fiber path result. The test retrieved from the
article for validation is the first test, which represents a single layer composite laminate MBB beam.
The problem to be solved is shown below in fig 5.5.

l F=100N

Symmetric bou

Design domain
80 mm |

1 (I

Figure 5.5: 1°¢ test of beam problem for VSO verification

The specifications used in this problem are:

Table 5.3: specification of MBB beam problem

Specification value
Design Domain 80 mm by 40 mm
Thickness 2mm
Element Size 1mm
Longitudinal Modulus (E;) 39GPa
Transverse Modulus (F») 8.4GPa
In-Plane Shear Modulus (G12) 4.2GPa
Transverse Shear Modulus (G23) 5.0GPa
Maijor Poisson ratio (v21) 0.26
Number of Candidates 8
Filter radius 2
Kappa Max 0.5

The resulting fiber orientations inside the design domain show good trends that follow the stress lines
inside the object, and compared to the result from the program, there are some differences, however the
general form out of the program follows a pattern similar enough to allow for validation. The differences
can have many causes as the use of a different method for deviation adaptation through iterations, fiber
filter strategy Gauss like deviations and more. The streamline plots is also shown to have follow the
curvature constraint set by the program and follows similar patterns as the streamlines from the paper.
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Figure 5.6: Result from paper by Yi Lui et al.[17]
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(a) FEA result from program (b) Streamline result from program

Figure 5.7: Results for 15¢ test of VSO verification

In another article written by C.Y. Kiyono et al.[15], similar tests on the fiber orientation optimizations are
run for different models to compare. The test being run is shown in fig. 5.8.

!

[ W W W ]

L
Figure 5.8: 2"¢ test for VSO verification used by C.Y. Kiyono et al.[15]

Here a clamped beam from the left side is under a distributed load from the right top side. The specifi-
cations of the test are shown in the table below:

Table 5.4: specification of MBB beam problem

Specification value
Design Domain 300 mm by 100 mm
Element Size 5mm
Longitudinal Modulus (E;) 135.0GPa
Transverse Modulus (E>) 10.0GPa
In-Plane Shear Modulus (G13) 5.0GPa
Transverse Shear Modulus (G23) 3.0GPa

Major Poisson ratio (v2) 0.3
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Figure 5.9: Result from paper by C.Y. Kiyono et al.[15]
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(a) FEA results from program (b) Streamline result from program

Figure 5.10: Results for 2"¢ test of VSO verification

The test run by the program in comparison to the result in the article show that the fiber orientations
follow a similar pattern as the one provided in the article. From these two articles and test it is assumed
that the fiber orientation optimizer on its own is valid enough as an optimizer for later assumptions and
tests.

Next is the validation of the model as a whole. The combined approach of topology and variable
stiffness optimization is checked against other literature for validation.

5.1.3. Combined Approach
Similar to the previous method, 2 literature problems are redone through the program to validate the
validity of the combined approach. In This case a topology optimization using a FEA of a density SIMP
method combined with different methods of DMO for the fiber orientation. In the recently mentioned
article by Zunyi Duan et al.[10], a similar system to the one used in the program is used, and thus it is
a good validator for the optimizer.

The first test uses a similar problem as the first test of the VSO optimizer verification, where a MBB
beam is under a central load. The Setup and problem specifications can be found below:

l F=1000N

i Symmetric boundary

30mm

Design domain |
A\ 60mm ! AN

Figure 5.11: 15 test for combined optimization verification
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Table 5.5: specification of MBB beam problem

Specification value
Design Domain 60 mm by 30 mm
Thickness 2mm
Element Size 1mm
Longitudinal Modulus (E;) 39GPa
Transverse Modulus (E5) 8.4GPa
In-Plane Shear Modulus (G12) 4.2GPa
Transverse Shear Modulus (Ga3) 5.0GPa
Major Poisson ratio (v12) 0.26
Number of Candidates 16
Volume Fracture 0.5

The result from the paper are very aligned with the results from the tests in that the topology is very
similar in both cases however the topology in the program has thicker beam inside the component due
to the higher filtering radius. The fiber-orientations similar to the result from the paper follow the trusses
inside the design space aligned and provide a good degree of continuation on the splitting points.

Figure 5.12: Result from paper by Zunyi Duan et al.[10]
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Figure 5.13: Result for 15¢ test off combined optimization verification

The Second test comes from an article written by Furong Zie et al.[32], where they used different
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methods from the one utilized in the thesis. The problem the article tested was a simple-supported
rectangle with a central load on the top. The problem is shown below in fig 5.14.

I f(1)=Fe™

Figure 5.14: 2" test for the combined optimization verification used by Furong Zie et al.[32]

The specifications of the problem relevant for the program are also shown in the table below:

Table 5.6: specification of MBB beam problem

Specification value
Design Domain 96 mm by 60 mm
Thickness Tmm
Element Size 1mm
Longitudinal Modulus (E;) 130.0GPa
Transverse Modulus (E>) 7.7GPa
In-Plane Shear Modulus (G15) 4.75GPa
Maijor Poisson ratio (v12) 0.33
Volume Fracture 0.6

(a) Result from paper by Furong Zie et al.[32]

(b) Result from program

Figure 5.15: Results for 2" test of the combined optimization verification

The comparison between the article’s result and the result from the program are very similar and have
a good correlation in both topology and fiber layout. Thus with both articles’ problem having similar

results as the program’s results it is assumed that the program has a valid working combined composite
laminate optimization system based on literature.
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5.2. Analysis of the Parameters

After the validation of the programs, the parameters are analyzed for their effects on the result. A
variation on the filter radii and power for both the topology filter and fiber orientation filters are compared
respectively as well as their effect on the full optimizer model. After the element size in comparison to
the design space is reviewed for better compliance results vs CPU usage.

5.2.1. Topology filter radius
To test the topology filter’s radius, a singular case is taken where different radii are applied and com-
pared to test their effectiveness and compliance result from the system.

The test utilized for this is a basic beam of dimensions, 30mm by 70mm, supported from the left with a
downward force on the central right of 100N, as shown in fig 5.16. The test is run on the different radii
of value, [0.5,1,2,3,5,10,20]. The other specifications of the test are shown in the table below:

L=70

Figure 5.16: Problem setup for parameter analysis

Table 5.7: specification of rectangular plate problem

Specification value
Design Domain 70 mm by 30 mm
Element Size 0.5mm
Volume Fracture 0.5
penalty power 3.0
Thickness 2mm
Longitudinal Modulus (E;) 134.0GPa
Transverse Modulus (F») 7.71GPa
In-Plane Shear Modulus (G15) 4.31GPa
Major Poisson ratio (v12) 0.301
Fiber Orientation 0°
Pe 4

Compliance Convergence 1e-6
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(a) R” =05 (b) R =1.0

(c) R* =2.0 (d) R” =3.0

(e) R” =5.0 () R* =10.0

(g9) R =20.0

Figure 5.17: The parametrization of the density filter radius

The results from the figures show that with low radius close to the element size the results start to create
areas with checker boarding patterns although the form of the final result is still somewhat similar to
the desired form. For a radius of 1mm the figure shows no checker boarding patterns and 2 main
truss crosses inside the object to support the load on the beam. A higher filter radius 2mm, 3mm, and
5mm removes this secondary cross structure because of the filter radius deeming the secondary cross
structure less efficient when denser trusses inside the object are required. From a radius of 5mm to
higher, grouping starts to form where the radius requirement for the material start to advantage circular
blobs of material to structural streamlines. The effect was tested on a anisotropic material with constant
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fiber orientation of 0°, to only show the effect of the filter radius on the object. When trying with different
constant orientation field, different forms of the final result might be seen but the effect of the filter radius

remains.

The following table also shows the resulting compliance of each of the tests where a compliance con-
vergence of 1le — 6m.J was used or the maximal iteration of 200 as to not do unnecessary overruns for
this test. The convergence at the 200th iteration in all cases where this is applied is also low enough

to be admirable.

Table 5.8: Compliance change on filter radius

Radius Compliance Compliance Convergence lteration CPU time
0.5 7.491519 le—6 94 196s
1.0 7.768151 1.6e — 5 200 388s
2.0 8.269382 le—6 161 256s
3.0 9.021899 6.9¢ — 6 200 331s
5.0 10.940971 9.7¢e — 6 200 337s
10.0 16.234241 le—6 120 190s

20.0 25.455565 le—6 131 216s

The compliance as expected go up with higher filter radii due to the decrease in problem complexity.
where in a theoretical sense checkerboard patterns for a simp method offer the strongest systems.

5.2.2. Fiber Orientation filter radius

For the filtering test of the fiber orientation design variable, a similar test is taken as used in the topology

filter test. The same problem is analyzed and the specifications of this problem follow:

Table 5.9: specification of rectangular plate problem

Specification

value

Design Domain
Element Size
penalty power

Thickness
Longitudinal Modulus (£7)
Transverse Modulus (E»)

In-Plane Shear Modulus (G15)
Maijor Poisson ratio (v12)
P%init
(e
filter power

Rmazx

Compliance Convergence

70 mm by 30 mm
1mm
3.0
2mm
134.0GPa
7.71GPa
4.31GPa
0.301
4
0.1
2
0.5 mm~
1e-6

1
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Figure 5.18: Fiber orientation filter radius R? = 1.0
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Figure 5.19: Fiber orientation filter radius R? = 2.0
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Figure 5.20: Fiber orientation filter radius R? = 4.0
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Figure 5.21: Fiber orientation filter radius R? = 5.0
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Figure 5.22: Fiber orientation filter radius R? = 10.0

The results show that for the lower radii, there is high amount of checker boarding. Checker boarding
refers to a crossing pattern over a 4 element pair as shown below in fig 5.23. For the results of radii
2 to 5mm there is increased smoothing around high stress areas however there is still some degree
of loss in uniform direction patterns because the neighbors are less influential on each other. This
pattern disappears with the 10 radius as a more general uniform streamline directions are observed
and a better conclusion towards higher stress areas, and where the checkerboard patterns start to

.
FALY

Figure 5.23: Checkerboard pattern for the fiber orientation optimizer

The compliance, found in the table below, follows a strange pattern where at first an increase in radii
provides an increase in compliance due to the added safety of the problem which is similar to filling
up the found minima in a sense. However the case of the filter radius of 10mm shows a drop in the
compliance. This is due to the fact that the radius is so big it skips over the previously found minima
dip and settles into a different minima with an improved compliance.

Table 5.10: Compliance change on filter radius

Radius Compliance Compliance Convergence lteration CPU time

1.0 3.529934 le—6 38 178s
2.0 4.208376 le—6 36 218s
3.0 4.070932 le—6 55 563s
5.0 4.365359 le —6 48 572s

10.0 3.224601 le—6 59 629s
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From these result the 10x the element size filter radius showed the best results for clean gradual stream-
lines and will thus be used further in the analysis.

5.2.3. Fiber Orientation filter power
Now maintaining the filter radius of 10 and adapting it to different filter power levels is the next test to
fine-tune the fiber orientations curvatures better,

So once again the same problem is used, the only part that changes is a through the test a continuous
fiber orientation filter radius of 10mm is subjected to the power level changes of [1, 2, 3,5] to evaluate
it's effect on the resulting design.
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Figure 5.24: Fiber orientation filter power p? = 1.0
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Figure 5.25: Fiber orientation filter power p? = 2.0
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Figure 5.26: Fiber orientation filter power p? = 3.0
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Figure 5.27: Fiber orientation filter power p? = 5.0

The weighting of radius 5 with power of 1 show signs of high density groups of fiber orientation in fixed
direction and the degree of change in that group is low. This expected as a low power makes more
fiber in a certain area dependent on each other with a linear change. Increasing the power allows for
more drastic change in an area and thus steeper curvature changes as shown for a power of 2 and
3. However at very high power values, power 5, the dependency on neighbors start to fail as a whole
where a direct neighbor strongly follows the fiber orientation of the element unless overpowered by the
heavy need for change to improve the compliance. This however causes an increase in compliance as
shown below. Later with the combined parametric analysis a better use case for the power might also
be shown but for now a power of 2 is assumed as it shows the best result for both keeping somewhat
the curvature with the orientations but allowing some fast changes if necessary.

Table 5.11: Compliance change on filter radius

Power Compliance Compliance Convergence lIteration CPU time

1.0 3.354017 le—6 23 147s
2.0 3.224601 le—6 59 678s
3.0 3.092400 le—6 26 182s
5.0 3.423126 le—6 45 301s

5.2.4. Combined effects

The combined results from the radii and power in the case of the full optimizer is also interesting to
see as the points of interest for fiber orientations change with the topology and vice verse. To view this
3 cases are taken, Topology optimization and VSO optimization with density filtering but without fiber
orientations filtering. The second case follows the same model however with fiber filtering. Finally, the
third case follows the effect of the change in power with topology and fiber filtering and optimizations.

Topology Optimization and filtering with VSO

For this test 4 cases are generated again for 4 different radii. Because as shown before a radius higher
than 5 will result in area blobs forming which is not wanted. So here the radii [1, 2, 3, 5] are tested with
the same specifications as before and no fiber filtering.
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Figure 5.28: Combined approach with density filter R? = 1.0
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Figure 5.29: Combined approach with density filter R? = 2.0
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Figure 5.30: Combined approach with density filter R? = 3.0
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Figure 5.31: Combined approach with density filter R? = 5.0

The results show that the density checkerboard pattern decreases when the radius goes up and the
fiber orientations follow the directions of the trusses inside the design domain. Also with the 3x element
size radius and 5x element size radius the small extra trusses disappear and the main trusses become
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thicker and the fiber orientation keep following these systems, however, the crossing points are still
too direct on the fiber orientations. The compliance also follows a similar pattern as observed with the
previously testes density radii as shown in the table below, where a higher radius leads to a higher
compliance as you are limiting the possible results. However what is also interesting in the table is that
the time to convergence rises in the case where checkerboarding is allowed as the optimizer has more
possibilities to play with and has a harder time stabilizing on a result. Once a more limiting density
radius comes in it follows the more standard time patterns where a higher radius has more difficulty
setting up the correct fiber allignments within bigger areas.

Table 5.12: Compliance change on filter radius

Radius Compliance Compliance Convergence lIteration CPU time

1.0 5.698571 le—6 87 1138s
2.0 6.000746 le—6 59 577s
3.0 6.187996 le—6 56 603s
5.0 7.799981 le—6 62 721s

In this test a filter radius following 3x the element size provides the best results in removing checker-
board patterns or isolated elements and at the same time not cause too much area blobbing. Thus for
the following parts of the thesis a radius of 3x the element size is adapted.

Topology optimization with filtering and VSO with fiber orientation filtering

Next an analysis is run on the fiber filter radius with a fixed density filter radius of 3mm as explained in
the previous result. The power is set to 2 and the tested radii are [1, 2, 3, 5, 10] as they showed the best
results in the previous test.
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Figure 5.32: Combined approach with fiber orientation filter R? = 1.0
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Figure 5.33: Combined approach with fiber orientation filter R? = 2.0
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Figure 5.34: Combined approach with fiber orientation filter R? = 3.0
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Figure 5.35: Combined approach with fiber orientation filter R? = 5.0
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Figure 5.36: Combined approach with fiber orientation filter R® = 10.0

As expected from the previous tests the results show that the radii 1 to 5 have signs of more disturbed
streamlines which become more smooth the higher the radius. The radius of 5 has already a good
degree of uniformity in the streamlines but still lacks it in certain locations. Also the checker boarding
patterns are found in the results from the radii 1 to 3 but gets more rare and only visible in higher stress
location the higher the radii and is almost not found in the radii 5 and 10. What is also visible is that
with the radii of 10 in this case the truss is trying to cross over because of this push towards a uniform
areas in 1 direction. While it does show a smoother result it shows that it limits the optimizer into certain
results.

The table above shows the compliance of the results and it is clear as previously noted that a higher
radius for the fiber filter decreases the optimizer’s control and thus increases the resulting compliance
in a general sense as seen for radii 3 to 10. The radii 1 and 2 show a more different compliance result
likely because the results falls into this local minima due to the non convexity and complexity added by
the curvature constraint. For future optimizations a fiber filter radius of 5 is held as it showed the most
promise for manufacturability and smooth streamlines even at the cost of the increased compliance.




5.2. Analysis of the Parameters 77

Table 5.13: Compliance change on filter radius

Radius Compliance Compliance Convergence lIteration CPU time

1.0 5.459752 le—6 78 741s
2.0 5.229438 le —6 56 375s
3.0 4.966077 le—6 62 513s
5.0 5.936250 le —6 53 512s
10.0 6.239977 le—6 83 838s

Power test for VSO and Topology optimization with all active filters

The previous power test is also done again for the combined approach to examine the effectiveness of
the power on certain stress crossing points and the smooth curvature for those locations. The same
problem was set with a density filter radius of 3mm a fiber filter radius of 10mm as it provides a higher
range to test the power effect on. The different powers are tested in the range of [1,2, 3,4, 5] as any
higher power did not show high differences in the previous tests.

(a) FEA result (b) Streamline result

Figure 5.37: Combined approach with fiber orientation filter power p? = 1.0

(a) FEA result (b) Streamline result

Figure 5.38: Combined approach with fiber orientation filter power p? = 2.0
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(a) FEA result
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Figure 5.39: Combined approach with fiber orientation filter power p? = 3.0
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Figure 5.40: Combined approach with fiber orientation filter power p? = 4.0
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Figure 5.41: Combined approach with fiber orientation filter power p? = 5.0

Table 5.14: Compliance change on filter radius

Radius Compliance Compliance Convergence lteration CPU time
1.0 7.374553 le—6 76 1018s
2.0 6.239869 le—6 70 639s
3.0 6.310682 le—6 73 609s
4.0 6.203482 le—6 67 652s
5.0 6.093556 le—6 80 836s

The results show that for a power of 1 the fiber orientations is pushed too much towards this uniform
streamline where the fibers should be straight and show more wavy patterns to reach the end. The
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power of 2 case shows already a better increase in straight streamlined trusses on top of better control
and transition on junction points of the trusses. For power levels of 3 and higher there are still good
transitions at the junction, all though they happen more abruptly and does not smooth into the other
truss. To keep some well streamlined fiber orientation in the resulting designs while keeping them
manufacturable a power level of 2 is used in the rest of the thesis.

5.3. Random Initialization points

Because the problem is heavily non-convex a comparison is done on a mix of randomized starting
design space systems to test if the retrieved result from the set initialized position is better or worse
than that of some randomized position results. To test this the previous problem is used again with the
parameters chosen as set below with a fiber radius of 10mm to push the fiber orientations towards a
uniform design. Also a few tests are done with a different curvature constraint scaling parameter to
see the effect of it on those randomized initial point because a higher scaling parameter should allow
for a more gradual result as the curvature constraint becomes more strongly set. Same as with the
penalty power for the density parameter a gradual increase to 3 from 1 is tested to gradually bring the
design to the desired result. To set up the random design variable initial values the code is adjusted in
the object file, in the function initialize_element_x_y, Where the self.Elementx = initial_x * np.ones((self
.Nelem, self.NLayers)) line is switched by a randomizer function with the limits of the design variables
self .Elementx = np.random.uniform(0.01, 1, size=(self.Nelem, self.NLayers)), this switch is also applied for
the fiber orientation design variable.

Specifications

Table 5.15: specification of rectangular plate problem

Results

Specification

value

Design Domain

70 mm by 30 mm

Element Size 1mm
Volume Fracture 0.5
Thickness 2mm
Longitudinal Modulus (E;) 134.0GPa
Transverse Modulus (F») 7.71GPa
In-Plane Shear Modulus (G15) 4.31GPa
Major Poisson ratio (v12) 0.301
Compliance Convergence 1e-6
Density Filter Radius 3mm
Fiber orientation filter radius 10mm
Fiber orientation filter power 2
maz 0.5mm™1!
kmax 50

The test is run for each curvature constraint scaling parameter of [0.00001, 0.0001, 0.001, 0.01] to see the
effect of it. The maximum amount of iterations where the initial penalty deviation, &,,.., stays constant
is also increased to 50 to leave some time for the topology and fiber orientation to settle before pushing
the element properties towards the one fiber orientation. The results are shown in Figure 5.42 to 5.45:
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Figure 5.42: Random initialization test for 1,1 = 0.00001
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Figure 5.43: Random initialization test for ;1 = 0.0001

Fiber Streamlines (Polygon Domain) - Layer 1

PP LR R P e e e S A = S S S Y =
] = 7] 7]} RIS RN T —— Domain Boundary
B

Plelels Plrzlsle (71717117

(a) FEA result (b) Streamline result

Figure 5.44: Random initialization test for ;7 = 0.001
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Figure 5.45: Random initialization test for 1; = 0.01

In general, these results show that the randomization effect in general has a greater effect on the fiber
orientation than the density. This is because the fiber orientation effect the stiffness tensor orientation
directly. Their problem is more non-convex than the topology problem which has a consequence of
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Table 5.16: Compliance change on filter radius

scale Compliance Compliance Convergence Iteration CPU time

0.00001 6.626760 le —6 81 2159s
0.0001 7.141726 le—6 94 2980s
0.001 6.965068 le—6 86 1321s

0.01 6.715379 le—6 94 1736s

easier locking into a local minimum which results in these high variations of the fiber orientation. This
is solved to some degree as is shown with an increased scaling of the curvature constraint as it pushes
the fibers to follow the curvature to a stronger degree and not allow for any abrupt curves.

5.4. CBeam

The Next section show the example of a CBeam with dual loading conditions. The CBeam uses material
properties as shown below:

Table 5.17: CBeam Material Properties

Specification value

Longitudinal Modulus (£4) 134.0GPa

Transverse Modulus (F>) 7.71GPa
In-Plane Shear Modulus (G12) 4.31GPa

Major Poisson ratio (v12) 0.301

Problem definition

The C Beam problem is defined using the figure below:

L=100
1 !
T T

L=70

Figure 5.46: CBeam Problem Definition

Here the left side of the CBeam is clamped with 0 displacement boundary conditions. The upper part
of the beam has a traction force outwards off 50N/mm and the lower part of the beam has a traction
force downwards off 50N/mm.

Mesh generation The problem is run for 4 different element-sizes, 1mm/1,25mm/2mm/4mm as shown
below:
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(a) Mesh generation with elementsize 4mm

(c) Mesh generation with elementsize 1,25mm

(b) Mesh generation with elementsize 2mm

(d) Mesh generation with elementsize 0.5mm

Figure 5.47: CBeam Mesh Generations

The problem is then run with the previously retrieved simulation parameters from section 5.2:

Table 5.18: specification of rectangular plate problem

Specification

value

Volume Fracture
Maximum curvature
Thickness
Compliance Convergence
Density Filter Radius
Fiber orientation filter radius
Fiber orientation filter power

kmaw

pPe

wnit

(%
Yinit
TYmazx

v

0.5
0.5mm™!
2mm
1e-6
3x Elementsize
5x Elementsize
2
30
4.0

0.1

3
0.1

It is expected for the finer mesh to provide a more detailed and precise result on top of a lower com-
pliance as the possibilities in the optimization are higher. With this is expected to come a larger gain
in CPU time as more and more elements can drastically increase the time it takes to optimize for each
generation. The results from the tests are shown below:
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Figure 5.48: Mesh generation with elementsize 4mm
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Figure 5.49: Mesh generation with elementsize 2mm
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Figure 5.50: Mesh generation with elementsize 1,25mm
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Figure 5.51: Mesh generation with elementsize 1mm

Table 5.19: Compliance change on element size

ElementSize Compliance Compliance Convergence Iteration CPU time

4.0 456.303622 le—6 60 102s
2.0 320.049539 le—6 59 646s
1.25 271.190823 le —6 68 1625s
1.0 261.778082 le—6 75 7211s

The results are as expected and show a gradual decrease in compliance and an exponential increase
in CPU time. What the results also show is that for high stress areas like the corner the streamline
has a somewhat higher curvature inside to limit the stress on that corner points. This becomes more
visible with higher mesh resolutions as it can provide more direct specific fiber orientation changes.
While an improvement in compliance and streamline can be achieved with a finner mesh the degree
of improvement becomes in this case 3% for the compliance between 1mm and 1,25mm, but comes
with an increase in CPU time for those cases of 343%. This shows that finer meshes than 1,25 for this
case, while providing better results, is not favorable and very inefficient. The effect for different volume
fractions and curvature constraint are also analysed and compared to their compliance.

Volume Fraction

Volume fraction analysis is performed on volume fractions [0.3,0.4,0.5,0.6] for the mesh of element
size 2mm. It is tested on the eff|C|ency of the use of its materlal WhICh is in this case defined by
Material E f ficiency = and then compared to the base compliance result
of volume fraction 1.0.

VolumeFractzon*Compliance ’
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Figure 5.54: Volume Fraction of 0.5
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Figure 5.52: Volume Fraction of 0.3
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Figure 5.53: Volume Fraction of 0.4
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Figure 5.55: Volume Fraction of 0.6

Table 5.20: Compliance change on volume fraction

Volume  Compliance Material Improvement  Compliance lIteration CPU time
Fraction Efficiency Gain Convergence

Base: 1.0 204.340314 0.0048938

0.3 818.670561 0.0040716 -16.84% le —6 67 135s
0.4 451.904511 0.0055321 le — 6 72 179s
0.5 320.049539 0.0062490 le—6 69 314s
0.6 266.066847 0.0062640 le—6 85 1007s

The results show that around a volume fraction of 0.6 you have the best use of material in the design
for the compliance, with an improvement of almost up to 30% of the base result. However, it also does
show some increase in CPU time that comes with it that why a volume fraction of 0.5 with a negligible
difference in material efficiency but a great decrease in CPU time is preferred for this case. This also
shows that there is almost no benefit in trying to limit the design to a volume fraction of less than 0.4
as the efficiency of material for the gotten compliance is lacking more than the base value with more
than —15% for the case of a 0.3 volume fraction. Next is an analysis on the curvature constraint for the
problem is applied.

Curvature Constraint

The curvature constraint on the CBeam problem is applied for maximum curvature radii of
[2mm, 4mm, 5mm,8mm, 10mm]. To test these curvature constraints a volume fraction of 0.5 is
used as it provided the best result in computational efficiency with material efficiency. The new
material efficiency indexes are calculated for each curvature but against the base case of a zero
curvature radius constraint.
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Table 5.21: Compliance change on curvature constraint
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Figure 5.60: Curvature Constraint of 10mm

Curvature Compliance  Material Improvement  Compliance lteration CPU time
Constraint Efficiency Gain Convergence
Base: 0.05mm 314.214442 0.0063650

2mm 320.049539 0.0062490 -1.82% le—6 59 646s
4mm 325.118186 0.0061516 -3.35% le—6 147 2390s
5mm 330.097823 0.0060588 -4.81% le — 6 60 672s
8mm 328.728286 0.0060841 -4.41% le—6 70 1645s
10mm 367.584694 0.0054409 -14.52% le—6 133 2350s

The results of the curvature constraint analysis show that compared to the base case the stronger
the curvature constraint the weaker the stiffness of the object as it has to follow these manufacturing
limitations in the optimizations. What is also shown is that the material efficiency does not change a lot
between the values off 4mm to 8mm probably as it shows the best compatibility with the stress paths
followed throughout the object due to the forces. The 10mm constraint curvature case clearly shows the
biggest problem with the compliance as it just shift out of that solution that can provide good load paths
for the high stress corner area and instead by passe them with straight lines. Next is a comparative
analysis applied on the difference between the topology and the fiber orientation optimization compared
to a base result to see how the combined is compared to the separate.
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Optimizers Comparitive Analysis

In this section a comparative analysis on the optimizer separately and combined is taken. The analysis
is follow the topology optimizer and the fiber optimizer independently and check the correlation of their
results with the combined optimization result. There are a few difficulties in how the methodology works
that intervene with a perfect comparative analysis. First is setting a base case for the comparison,
however, the topology optimizer is limited by a volume fraction which means that a comparison to the
case for a volumefraction of 1.0 is not comparable. The gamma penalty also has an effect on the initial
density because if the density for the base case is set as 0.5, the compliance gets affected higher with
an increased gamma due to the way the methodology works, however the case of a gamma of 1.0 can
be used as base because if the final result is a true 0/1 region it will not be affected by the gamma and
any result that has some amount of gray regions will either way show an increased compliance due to
the gamma which shows an error but in the worse design direction. On top of that a similar problem is
found in the fiber optimization where the standard penalty penalization has a higher value in the initial
state then in the final optimized state which is not a good comparison as it means a more distributed
material property, so to test this different penalties are taken and the rate of change of the compliance
in comparison is taken which is defined as 100 % MateEff"— —MateEff”  Dyffarent initial points were

PPt _pP
tested and shown below in the table:

Table 5.22: Compliance change rate on penalty parameters

Volume Penalty Penalty Compliance Material Change Rate

Fraction Standard Dev Density Power Efficiency
1.0 4.0 1.0 279.716668 0.003575 (-)
1.0 1.0 1.0 331.434731 0.003017 0.0186
1.0 0.5 1.0 409.616010 0.002441 0.1152
1.0 0.25 1.0 456.021133 0.002193 0.0992
1.0 0.125 1.0 456.197917 0.002192 0.0008
0.5 4.0 1.0 559.433335 0.003575 (-)
0.5 1.0 1.0 662.869462 0.003017 0.0186
0.5 0.5 1.0 819.232019 0.002441 0.1152
0.5 0.25 1.0 912.042265 0.002193 0.0992
0.5 0.125 1.0 912.395834 0.002192 0.0008
0.5 0.125 3.0 3649.583335 0.00002740 (-)

These results show that even though the volume fraction has an effect on the base compliance, it does
not have any effect on the material efficiency of the base case as expected. What is also shown is
that the rate of change of compliance reduces with an increasing penalty parameter. This also shows
that after the penalty reaches 0.25 to 0.125 the rate converges. What should also be shown is the
penalty with which the compliance is increased for a base case with density penalty parameter of 3.0,
it shows that the weight of not using a strict 1/0 result on the compliance. Thus, the Base Case, which
is compared against, is taken with the volume fraction of 0.5, standard deviation penalty parameter off
0.125, and compared for both density penalty parameter 1.0 and 3.0. The tests are done on a curvature
constraint of 4mm as it showed some good averaging result together with the 5mm and 8mm case, but
with a better CPU time. The results of these tests are shown below
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Figure 5.61: Topology Optimization
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Figure 5.62: Fiber Optimization
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Figure 5.63: Combined Optimization

The results show some interesting thing, it shows that the topology optimizer is the most drastic par-
ticipant in decreasing the compliance to a level of almost 4x the base case. The fiber optimizer also
shows that there is no difference in the compliance change if the density penalty parameter is 1.0 or
3.0. The improvements by the fiber optimization is also around 2x the base case. In base case thinking
if the topology optimizer can improve the base case by 3.77x and the fiber optimizer can improve it by
2.13x then it would be expected that the combined result would be improved by 8.03x, however the re-
sult show an improvement of 11.23x which shows that the topology optimization and fiber optimization
come hand in hand for an amplifying improvement greater than each separate improvement.
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Table 5.23: Comparative compliance analysis

Optimization = Compliance Material Improvement Improvement
Efficiency Gain 1.0 Gain 3.0
Base 1.0 912.395834 0.002192 (-) (-)
Base 3.0 3649.583335 0.0005480 (-) (-)
Topology 968.124812 0.002066 (-)
Fiber 1.0 427.807525 0.004675 (-)
Fiber 3.0 1711.23009 0.00116875 ()
Combined 325.118186 0.006152 (-)




Conclusion and Recommendations

Composite laminate optimizations are being used with many methods and strategies developed in the
past decades. Grown by the innovation of additive manufacturing, the composite industry of today
allows to follow more the optimal designs found by the many optimizers around. However, the op-
timization methods of composites are very complex and expensive as they offer another degree of
freedom compared to isotropic topology optimizations. Many of these methods become unusable or
theoretical optimals that are unable to be physically manufactured. This thesis, a model focused on its
manufacturability for these composites is developed.

In topology optimization the SIMP method provides an easy way to mathematical express the applica-
tion of material in the design domain, which combined with a GCMMA solves for the optimal topology
fast. For the Fiber optimization the ANDFO shows a clear improved adaptive strategy to decent the
fiber angles into their optimal position by using normal distributions and adaptive strategies, it's non-
convex nature is limited through the use of the GCMMA solver by staying on a global convergence
route to the solution. In this thesis an approach to combining both these methods with a focus on the
manufacturability of the result is taken where a mix of heuristic and concurrent methods are applied.

Verifications were applied using different literary sourced problems to test the validity of the model.
Continuing with a parametric analysis on the different parameters of the system ranging from the filter
radii to power penalties and more. Following the parametric analysis some tests are run to test the
full scope of the system, a random initialization point because the problem is so non-convex it stands
to reason a different starting setup could result in a different result of the system. Finally, a CBeam is
taken as main test to check the model’s handling of sharp corners cutting trough the stress paths and
its resulting shapes.

In regards to the verifications, it is clear that the model follows the expected results from the literature
for the most part. The topologies are quite similar to the topologies resulting from the problems in the
studies, however, the model often shows stricter results with the GCMMA solver applied on the SIMP
method than in the literature as expected due to the fact that the GCMMA solver optimizes the problem
faster towards its penalized discrete 0 1 result. The VSO optimizer verification is harder to verify as the
similarities are more complex to check. However, the results do show that the fiber orientation paths
follow somewhat similar path lines for the stress to travel through as the results from the literature. As
for the combined verification, the result shows great similarity for the second test that was applied both
in fiber placement and in topology. The first test however while the fibers do show somewhat similar
paths and the topology as well, there is a slight difference in the lower beam of the topology where some
of the load is transferred differently. This is likely due to the difference in topology optimization method
which for the non convexity of the problem can result in a different topology depending on wether one
uses the SIMP method or the Heaviside method.

As for the parametric analysis, it shows that the filter parameters have an influential effect on the final
result of the composite design and its compliance. The topology filter for both the combined tests and
the separate tests show that the value at which checker boarding is removed is a minimum of twice the
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element’s size, this is to allow the elements density variable to be affected enough by its neighbors to
create this dependency on them. However, in the combined result there are still some signs of checker
boarding formed when using twice the element’s size suggesting that for a full removal in future models
a radius of three times the element’s size is preferred. As for fiber filter a different effect is seen, the
known checker boarding pattern for fiber orientation occurs if the fiber filter is too small which in the tests
is shown to occur for radii below 3 times the element’s size. On top of that a somewhat higher degree
of path following is seen for radii above 5 times the element’s size as it provides a more global direction
per truss element. The power on the filter of the fiber is also shown to have some improved effect when
at the second power, as it uses the global direction of its neighbors but with a higher dependency of
the neighbors closer to itself as well as improved results on junctions points.

The random starting variables also provided some interesting results, it showed that the topology op-
timization in the combined model is only slightly affected in its secondary trusses in the final design
pointing to the fact that the topology optimizer will somewhat always result in a similar form showing
that it has only a low level of non-convexity compared to the fiber optimization. The fiber optimization
has a much higher sensitivity to the starting variable values because it has a direct effect on the stiff-
ness direction and with a higher non-convexity to the problem it falls more into local minima with these
starting conditions, however an increase in the scale at which the curvature constraint is applied in the
GCMMA model does show improved results for the fiber optimizations as they enforce this constraint
more, however, at the price of higher CPU time.

The CBeam design test also shows the effects of the model on different mesh generation levels. The
model follows a similar geometry for all 4 of the generated mesh sizes, but when the element size is
too small the resulting geometry sometimes results in weird choices for material where certain spots
can be formed along a truss showing the need for material on that truss while being limited. The
fiber on all 4 meshes also show similar paths and with higher meshes they show good performance
in working around topology holes. However on higher stress location these fibers can still show some
deviating results for fiber orientation paths, but can follow the curvature constraints in more detail than at
thicker meshes. Also the volume fraction and curvature fractions were tested on the CBeam problem
and showed that certain levels of volume fraction allow for the most efficient use of material which
is decreased form the full design space and if too low a volume fraction is required. The curvature
constraint tests showed that while the problem had to adhere to certain curvatures there was a certain
go to curvature the problem fell into that showed the greatest stagnation in compliance and similar
streamline curved results around the high stress area. The optimizer compared analysis also showed
the need for these combined optimizations as they amplify the improvement to the compliance of each
of their optimization more than the optimizers separately do.

Generally, the model shows great promise towards manufacturability with its improved fiber orientation
paths around corners or truss splits. The model also has a good discrete topology modeling that helps
with the manufacturability of the design. And the addition of the curvature constraint help with covering
the bridge that certain machine limitations impose.

6.1. Recommendations

The system developed in this thesis still has some room for improvement, different theories and meth-
ods can be applied to the code to help improve the manufacturability even more. On top of that the out
of plane effect with bending and multi-layer testing can be applied with different mathematical models.
The model can also still improve on the computational time as there is much room for improvement
in streamlining and minimizing computations using caches for pre-learned data and just more efficient
front-end coding in general. The model at the moment also doesn’t utilize the full potential of a Gauss in-
tegration and still has a focus on an elemental composition of the laminate. Which can be done through
nodal variables which provides also a change in angle over the element, however, this increase in ac-
curacy and physical correctness comes with also a drastic increase in complexity as the constitutive
matrix would have to be interpolated at every gauss point as well as the sensitivity which would to be
recalculated into each node affected by each element separately.
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