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ABSTRACT

OPTIMIZATION OF DESIGN AND MANUFACTURING PROCESS OF FUSION FILAMENT
FABRICATION (FFF) 3D PRINTING

Jaeyoon Kim

Fused Filament Fabrication (FFF) is one of the most common Additive Manufacturing (AM)
technologies for thermoplastic materials. Generally, AM enables to fabricate parts with more complex
geometry. Structural optimization including topology and shape optimization has become more powerful
to be used for the design of AM parts. Moreover, with the material advancement such as development of
carbon fiber reinforced polymer (CFRP) filament for FFF, AM parts with improved strength and
functionality can be realized. However, due to the anisotropic mechanical properties of AM parts induced
by manufacturing process and intrinsic material characteristics, design methodology for AM engineering
parts remains an active research area. In this research, a systematic optimization of design process of FFF
3D printing methodology is proposed for CFRP. Starting with structural optimization that reduces volume
and finds the best geometry under the prescribed loading and boundary conditions. Standard coupon
specimen tests including tensile, bending, and creep tests are carried out to obtain mechanical properties
of CFRP. Finite element analyses (FEA) are conducted to find principal directions of the AM part and
computed principal directions are utilized as fiber orientations. Then, the connecting lines of principal
directions are used to develop a customized tool-path in FFF 3D printing to extrude fibers aligned with
principle directions. Since current available infill-patterns in 3D printing cannot precisely draw
customized lines, a specific tool-path algorithm has been developed to distribute fibers with the desired
orientations. To predict/assess mechanical behavior of the AM part, 3D printing process was simulated
followed by FEA to obtain the anisotropic mechanical behavior induced by the customized tool-path. To
demonstrate the design/manufacturing methodology, lattice structure, stress concentration plate and spur
gears of a ball milling machine were selected as case studies and carbon fiber reinforced nylon filament
was chosen as the AM materials. Relevant tests were numerically and physically conducted to assess their

performances.
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Chapter1  INTRODUCTION
1.1  Motivation / Objective

Additive manufacturing (AM) technologies have been rapidly advancing and widening its applicability
to complex geometries and range of material choice. Since complex geometry can be easily realized by
AM, structural optimization (SO) technique has become a powerful tool to generate optimal design for
AM parts. Researchers have achieved unprecedented success in integrating AM technology with
conventional SO techniques to design and manufacture engineering parts with reduced weight and
optimal performance. However, due to the inherent nature of AM process, there has been a limitation for
SO to be fully applied to the design of AM parts. Layer by layer manufacturing induces anisotropic
mechanical properties. SO technique is not able to control this anisotropic mechanical property by itself
when it designs AM parts. In this research, a novel methodology integrating SO, fiber placement theory,
and tool-path development theory to design and manufacture AM parts is proposed. Fused filament
fabrication (FFF) 3D printing method was chosen as AM tech for research. FFF is one of the most widely
used in AM technologies for thermoplastic material. Carbon fiber reinforced polymer (CFRP) was chosen
as material with intrinsic anisotropy. For CFRP, extensive research has been carried out to investigate the
anisotropic mechanical properties of CFRP including ABS, PLA, and nylon. Generally the anisotropic
structural property of FFF parts is highly dependent on the building direction. The study of the building
direction has been highlighting only the selection of its orientation. For FFF 3D printing, slicer programs
provide several limited infill patterns to choose a building direction. Once a pattern is selected, it is not
allowed to edit its tool-path. This is because tool-path for FFF was originally developed to control the
movement of CNC machine cutter. When the tool-path algorithm was developed for FFF, it was for
printing process improvement, doesn’t consider the structural strength enhancement of final products.
The proposed design methodology starts with an FEA stress analysis. From on the output principal
directions, customized tool-path was developed. Tensile tests and selective electron microscope (SEM)
for CFRP-nylon was performed to investigate mechanical properties and fiber orientations. Structural
performances of FFF parts built by the proposed tool-path method was verified by both computational

and physical experiments. The framework for this methodology is shown in Figure 1-1.



Primary contributions are as follows:

(1) A novel design methodology for FFF parts assisted by finite element analysis (FEA)

(2) A customized tool-path algorithm for FFF that maximize the effect of fiber reinforcement under
the given loading and boundary conditions.
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Figure 1-1 Workflow of design approach



1.2

Step I:

Step 2:

Step 3:

Step 4:

Step 5:

Step 6:

Step 7:

Step 8:

Step 9:

Research Workflow
Conduct FEM analysis with isotropic material under given loading conditions.
ABAQUS 6.14 is utilized.

Perform topology and shape optimization with certain constraints (e.g volume, natural

frequency or displacement). In this step, ABAQUS Topology Optimization Module is utilized.

Compute elemental principle directions using the output from ABAQUS. Then, determine the

optimal fiber orientations of individual elements.

Divide printing sections with the identical fiber orientations. Next, develop customized toolpath
for each section. Finally, generate g-codes. For step 3&4, program coding is established by

MATLAB 2016 and Simplify3D 4.0.

In ABAQUS assign anisotropic materials with optimal orientations to the divided sections from

Step 3.

Convert the g-codes from Step 4 into python in ABAQUS. Then, simulate FFF 3D printing
process to evaluate the residual stress of final products induced during the manufacturing.

GENOA 8.0 is utilized for g-codes conversion.

Perform FEM analysis again with the updated and optimally designed structure to assess the

improvement.

Fabricate 3D printed products and perform scanning electron microscope (SEM) analysis to see

fiber distribution and control voids.

Verify the performance of the printed products. Replace the original gear parts of a planetary
ball milling machine with newly printed parts, check its durability. Moreover, three points
bending tests for optimized lattice structures are carried out to evaluate the effect of the optimal

fiber mapping.



Chapter 2 STRUCTURAL OPTIMIZATION

2.1  Topology Optimization

AM processes require the development of new design theories. Current design theories were developed
prior to AM suited to traditional manufacturing. These theories constrain the complexity of solutions
achieved. With traditional manufacturing, this can be advantageous as it can minimize manufacturing
difficulties whereas this is not the case for AM. Topology optimization (TO), however, provides greater

potential for AM, since it is capable of achieving solutions for complex geometries.

Topology optimization is one of the types of structural optimization that seeks the optimum layout of a
design by determining the number of members (elements) required in the design [1]. Algorithms
developed for TO include homogenization[1 , 2], solid isotropic microstructure with Penalization
(SIMP)[3]-[5] and evolutionary structural optimization (ESO)[6 , 7], Stochastic algorithms used in the
broader field of optimization have also been adopted for TO, including genetic algorithms[8 , 9] and ant
colony optimization[10]. From these theories, bi-directional evolutionary structural optimization (BESO)
[11] which is an advanced version of ESO is applied to this research. In this chapter, the principle concept

of SIMP theory is briefly discussed. Then, BESO and its applications are reviewed in detail.

2.1.1 Solid Isotropic Material Penalization (SIMP)

2 13

SIMP method was developed in the 1980s. It is called “material interpolation”, “artificial material”,
“power law”, or “density” method, but “SIMP” is now used fairly universally. The term “SIMP” stands
for Solid Isotropic Microstructure (or Material) with Penalization for intermediate densities. The basic
idea of this approach was proposed by Bendsoe [12], while the term “SIMP” was named later by Rozvany
et al [3]. In SIMP approach, the design domain is discretized into small rectangular elements. Within each
discretized element, material properties are assumed constant and isotropic and the design variable is the
element density. The SIMP approach penalizes intermediate density for binary topology patterns using a

penalization factor to assign lower stiffness values as shown Figure 2-1.
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Figure 2-1 Normalized stiffness vs density relations in topology optimization methods [104]
Considering structures built from one material and void, there's a basic assumption of relationship
between stiffness tensor Eijki(x®) and relative density of the element x© :

Eijn(x°) = (x)P Ejy,p > 1 Eq2-1
where E?jkl is the stiffness tensor of a solid element. The penalty factor p is key feature of the SIMP

algorithm. Based on the assumption of Eq 2-1, a topology optimization problem based on the SIMP

approach where the objective is to minimize compliance can be written as

N
min : ¢(x) = UTKU = ¥ (2¢)Pul'kou,
x e=1
weor Eq2-2
s.t. = f

0 <Xmin <x<1

where x represents design variables. U and F are the global displacement and force vectors. respectively.
K represents the global stiffness matrix, u, and k, represents the element displacement vector and the
element stiffness matrix. N represents the number of elements. V(x) and V,, is the material volume and
design domain volume, respectively. And f is the prescribed volume fraction. Then, Sensitivity of

objective function can be easily calculated as

= —p(z°)P"'ul koue Eq2-3



2.1.2 Bidirectional Evolutionary Structural Optimization (BESO)

One of the most recent, advanced and widely used TO approach for AM is bi-directional evolutionary
structural optimization (BESO)[6][13][14][15][16][17]. This is a finite element (FE)-based TO method,
where inefficient material is iteratively removed from a structure while efficient material is
simultaneously added to the structure. BESO is introduced as an algorithm for minimizing the strain
energy, C, of the aerospace part at two volume fraction constraints, V. Two optimization parameters are
varied systematically. The general methodology is to develop a FE-based model of the system under load
and then to seek the optimal design for a given set of conditions. BESO[16][17] requires a number of
steps, involving both finite element analysis (FEA), filtering and optimization. Key steps are shown in

the flowchart given in Figure 2-2

v, F'’*, R
Design
Damain

‘-1‘: Stop :I
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Figure 2-2 BESO flow chart to minimize C for a target V*



For a load F, causing displacement u, the problem can be mathematically expressed as

|
in:C=—F'
min 5 Flu

Vi - Eq2-4
bijectto : — = V*, V= Vv,
supjectto Vg R Z

where F! is the transpose of the force vector, V, is the initial volume of a design and V; is the volume
of a design at iteration, i, computed by summing the volume, V, of each element, a, at this iteration. P

is the total number of elements in a mesh.

From Step 2 in the flowchart, the elemental sensitivities, 4, are equivalent to the elemental strain
energies. These elemental strain energies are filtered in two stages. First, a volume weighting of the

sensitivities of the elements connected to a node, b, is computed as shown Figure 2-3
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Where, /
n,= Nodal sensitivity

— Ve*xAe+V7xA7+Vi0*Aq10+V11%A 11
N13 Ve+Vo+Vi0+V11

A,= Elemental strain energy

V, = Elementalvolume

N = Total number of elements connected to node 'b’

Figure 2-3 Nodal Sensitivity

Second, a longer wave-length elemental sensitivity, A., is calculated by finding nodes d whose distance
r to the center of an element c is less than or equal to the filter radius, R. Figure 2-5 illustrates the

computation.
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Where,

%, = Wave length elemental sensitivity ¢ (R—dgr)+ (R —dgg)+ (R—dg1s)+ (R—dg3)
W(deg) = R-d.g g = Nodal sensitivity

x (R - ds,?) * My + (R - ds,s) *Mg + (R - d&,lz) *Mip T+ (R - dﬁ,lE) *M13

) - Rt L . o
R = User-defined scale factor Then, 3 =€ > £ AL = current sensitivity at iteration ‘i

d. 4= Distance between node ‘d’ and the center of element ¢’ A1 = sensitivity at the previous iteration

N = Total number of nodes in the sub-domain with radius 'R’

Figure 2-5 Wave- length elemental sensitivity

This step eliminates the occurrence of undesired checkerboard patterns as shown in Figure 2-4

1
0.8

o] M 06
S 0.4

0.2
0

Figure 2-4 Checkerboard effect for two-phase field and the associated filtered fields [11]

In Step 3, volume fraction (V; / Vj,) of the design is checked iteratively against V*. At each step, if it

is greater than V™, then a new target volume, V;, 4, is computed from

Vi
V,(] — V), — >
Vil = 4
i+1 Vi Eq 2-5
V*V, — <<V
Vo



After V;,,is computed, all elements are ranked in descending order of A.. The first listed elements,
whose total volume equals V., are marked for retention. Therefore, A, of the last element in this list
is labelled as Ag4.;. Solid elements having sensitivity values below A,;.; are then marked for deletion
from the design domain. Deletion is achieved by assigning the element to a void property as the TO
progresses, where this void property is defined as having a significantly reduced stiffness to that of a solid
element. Young’s modulus of void elements in this research was defined as 1.50x10~* times that of solid
elements E. Void elements with sensitivities above the threshold, 4,44, are reclassified as solid
elements, bringing the volume of solid elements at i to V;. This step is skipped at the first iteration since

the TO starts from a fully solid design domain. One of examples of this step is described in Figure 2-6.

where V, = initial volume; v = evolution rate; V* = Target volume; V; = Output volume at iteration 1;

Vp=16, v=0.2 V;=16= (1 — 20%) = 13
. ¥ - ’ ' * » * v .
A Az s A A=124  B=11tn | R=Otn | R=1st
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Figure 2-6 Element removal & addition



V3 = Output volume at iteration 3.

Lastly, in Step 5 the TO cycle is then repeated until change of strain energy AC is less than u, and V™ is

obtained. AC is computed using

T
[ > (Cikr1—Cirr1)
k=1

AC= Eq2-6

T
| 32 Cik+1l
k=1

where 7=3, and £ is the sequence of integers from / to 7.

b

AN

Figure 2-7 An example of BESO method (a) inital, (b) iteration 300, (c) iteration 45, (d) final
topology. [16]

Figure 2-7 shows an example of BESO method for cantilever beam where the final topology is shown in

Figure 2-7 (d). The BESO parameters are target volume = 50%, evolution rate = 1%, R = 3mm and AC

=0.01%.
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2.1.21 Displacement-Related Structural Designs

In mechanical engineering, for some structures such as an aircraft wing, the exterior surface should
undergo minimal shape change under deformation in order to maintain the aerodynamic performance[18].
In civil engineering, some design criteria regulate the maximum displacements to guaranteed
serviceability of the structure. In such cases, the displacements of a group of local nodes are of concern,
the displacement limit is addressed as a global constraint. The common way of obtaining the displacement
sensitivity is to apply a unit virtual load on the original model and get the displacement vector from the
virtual system[17]. The displacement k th component can be obtained by multiplying the displacement
vector with a unit virtual load vector F¥, of which the k th component is unity while all other components

arc zero.

F*=1{0,0,...,1,0,...) = (fis for - s fis firns - ). Eq2-7

With the virtual load F¥ and the applied load P being constant, differentiating the k th displacement

component with respect to the i th element and substituting P=KU gives the following

ouk  gF¢T Lpou  QFcT
— = ut+F’ —=——u
dX;‘ ng C}X,' ()X,‘
+F*T oK P+K' oP
0X; 0x; Eq 2-8
aK™! K JK
_ kT P= P TRy = kT 8y
BX; Bxf Bxi

where u® = K71F¥ is system response in the displacement field under the unit virtual load. Substituting
the material interpolation in K = }; xip E? into the above derivative gives finally the element sensitivity
for the k th displacement vector with respect to the i th element

duk

o = 3— = —px?_lu:{TK?ll, Eq 2-9
Xi

where uf’T and u; are the element displacement vector under the unit virtual load and the real load

conditions respectively.

An example addresses the topology optimization of a cantilever shown in Figure 2-8. A uniform

distributed load is applying on the top non-designable deck illustrated in dark grey. This example aims to
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minimize the volume while the maximum absolute displacement is not allowed to exceed a limit of 1.48
x 107°m

1000MN/m

00
G TRERRERRTRTIT MM

2m

X

20m
A ¥
R

fet 30m -

Figure 2-8 Cantilever with non-designable deck: design domain [105]
Final designs with displacement constraint and with optimal stiffness are shown in Figure 2-9 and Figure
2-10, respectively. The difference between these two final topologies is obvious by observing the
deformed shapes. The two final solutions have a significant difference in the maximum displacement:
with the same volume fraction, the maximum displacement of the stiffness design is 24% higher than that

of the displacement design.

Figure 2-9 Final topology of the cantilever Figure 2-10  Final topology from stiffness
with displacement constraint (V =49.8%, dmax = optimal design (V = 49.8%, dmax = 1.834x1076
1.478x107% m) [105] m) [105]

2.1.2.2  Design of Structural Natural Frequency

Frequency optimization is of great importance in many engineering fields e.g. aeronautical and

automotive industries. Modified SIMP model using a discontinuous function has been used and applied
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successfully to solve the frequency optimization problems[19][20]. In the finite element analysis, the
dynamic behavior of a continuum structure can be represented by the following general eigenvalue

problem.
(K- wfM)u; =0 Eq2-10
where K is the global stiffness matrix and M is the global mass matrix. w; is the i th natural frequency

and u; is the eigenvector corresponding to w;. The natural frequency w; and the corresponding

eigenvector u; are related to each other by Rayleigh quotient.

,  WKuy
i = uTMl.l‘ Eq 2-11
i 1

In order to maximize the i th natural frequency of vibrating continuum structures, for a solid-void design,

the optimization problem can be stated as

Maximize :

N
Subjectto: V; - Vix;=0 Eq2-12
i=1
xi=0or1

where V; represents the volume of an individual element and V* is the target volume. N is the total
number of elements in the structure. The binary design variable x; represents the density of the i th

element and small value xmin is used to represent a void element.

The derivatives of the global mass matrix M and stiffness matrix K for the finite element analysis behind

the optimization can be calculated by

M

(9.’(1‘ o Mi

K 1—Xmin Eq2-13
1=, P K

min

where M} and K;' are the elemental mass matrix and stiffness matrix for solid elements. According to

Eq 2-11 the sensitivity of the objective function, xi can be expressed by

do; 1 ouf

dX,' N wauI.TMu,- OX;

JK oM
2 T 2
(K — o!M)u; + u’ (()Xi — W; (,),Xi) uf] Eq2-14

Substituting the derivatives of the matrices K and M and assuming that the eigenvector u; is normalized

with respect to the mass matrix M, the sensitivity of the i th natural frequency for solid-void designs can

13



be found as

1 qT{ 1=Xmi 1_(-'J2 1 . L
_] d(l)r 2(0,: llI (ﬂm]_ e K! _.ULMI)UI x[ - 1

P
ﬁu}(—ﬂ%m;r@l(i ——pi-Mi-)u; Xi = Xmin

Tpdx Eq 2-15
In the BESO method, only two discrete values xmin for void elements and 1 for solid elements are used.

Figure 2-11 shows an example of a 2D structure to maximize its fundamental frequency for a target

volume fraction V=50% [20].

I') Dasign domain }gl m

8m

Figure 2-11 Design domain of the simply supported beam [11]

In BESO a simple way to solve this problem is to taking average of the two sensitivities[21]. The optimal

design and first two eigenmodes of the optimal design are given in Figure 2-12.

(b)

Figure 2-12 The first two eigenmodes of the optimal design: (a) the first eigenmode (b) the
second eigenmode [11]
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2.2 Shape Optimization

In the conventional shape optimization, the adequate boundary representation and design variables are
required for the success of the optimization. In the early days of shape optimization, the coordinates of
the boundary nodes of a finite element model were used as design variables[22]. Using nodal coordinates
as design variables is very intuitive and directly related to the finite element method. However, such
design variables lead to unrealistic designs due to irregular boundaries, difficulty for maintaining
adequate finite element mesh and the excessive number of design variables[23][24][25][26]. In order to
guarantee the smoothness of boundaries, many researchers tried to apply polynomial functions to
boundaries[27][28]. The coefficients of polynomials were used as design variables in their approaches.
Although the polynomial boundary representation gives sufficient smoothness, oscillatory boundaries
were observed in higher order polynomial such as Lagrange polynomial. Splines such as B-spline and
NURBS could eliminate the oscillatory boundary and be locally controlled with high degree of
smoothness. Thus, the spline boundary representation became the most popular geometrical

representation in shape optimization.

2.2.1 B-Splines

The shape of a spline may be controlled by a number of control vertices. However, the degree of a B-
spline is not determined by the number of control vertices. B-spline of degree p with n + 1 control vertices

1s defined as

n
r(u):ZM,‘_P(H)Vj. O0<u<l, Eq2—16
i=0

where the p th degree B-spline basis functions M;,, are defined as

I ifu; <u<ujy

M; o(u) =
' 0 otherwise,
u—u; Uipptl — U Eq 2-17
M.f'.p(”)=—Mi,p—](”)+ Mi—i—l.p—l(“)s p=1, q
Uitp — Uy Uitp+1 — Uj+1
Mm—p—l.p(l) =1.

The given scalars ug, uq, ..., U, arecalled knots. The number of knots, m + 1, equals p +n+2. In order
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for the curve to starts at V, and ends at V},, the first p +1 knots are put to 0, and the last p + 1 knots are

put to 1. A knot vector U containing the knots is defined as

U=10,....0upry, . itty—p—1, 1, 1}

e ~ Eq 2‘ 1 8
p+1 p+1

If the knots in the interior of the curve, i.e. those strictly greater than 0 and strictly smaller than 1, are

evenly spaced, the knot vector is said to be uniform. In Figure 2-13 the splines corresponding to two

different knot vectors one uniform and the other non-uniform are plotted.

1 i} 1 2 3 4 3 ] -4 4

Figure 2-13  Effect of knot spacing. Solid line: uniform knot vector. Dotted line: non-uniform knot
Vector [106]

2.2.1 B-Spline Surface Mesh

Next, a B-spline surface is defined as

M m
r(u,v)= ZZME.p(“)Mj.q{L')Vf.jv Osu<l,0<v<l, Eq2-19
i=0 j=0

where the B-spline basis functions M;,, and M;, using the knot vectors
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H:{lo,...,0,1{!}4_1,...._.l{,r‘_p_l.,llr...,l}
—— ——

p+1 p+1
Eq 2-20
V=1{0,...,0,vg41, ..., g1, 1,..., 1},
— — e’
g+1 q+1
Finite element nodes are created by evaluating r(u, v) for the u-values ug, . .., uy , where 0 = ug<
ur< - - - < up 4 <up =1, and the v-values vy , ..., vy, where 0 = vg< vi'< - - - < v

<vy = 1, Each curve in the mesh corresponds to a constant value of u or v. An example is shown in Figure

2-14.

Figure 2-14 B-spline surface mesh for a case (n=3, p =2,m=2, q =1, U ={0, 0,0, 1/2, 1, 1,
1},V={0,0,1/2,1,1})[107]

222 Sensitivity Analysis

In shape optimization, it assumes that the shape of some boundary curves is controlled by a number of

design variables o ,i=1, 2, .., 1 as seen in Figure 2-15
l
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a;=0.95

Figure 2-15 Shape optimization of a sheet. [108]
Then, the nested optimization problem may be written

min goloe) = golee, u(er))

GO st Gi@) =gl u(@) <0, i=1...1 Eq2-21
O<ea;<I, j=I1...,n.

Obtain the sensitivity of the strain displacement matrix B, 0B/0qj using the direct analytical method. Get

the sensitivity of the element stiffness matrix and the element applied force vector from Eq 2-22:

ok, aBT ;OB Vi .
=f DBIJI+B D21+ B pBL ) 1udd
daj Ja \ e da dotj
Eq2-22
dfo 0b d A
afe :[ NT ((—IJI-I-bM)IdQ.
doj O doj da
where
0G X
- G
da da
a1 9X Eq 2-23
—|Ju(G6=
da daj
Use Eq 2-24 to calculate the required sensitivities of the objective function and the constraints:
g dgi  0dg Ou
- Eq 2-24

daj  daj  du daj’

Figure 2-16 shows an example of B-spline mesh with 6 x 2 control vertices, 2"-degree curves in the u-

direction, and 1%-degree curves in the v-direction.
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Figure 2-16 Initial mesh and optimized shape (10 iterations) of a cantilever plane sheet [108]

2.3 Design of Fiber Reinforcement

The DMO (Discrete Material Optimization)[29] [30], SFP (Shape Functions with Penalization)[31], and
BCP (Bi-value Coding Parametrization)[32] are the most recent optimization methods for optimized
discrete fiber angle selection. DMO method obtains the optimized angles through an optimization
approach based on a material model formed by combining multiple elasticity tensors considering different

fiber orientations. SFP is simpler than the DMO and utilizes a smaller number of design variables with
fast convergence speed. However, it considers fiber angles 0°, +45° and 90°. BCP utilizes a

parameterization by using interpolation functions with penalties and it is capable of solving optimization
problems subjected to constraints such as buckling load factors, limited displacement, among others.
These methods were proposed as alternatives to the CFAO (Continuous Fiber Angle Optimization) which
solution is highly dependent on the initial fiber configuration.[29]. In this research, DMO is applied since

it is FE-based and output data from structural optimization can be used.

The classical method to find optimal orientation of orthotropic materials was to use the local orientation
as design variables. As shown in Figure 2-17, each arrow represents the 1st principal material direction
in a finite element framework. The design variables are then the continuous parameters, 0,,, The

optimization problem can be stated as
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Objective : mﬂin Cua) = ur]‘p

Subject to: Ku=p Eq 2-25

Omin < 0 < Omax

where Omin and Omax typically represent —90° and +90°, respectively.

!

/HI/ N f
~.|7| 1|~
NN e

Figure 2-17 Illustration of the concept of orientation optimization in a finite element analysis [109]
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The basic idea in the DMO is essentially an extension of the ideas used in structural topology optimization
but instead of choosing between solid and void we want to choose between any distinct number of fiber
angles. The element constitutive matrix, C¢, is expressed as a weighted sum of candidate materials, each
characterized by a constitutive matrix, C' . This can be expressed as a sum over the element number of
candidate materials, n®:
e
C = ,-; wiCi =wiCr +wCo+ - + wyeCpe, 0<w; <1 Eq2-26

The single most important requirement for the DMO method is that every element must have one single

weight of value 1 and all other weights of value 0. To illustrate the methodology for fiber angle

optimization solving the example in Eq 2-26 using DMO with the same orthotropic material oriented at
12 different angles 0°, £15°, £30°, +45°, £60°, +75°, 90" as the candidate materials in Figure 2-18(a) The
possible material constitutions are all combinations of the 12 candidate materials for two elements, These
are marked by white triangles in Figure 2-18(b) where the obtained optimum solution 30/—45¢ is marked

by the large black dot. This solution is the ‘best fit’ to the global optimum solution 24.2/—41.6° obtained
with CFAO.
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Figure 2-18 Test example objective function: (a) the candidate materials at 12 angles, 1 ; and (b) the
white triangles mark possible combinations of candidate materials [109]

As an example, the cantilever beam with distributed top load is chosen for a standard test. The beam
consists of 768 shell elements. The DMO setup 12 candidate materials in each element, it results in a

model having 9216 (12 x 768) design variables in total.
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Figure 2-19  Optimal fiber angle distribution using 768 elements and a single candidate material
at [90,£75,£60,+45,+30,+15, 0][109]

Collecting design variables in sections reduces the number of total design variables by merging several
design variables from different sections and elements into a single variable. To illustrate the methodology,
the cantilever problem has been solved using 48 patches of 4 x 4 elements, which reduces the number of
design variables to 576. The resulting optimal fiber angle distribution is shown in Figure 2-20. This

method ultimately allows easy setting of toolpath for individual sections in additive manufacturing.
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Figure 2-20  Optimal fiber angle distribution using 768 elements in 48 patches of 4 x 4 elements [109]
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Chapter 3 ADDITIVE MANUFACTURING

Additive manufacturing is sometimes called rapid prototyping and what is popularly called 3D Printing.
The basic principle of AM technology is initially generated using a three-dimensional computer-aided
design system. AM technology certainly significantly simplifies the process of producing complex 3D
objects directly from CAD data.

There are couple ways to classify AM technologies. The first method is to classify according to
fundamental technology such as laser or extrusion. [33][34]. Another method is to classify according to
the type of raw material input such as metal or thermoplastics [35]. Recently Pham suggested a

comprehensive classification method [36], which uses a two-dimensional classification method as shown

in Figure 3-1
1D Channel |/2x1D Channels|| Array of 1D 2D Channel
Y b T Channels i
/ 2 X4 x -
/ - X - / 2
-ii% X -
E ‘ y E 7/ 8
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_g,é SLA (3D Sys) MicroTEC
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Figure 3-1 Layered manufacturing (LM) processes [110]

3.1 Fused Filament Fabrication (FFF)

Since RepRap was released as open-source, [37][38][39] 3D printing has been more available for people
[40]. Up to now, the majority type of 3D printing system is Fused filament fabrication (FFF) [41].
Engineers are working on geometry-free manufacturing using FFF in many countries [42][43]. Previous

studies have shown FFF 3D printing not only allows for a lower cost of goods for the consumer [44], but
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a lower impact on the environment as well [45]. To be specific, the system only needs filaments, this lead
to not leave any wastes when compared with other manufacturing. It has been proven to be an
economically beneficial purchase [46][47][48].

FFF can be visualized as similar to cake icing, the material is forced out through a nozzle when pressure
is applied. Nozzle diameter will remain constant and the material being extruded must be in a semisolid
state when it comes out of the nozzle. This material must fully solidify while remaining in that shape.
Furthermore, the material must bond to material that has already been extruded so that a solid structure
can be built. Once a layer is completed, the machine must move the part downwards, so that a further
layer can be produced.

3.1.1 Extrusion

Extrusion in 3-D printing using material extrusion consists of cold end and hot end. The cold end is part
of an extruder system that pulls and feeds the material from the spool, and pushes it towards the hot end.
The cold end is mostly gear-based supplying torque to the material and controlling the feed rate by a
stepper motor. Figure 3-2 illustrates typical extruder system of FFF-based 3D printer. The hot end is the
active part which also melts the filament. It allows the molten plastic to exit from the small nozzle to form
a thin bead of plastic. Typical size of diameter is ranging from 0.3 mm to 1.0 mm. Different types of

nozzles and heating methods are highly dependent on the material to be printed.

_ Filament _
Roller
" Cold End
(Driven by Stepper Motor)
Liguefier with Heater Mozzle -
and thermocouples hot End

Thin Plastic Beads

- e .

Figure 3-2  FFF based-3D printer Extruder [110]

24


https://en.wikipedia.org/wiki/Extrusion
https://en.wikipedia.org/wiki/Bobbin
https://en.wikipedia.org/wiki/Stepper_motor
https://en.wikipedia.org/wiki/Molten_plastic
https://en.wikipedia.org/wiki/Nozzle

3.1.2 Limitations of FFF

There are some disadvantages of FFF in terms of build speed, accuracy, and material density. FFF layer
thickness normally is 0.1 mm, this level of precision leads to longer build times. Also, shape of nozzles
is circular, it is impossible to draw sharp external corners. Lastly, products built by FFF exhibit anisotropic
mechanical properties. This has been proven not to be huge for thermoplastic polymer materials [49], but
in almost every case the strength in the z-direction is less than the strength in the x—y plane. Thus, for
parts which undergo stress in a particular direction it is best to build the part such that the major stress

axes are aligned with the x—y plane.

3.2 Carbon Fiber Reinforced Polymer

Researchers have attempted to mix different types of fillers into the polymer matrix to improve material
properties. These fillers include Titanium Dioxide [50], Jute Fibers [50], metal [51], glass fibers [52]
thermotropic liquid crystalline polymer fibrils [53], vapor-grown carbon fiber [54], graphene
nanoplatelets [55] and continuous fibers [56][57]. Another viable candidate is short carbon fibers. It is
well known that short carbon fibers blended with unfilled thermoplastic polymers significantly improve
the strength of the polymer material. These filaments are now commercially available by manufacturers
such as CarbonX, Matterhackers, and ColorFabb. Figure 3-3 illustrates a printing extrusion of short fiber

reinforced filament.

Figure 3-3  Short fiber alignment during the extrusion process [111]

25



3.2.1 Fiber Orientation Distribution

The fiber orientation distributions have been measured experimentally using various methods. The
polished cross-sections have been most commonly used to determine the distribution in the past
decades. Fakirov et al. [58] measured the average angle of the fibers with respect to the flow direction
using micrographs of the polished cross-section of samples. In their research, they assumed a two
dimensional fiber distribution in the case of injection-molded polyethylene terephthalate. Vincent et
al. [59] measured the scalar orientation factor in a molded disk of a polyamide using optical microscopy.
Fischer et al. [60] used an image analyzer to measure the orientation factors of polished cross-sections of
samples with 3D dimensions combining the in-plane and out-plane directions. They demonstrated that
the degree of out-of-plane orientation was small. Tucker et al. [61] measured angles of fibers
perpendicular to the section plane. Using the projected area, fiber orientation could be determined by
second-order tensor. Zak et al. [62] used a two-section-based method for determining the three-
dimensional (3D) fiber orientation distribution. Eberhardt et al. [63] used a confocal laser scanning
microscopy to measure the fiber orientation distributions in composites. Then they compared them with
the distribution obtained using 2D image analysis. McGee et al. [64] utilized radiography method to
obtain high-contrast primary images with 2D fiber orientation. This method worked for composites with
low filler content, or for thin sections of high-filler-content composites. Kim et al. [65] analyzed X-ray
images to determine the fiber orientation distribution of composites. The approximately 94% of precision
was achieved. Also, the method was not useful for thick fiber composites. Shen et al. [66] measured the
fiber orientation in 5 wt% short-glass-fiber-reinforced phenolic foam using micro-computed tomography
(CT). 3D fiber distribution of the foam was constructed from the obtained micro-CT images, and Auto-
CAD was used to determine the spatial length and orientation of the individual fibers based on the
imported 3D fiber distribution information. However, this technique had difficulties to be applied to high
fiber content composites. Although these methods have been used in the past decades, problems to find
fiber orientation distribution clearly in CFRP composites still remain unsolved. It is difficult to distinguish
fibers from resin, clearly on X-ray CT images, because carbon fibers and resin have similar radiodensities.
Djukic et al. [67], [68] tried to improve the contrast between carbon fibers and resin by impregnating the
fibers by coating the carbon fibers with metal. However, it was reported that these techniques affect the
microstructure of the composites. Scott et al. [69] used synchrotron radiation computed tomography to

obtain extremely clear section images. In their research, the influence of voids on damage was evaluated.
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Although this technique can successfully distinguish fibers from resin, synchrotron accelerator is very

expensive and not easy to use it.

Tekinalp et al investigated fiber orientation measurements of composites manufactured by FFF-based 3D
printer [70]. The method used by Bay and Tucker [61] was followed to characterize the fiber orientation
of samples. Samples were fabricated with different weight % of fiber. For the comparison, compression
molded samples were tested as well. Components of second-order orientation tensors for each sample are

given in Table 3-1

Table 3-1 Components of the second-order orientation tensor of ABS/CF composites [70]

Carbon Fiber (wt%) all al2 al3 a22 a23 a33
Compression-molded(CM) samples

10 0.241 -0.023 0.042 0.03 0.084 0.729
20 0.493 -0.059 -0.054 0.023 0.046 0.484
30 0.454 -0.034 0.062 0.023 0.064 0.523
40 0.386 -0.043 -0.049 0.036 0.095 0.578

FFF-printed samples

10 0.055 0.005 0.038 0.03 0.127 0.915
20 0.064 0.004 0.024 0.028 0.121 0.909
30 0.06 -0.002 -0.006 0.039 0.143 0.901
40 0.093 -0.005 -0.018 0.038 0.139 0.869

Components all, a22, and a33 show orientation in the direction of x1, x2, and x3, respectively as seen in
Figure 3-4. The dominant orientation tensor components for CM samples are a33 and all. In contrast,
the dominant component of the orientation tensor for FFF samples is only a33, and its nearly 1.0 value
indicates that practically all fibers are oriented in the x3-direction. From a mechanical performance point
of view, orientation in the x3-direction is of most interest because it is the load-bearing direction. These
results emphasize the inherent characteristic of gaining high orientation by FFF process. Because of its
nature, the FFF process produces samples not only with higher fiber orientation, but also with higher
molecular orientation in matrix materials such as thermoplastics compared with CM and injection

molding.
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Figure 3-4 Sketch of a dog-bone sample showing orientation directions [70]

322

Tensile Properties

Tensile property is generally the most representative information on mechanical properties of materials.

Since carbon fiber-reinforced filament was developed, tensile properties of carbon fiber reinforced

polymer have been investigated by many researchers, as shown Table 3-2.

Table 3-2 Previous tensile tests of composites produced by FFF and injection molding (IM)

Authors, year Matrix Reinforcement Process Comments
- - - o
Zhong et al., 2001 [52] ABS GF short FEE, 1M ests fiber weight fractions (15620%).
Unidirectional tests in two perpendicular axes
Ahn et al., 2002 [71] ABS i FFF, IM Unldlr_ectlonal tests in two perpendicular axes
Tests influence of FFF parameters
Bellini and Gligeri, 2003
[72] ABS - FFF
CF short
Shofner et al., 2003 [54] ABS (FL 100 mm) FFF
Tekinalp et al., 2014 [70] ABS CF short FFF, IM  Tests fiber weight fractions (10e40%)
N (FL 200 to 400) ' '
Love et al., 2014 [73] ABS CF short FFF Tests properties out of printing plane
. CF short Evaluates several material constants and
Ning etal., 2015 [74] ABS (FL 100 and 150) FFF fiber weight fractions (3e15%).
Ning et al., 2016 [75] ABS CF short FEF Tests m_fluence of FFF parameters on
properties
Melenka et al., 2016 [76] Nylon Kevlar cont. FFF Uses a process adapted from FFF.
Klift et al., 2016 [57] Nylon CF cont. IM Tests different fiber volume fractions
Anwer and Naguib, 2016 PLA CF nano IM Tests weight fractions (1e15%), thermal
[77] (FL <4mm) and dynamical properties.
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Jaszkiewicz et al., 2016
[78]

Li et al., 2016 [79]

Tian et al., 2016 [80]

Tian etal., 2017 [81]

Yao et al., 2017 [82]

Ferreia et al., 2017 [49]

PLA

PLA

PLA

PLA

PLA

PLA

GF and NF short

CF cont.

CF cont.

CF cont.

CF cont.

CF short.

FFF

FFF

FFF

FFF

FFF

FFF

Investigates manufacturability of short NF and
GF.

Uses a new process adapted from FFF.

Uses a process adapted from FFF, investigates
several parameters

Uses a process adapted from FFF w/recycled
CF. Evaluates impact properties.

Investigates CF in structural-health monitoring

Unidirectional tests in two perpendicular axes
Shear properties and Poisson ratios

In reference [49], a PLA reinforced with short carbon fibers were experimentally characterized by

performing ASTM 638 and ASTM D3518 as shown Figure 3-5 and Figure 3-6, respectively. This

composite has a weight fraction of 15% of carbon fibers whose length was estimated in about 60 mm.
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Figure 3-5  Stress vs strain data for PLA and PLA+CF printed at 0° [49]
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Figure 3-6  Stress vs strain data for PLA and PLA+CF printed at 90° [49]

From the results in Table 3-3, the average value of E1 tensile modulus for the PLA+CF was more than
twice (2.2 times) higher than the same property for the PLA. The E2 tensile modulus for the PLA+CF
was about 1.25 times higher than the same property for the PLA, a difference not as big as found for E1.
These results show that short carbon fibers provided the highest increase in stiffness for the PLA+CF
tested in the printing direction. Besides, it is interesting to notice that E1 for the PLA is only slightly

higher than E2 for the same material. Therefore, for the PLA, the printing orientation did not influence
the material stiffness that much.

Table 3-3 Mechanical properties of PLA and PLA+CF [49]

Property Direction PLA PLA+CF ASTM
Standard

Max. Ave. Dev. Mas. Avg, Dev.

Tensile 0" [Eq) 3596 3376 212 TEES 7541 06 D&3s

Modulus (MPa) 90" (E.) 3340 3125 143 4145 3920 167

In-plane Shear +45° [Gy2) 1140 1082 6 1270 1268 5 D3518

Modulus (MPa)

Tensile 0" (57) 56.1 547 19 53.7 534 0.2 D638

Strength (MFa) 90° (53) 429 7.1 35 37.0 354 1.5

In-plane Shear +45" (5,) 183 18.0 08 19.6 1849 0.8 D3518

Strength (MPa)

In reference [70], tensile strength and modulus of dog-bone specimens prepared by both FFF and CM

methods were measured as shown in Figure 3-7. The results show that tensile strength increases with
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increasing fiber content in both processes. The standard deviations in tensile strength measurements for
the FDM samples were significantly lower than those for the CM samples. This result suggests that the
FDM process not only increases the orientation of the polymer, but also improves fiber uniformity. The
increase in fiber content doesn’t increase much in tensile strength at higher fiber loadings as shown Figure
3-7(a). Figure 3-7(b) shows the Young’s modulus measurements of all samples. Differently with tensile
strength, the moduli of FDM and CM samples overlap and increase almost linearly with increasing fiber

content. The modulus value of the CM composite is increased by nearly an order of magnitude at 40 wt%

fiber loading.
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Figure 3-7 Effect of fiber content and preparation process on (a) tensile strength, and (b) modulus,
of ABS/CF composites. [70]

3.3 Density

The density of an additive manufactured part is crucial for its mechanical properties. For FFF parts,
printing in the proper orientation with beads as close together as possible throughout the entire part is
required to achieve stronger parts. These highly dense parts are expected to be stronger than parts printed
by regular filled pattern on the inside. But even a part printed with beads alongside each other can vary
in density. This density is determined by the voids between adjacent beads. The density defined within
this study is called solidity ratio (SR). Figure 3-8 shows an illustration of a printed parts’ cross-section as

well as its expansion. SR determines the porosity or solidity of the part. The SR is a normalized density
where a theoretical minimum is shown by an ellipsoid bead shape T/4 which results in large voids

between beads. Figure 3-8 (b) up to a fully solid part with the SR of 1.0 and no voids. The SR is calculated
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by the area of the bead divided by the potential maximum reticular area between the beads, indicated by
the box around the bead. This maximum area is bounded by the width of the bead and the layer height.
The width of the bead is thereby usually the diameter of the nozzle. Therefore, SR is controlled by the
layer height and designated nozzle diameter. As beads are laid closer to each other the shape of the bead
changes from an ellipsoid to a rectangle. The increasing density thus increases the welding area between
beads which leads to higher part strength. Conclusively, it can be said that a larger welding area affects

the tensile strength positively.

_EL}_,_:, —?--—' L - Doy
I

Whead Whead
Figure 3-8 Cross-section of beads with lower (a) and higher (b) SR[112]

The detection of porosity in a composite is not straightforward. Many techniques have been employed to
estimate the void content of composite parts such as ultrasonic analysis, thermography, micro-tomography,
microscopy observation and acid digestion [83], [84]. Costa et al. [83] utilized an ultrasonic failure
detector to characterize voids on carbon/epoxy. They used water squinters to transport the ultrasonic
beams to reduce surface losses. The probes were transported by an automation system that generates a
quantized C-scan record of samples. Daniel et al. [85] combined ultrasonic attenuation with image
analysis to figure out a correlation between the ultrasonic attenuation and porosity. They treated values
derived from optical microscope image analysis as a reference. Kite et al. [86] and Zhu et al. [87] also
employed optical microscope image analysis to obtain statistical information about amount, shape, size,
and orientation of voids in carbon/epoxy and glass/ epoxy systems. In their work, Kite et al. [86] showed
that void content might be misestimated with more than 1% difference between image analysis and acid
digestion in pre-impregnated fabrics. Further, the difference of results may increase in unidirectional
laminate because of oblong, cigar-form voids. Kastner et al. [88] used X-rays micro CT scanning for the
measurement of voids in composite laminates. They showed that a correct measurement could be carried
out if proper threshold values are selected in the analysis. However, the threshold choice was the critical
issue, and some calibrations are required for effective measurements. In addition, long scanning times

and complicated volume reconstruction procedures are required to obtain high-resolution results.
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Somewhat different estimated void contents according to the measure/calculation method adopted is thus

to be expected.

3.4 Toolpath Development

Tool path generation for 3D printers originally derived from the computer numerical control (CNC)
milling problem. Current path planning algorithms for 3D printers utilize the adaptive and non-adaptive
iso-planar tool path generation techniques. Various techniques for deciding layer height based on a
geometric characterization of the part called adaptive slicing have been proposed [89][90]. A

comprehensive review of slicing techniques was published by Pandey et al [91].

Since tool-path strategy is closely associated with the fabrication quality, most initial research about tool-
paths was restricted to issues related to the manufacturing quality. Han et al.[92] proposed a deposition
planning approach based on a grouping and mapping algorithm. Kao et al. [93] presented a shape
optimization algorithm, which was implemented to allow high-quality spiral deposition paths. Yang et al.
[94] introduced an equidistant path generation algorithm to improve the fabrication efficiency. Later, Yang
[95] and Wah [96] transformed tool-path optimization in AM technology. Jin [97] proposed a mixed tool-
path generation algorithm that is the most commonly accepted in the industry. From the algorithm, zigzag

tool-paths of the internal area of the layer were employed to simplify the computing processes.
34.1 Methodologies of Tool-path Generation

The tool-path required for material extrusion in AM is a predefined trajectory along which the nozzle is
driven to deposit fabrication material and to form the surface layer by layer. Because the deposition
quality features such as surface roughness, dimensional accuracy, and part strength are influenced by the
tool-path, many efforts have been made to optimize tool-path planning. Up to now, contour-parallel-based
and direction-parallel based filling strategies are mainly employed in AM. The contour-parallel tool-path
comprises a series of contours, which move parallel to the boundaries of the two-dimensional cross-
sections [98], thus this type of fabrication accuracy is greater and more satisfactory. However, its main
problem is the implementation of the offset algorithm, which is computationally expensive and complex.
Figure 3-9 illustrates the difference between direction parallel and contour parallel tool-path. By contrast,
direction-parallel paths contain many path segments, which correspond to back and forth motion in a

fixed direction within the boundary that needs to be filled up in the interior region. This approach is
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obviously simple and fast to implement, but at the expense of fabrication precision. In order to exploit
the merits of these two approaches, A recent study [97] described a fitting algorithm to establish the
NURBS-based contour curve on the boundaries initially, the interior area of the model was fabricated

subsequently using the direction-parallel tool-path.

(@ (®

() ( )E

Figure 3-9 Comparison of different tool-path generation strategies; (a) Direction parallel path ,
(b) Contour parallel path [114]

34.2 G-codes

G-code stands for “Geometric Code”. Its main function is to instruct a machine head how to move
geometrically in 3 dimensions. However, it can also instruct a machine to do non-geometric things. G-
code can tell a 3D printer to extrude material at a specified extrusion rate or change its bed temperature.
G-code is basically a numerical control programming language. It is easy to use and does not have
advanced commands like variables, conditionals, and loops. Each line tells the printer to do a specific
task. The printer executes the line one by one until it reaches the end. Normally several major g-codes

govern the entire script. In this section, GO, G1 and G2 will be reviewed for fundamental study.
3.4.21  Principle of GO command

Figure 3-10 shows the principle of GO command. It tells the print head to move at maximum travel speed
from the current position to the coordinates specified by the command. The head will move in a coordinate
system, the nozzle will not extrude any material. This command is usually used to bring the nozzle rapidly

to some desired coordinates at the start of the print or during the print.
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Figure 3-10 Principle of GO command [1

3.4.2.2 Principle of G1 command

speed is specified by the Feed rate parameter F. The printer can ex

command at an extrusion rate specified by the Extrusion rate parame

15]

Figure 3-11 shows the principle of G1 command. G1 tells the print head to move at specified speed. The
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Figure 3-11 Principle of G1 command [115]

3.4.2.3 Principle of G2 command
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Lastly, G2 tells the machine to move clockwise starting from its current location. The endpoint is specified




by the coordinates X and Y. The center of rotation is specified by the parameter I, which denotes the X
offset of the current position from the center of rotation. J denotes the Y offset of the current position

from the center of rotation. Figure 3-10 illustrate the principle of G2 command.
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Figure 3-12  Principle of G2 command [115]

3.5 Post-Processing for FFF printed parts
One of the best ways to increase the strength and stiffness of FFF printed objects is by annealing them.

Annealing is an ancient process, originally used in metallurgy to increase the strength of metal objects.
Annealing is one of several “heat treatments” that are used to change the physical properties of metal
without changing the metal’s existing shape. In essence, annealing increases the desirable characteristics
of a given metal. The fundamentals of the annealing process have been adapted by for use with plastics
to also increase their strength after an object has been formed.[99] Primarily an industrial plastics
technique used as a finishing process, annealing can also be used by access to a kitchen oven to harden

3D prints. Figure 3-13 shows typical annealing process.

Figure 3-13 Annealing process. A) initial cold state, B) Heating: high stress areas dissipate, C)
Recrystallization forms, D) Recrystallization forms[116]
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With plastics, the process is essentially the same with metal annealing. FDM printing necessarily involves
heating the print material so that it can be extruded. Once extruded, the material then cools to form the
printed object. Plastic is a fairly poor conductor of heat. This means that heated plastic tends to cool
unevenly. This uneven cooling introduces stress into a printed object. Most thermoplastics used in FDM
printing are polymers. A polymer consists of two or more substances. Each substance is made up of long
molecular chains. Heating the plastic, extruding and cooling it reorganizes this structure into a more
organized crystalline form. These crystals tend to be large, broadly similar to those that exist in metal
after initial heating and cooling. The large crystalline-like structure of the plastic makes it prone to failure
along the lines between each crystal. Also, uneven cooling due to poor heat conduction results in the
polymer shrinking in different ways. This, in turn, causes different tensile forces and compression forces
building up in the polymer structure. Annealing plastic involves gently reheating the substance to at its
glass transition temperature or just above, but below its melting temperature, and then slowly allowing it

to cool, this reheating and cooling increases the amount of crystalline structures in the plastic.

Nylon 12 is stronger and less brittle than either PLA or ABS. Its melting temperature is lower than ABS
and is comparable with PLA. Like PLA, it has a low glass transition temperature which makes it easier
to anneal. In addition, annealing can significantly increase its heat deflection temperature. When it
combines this with its high strength, annealed Nylon 12 makes a great choice for applications where heat
and durability are issues. The glass transition temperature of Nylon 12 is a surprising 41C (105F).
However, it’s melting temperature is a respectable 178C-181C (352F to 358F). Because of this, oven
temperature to 130C-140C (266F to 284F) is high enough to allow the material to soften which will
release the stress caused by extrusion while increasing crystallization. As is always the case when

annealing plastics, it is also low enough so that the material will not melt, flow or significantly deform.
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Chapter4  DESIGN METHODOLOGY

,J,,,,,l.,l,,,l,,l..,J,”.l.,l.,,ll.,l

L. - = b - = N N N I i = '] P y

- — N S SN N S S Y N S N -:_I _.I|| I|I [

SN S S S S T S, S, _, S—— _, S, S, T Sy, =, _y _y -~~~/ =~/ HE i

SRS N N SN R R Y RSN S N N "N R S S T S _— RO S S S SN S S S _— I|I - | l.' | NN 7 |

[ ) o e ) e e et ) o o o e et et o o o e O O 1 A

R e o L e e o L e o o e e e e e e e R S

e e e e ri R i ST

:

i N />_\/ ////\/_// P P P P P s P il i

1 P Y P P P Y P P P P P P I s i

T T T T e T T e T e T T I I T e I e o T e I P e I I s P e e ERErn

I I I I I T I e e I e I I I e I e T e e e e I I e I e I I I e Il P P P EEFirE

—- A1 AAAAAAAAAAAAAAALAAAAAAS A LS

- - I e e e o o o e e e U e o g e o e g ) Firi

L~ -, e e Ht+-1t+-1+t+t+"t+t"t+t+r"+t++1-1+--1"1+1-1"1-+1-"1"" .lll ll

— e I e I I I I I I I . e B e e o e, O e I
~—-4]] 1]

Figure 4-1 Principal directions of elements

To extrude fibers aligned with principal directions, FEA stress field was computed. Figure 4-1 shows
element based principal stresses and directions of a cantilever beam under uniform distributed load.
Centroids of elements are connected to create printing path. Rectangular shell elements were applied to
make the path simple and to cover elements with the shortest path. The size of shell element was
determined based on the diameter of printing extruder. Small size of elements guaranteed more precise
printing path, however if it is much smaller than diameter of extruder, printing width may invade or cover
other element sections. precise printing path, however if it is much smaller than diameter of extruder,
printing width may invade or cover other element sections. Figure 4-2 shows workflow for the optimized

tool-path development.

4.1 Tool-path development
Step 1 — Finite element analysis

In order to compute principle directions of each element, FEA stress analyses were carried out. As
mentioned previously, principal direction is adapted in the determination of fiber orientation. Using the
stress field output from ABAQUS™, principal directions of individual elements are computed. Then,
centroids of individual elements are computed using the X,Y coordinate information on individual nodes

in input file.
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Figure 4-2 Optimized tool-path flow chart

Step 2 — Radius filter and candidate elements.

Angles of lines connecting centroids of each element are computed. This is called as location angle. [Q];

xi Then, a circle with a specific radius is defined. The centroid of the starting element is defined the center
of the circle. The radius is the minimum length covering centroids of elements around the starting element.
Elements whose centroid is located within the circle are called as candidate elements. Figure 4-3

illustrates the concept.

—»_ Prinking path

Figure 4-3 Concept of element connection
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Step 3 — Angle difference filter

Next, angle differences of location angles of candidate elements and the principal direction of the starting
element are computed. Any elements whose angle difference is less than 45 degrees are selected as final
candidate elements. To make paths not go back to elements already selected, cosine trigonometrical
function is applied to the first, Second, and third quadrant and sine function is applied to the fourth
quadrant for the location angle computation. These trigonometrical functions make location angles of
some of candidate elements which already are selected large enough so that the angle difference filter
screens those elements. Through this step, only two elements survive from eight candidate elements.

Figure 4-4 shows the angle difference filter. Red boundary line indicates last survived two elements.
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Figure 4-4 Concept of angle difference filter

Step 4 — Create path and sections

From the last two candidate elements, the element with larger principal stress is selected to connect the
path. If there is no candidate element which has angle differences less than 45 degrees, the path stop
connecting. A set of connecting lines creates sections. contour-parallel or direct-parallel printing method
is applied based on principal directions of elements. If the path continuously goes and reaches the edge
of the section, contour-parallel method is applied. otherwise, direct-parallel method is applied. In this
case, the angle of infill pattern is statistically determined. To avoid overlapping path, if an element is
chosen multiple times, principal stresses of previous elements on each path are checked. Then, only one

path with the previous element showing the 