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Abstract. In this paper, a numerical method is proposed to consider the transient anisotropic
orientation state of a material extruded (MEX) part during a macroscale process simulation. To
enhance computational efficiency, multiple filament strands are considered within single finite
elements. The model is constructed around the utilization of 4™ order orientation tensors, obtained
by combining the information of the nozzle toolpath and the mesh elements in accordance with
the process time. This provides a dynamic mapping of the anisotropic material orientation state
within each element, in real-time to the process trajectory. Through the integration of time-
dependent orientation tensors, this research provides deeper insights into filaments alignment
evolution during the MEX process. This advancement not only enhances predictive capabilities in
process simulation but also streamlines computational demands.

Introduction

Material Extrusion (MEX) is a highly versatile method within additive manufacturing, enabling
the fabrication of intricate components with improved qualities [1]. Nevertheless, selecting the
right process parameters is crucial in determining the ultimate characteristics of these components
[2]. The alignment of the filament, which is directly linked to the path taken by the nozzle tool,
holds a central significance in designing both the structural robustness and operational
performance of produced components [3,4,5]. The pronounced anisotropy [6] observed in
additively manufactured structures significantly influences their properties, necessitating thorough
consideration and investigation when designing and evaluating components. Instead of the often-
used trial and error approach, which stems from the interplay between the process, material and
component, process simulation offers a more strategic solution. One of the key challenges in
simulating the process is to capture the material orientation determined by the strand deposition.
Leveraging computation and the finite element method proves to be a potent approach not just for
forecasting the mechanical characteristics at a macroscopic level but also for simulating the
manufacturing process itself for the prediction of process-induced distortion and residual stresses.
However, a substantial portion of studies has predominantly concentrated on modeling either
unidirectional or bidirectional raster orientations by predefining the filament's alignment
[7,8,9,10,11]. Moreover, several studies delve into exploring how orientation impacts the
mechanical characteristics of parts produced through MEX via experimental methods [8]. Biswas
et al. [12] investigated orthotropic elastic properties by crafting computational models employing
a representative volume element (RVE). Additionally, classical laminate theory (CLT) has been
utilized to simulate orthotropic mechanical attributes [13]. However, it is essential to note that this
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study primarily focuses on process simulation, requiring precise orientation data at each process
time point, rendering techniques as CLT impractical. Although numerous studies have explored
orientation effects using diverse modeling techniques and experimental approaches, there has not
been a dedicated investigation into depicting deposition trajectories and their evolution over time.
The aim is to introduce a streamlined approach that overcomes the computational intricacies
associated with filament orientation. The objective is to enhance accuracy while maintaining
computational efficiency. To achieve this, orientation tensors are formulated, giving continual
update of the orientation state for every element throughout the process [14,15]. This modeling
approach involves the finite element software ABAQUS in conjunction with specific subroutines.
The recent development involves incorporating these codes as "internal" user subroutines within
an Abaqus plugin called AM Modeler. In this paper, the novel methodology is presented by first
explaining the mathematical formulation of tensors and their special properties in the MEX
process, followed by a general explanation of the workflow of the method. In addition, a
verification scenario is presented and the resulting orientation states within an element are
discussed and compared with an analytical solution.

Methodology
Orientation Tensors
The orientation tensor formulation was introduced by Kanatani [14] and further developed by
Advani and Tucker [15] serving to map the alignment probability of fibers in composites. This
tensor aids in detailing the orientation distribution function (ODF) [15], reflecting how fibers align
within a composite. Their approach involves utilizing spherical harmonics to represent the
distribution of fiber orientations. By employing these mathematical functions, Advani and Tucker
expanded the ODF into a series, creating a representation that encapsulates the diverse orientations
of fibers within the material. The resulting 4™ order tensor comprises coefficients representing
different spherical harmonic terms, offering insights into the distribution and intensity of fibers in
various orientations within the composite.

The representation of fiber directions is denoted by unit vectors, symbolized as p. These unit
vectors p correspond to the spherical coordinates defining the direction of fiber alignment in three-
dimensional space as shown in Figure 1:

Px sin 6 cos ¢
p= {Py} = {sine sin <p} (1)
Pz cos @

Figure 1. The unit vector p characterized by the angles 6 and
@ in relation to Cartesian coordinate axes. (Adapted from

[15]).
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Due to the unitary nature, traditional scalar or cross products cannot account for a distribution,
leading to results lacking comprehensive information [15]. To encapsulate the fiber orientation as
a tensor, the dyadic product is employed, which consists in a mathematical operation combining
vectors to create tensors by multiplying the vectors components for themselves [16]. This
operation involves multiplying the vectors components four times, yielding a 4" order tensor A
that characterizes how the fibers are aligned in relation to the coordinate axes. Furthermore, given
the need of a distribution representation, the formulation includes an averaging of multiple
orientation vectors denoted within the angle brackets:

A1111 A1122 A1133 Ari2z Arzr A2
Azz11 Azzzz Azzzz Azzaz Az Az
Aszzi1 Azzzz Azzzz Aszzzz Aszzn Aszi )
Azz11 Azzzz Azzzz Azzaz Az Az
Az111 Az1zz Azizz Azizz Azizr Az
LA1211 A1222 A1233 Ai223 A1231 Ar212-

A = (pppp) =

The utilization of the 4™ order orientation tensor across multiple studies is rooted in its ability
to provide a holistic linkage between fiber orientation and material properties. It serves as a pivotal
tool to capture directional details that are necessary for comprehending the impact of fiber
alignment on material behavior [17,18]. It allows for precise predictions of mechanical or thermal
responses along different axes, providing a robust framework for studying material properties in
diverse conditions.

Distinctive properties of the orientation vectors and tensors within the MEX process

In the context of this research, the orientation tensor A is used to describe the distribution of
orientation after deposition events at various time steps within a finite element. Consequently, the
orientation vectors are describing the alignment of the filament, which are considered straight and
rigid as in [15]. The tensor notation, as shown in Eq. 2, represents the visualization in the
contracted notation as used in [15], which basically translates into the Voigt notation. It
encapsulates information regarding the alignment distribution along the axes, providing insights
into the anisotropic properties during the extrusion process.

Indeed, due to the nature of the MEX process characterized by sole deposition on the x-y plane,
the angle 6 within the orientation vector p remains consistently at /2, resulting in a fixed z-
component, leading to p, = 0. Consequently, this characteristic trait shapes the 4" order
distribution tensor in a distinct manner, rendering only those tensor components non-zero that arise
from the multiplication without the involvement of the z-component:

A1111 Ag122 0 0 0 Agqq2]
Azz11 Az 0 0 0 Azpgn
A= (NOEL) = 8 8 8 8 8 8 3)
0 0 0 0 O 0
(A1211 Ag222 0 0 0 Ajpqrl

In this numerical modeling, for each element of the mesh in the FE Model, an orientation tensor is
formulated at every time increment defined in the simulation, leading to tensors dependent on the

time increment. The NOEL parameter used in Eq. 3 represents the element numbering defined
in Abaqus.
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A generalized formula for updating A;jy; incorporates weighted contributions from multiple
orientation vectors, as previously denoted in Eq.2 using angular brackets. Thus, the formulation of
entries within the orientation tensor A;j; can be expressed as follows:

N
(t=n) _ Wm
Ajj (NOEL) = Zm:l (Z’S’=1wo) -(pi " pj i Pl)m; 4)
where:
o Ag-,jln) represents the orientation tensor entry after deposition at time t = n;

e N signifies the number of orientation vectors p,, observed during the deposition;
e w,, denotes the weight associated with each orientation vector p,, reflecting its
significance or occurrence frequency.

Modeling Methodology

The method's workflow, as depicted in Figure 2, involves a combination of Python and Fortran
programming. To simulate the MEX process, an FE model is generated using Abaqus, leveraging
the AM Modeler plugin.

PYTHON FORTRAN ABAQUS
. e e ¢ User Subroutines; . }{esh I]pp?}TﬂtiOlll
“Mesh.inp” Mesh.inp
» (Trajectory Creation] | UEXTERNALDB; o . [AM Mo‘detlle‘r gct'ﬁfation:]
“EventSeries inp” * Reading and storing in EventSeries.inp
Global Arrays;
* Orientation Information: ) .
i, Time step: . USDLFDf . FE Model creation: _
1. Element identification; * SD\’:I L Hea.t Transfer_ Analysis;
iii. Orientation vectors; ‘ SD\"} ii. Static Analysis;
“OrientationData.inp” + SDV;
* Orientation Tensors for each SD\ Results visualization:
mesh’s element: Agt:n)(N 0EL); " i estils visuahization,

ijkl

Figure 2. Workflow of the modeling methodology

Python is instrumental in creating import files with “.inp” extension tailored for Abaqus
compatibility and generating the analytical solution necessary for validation purposes.

After the slicing phase that generates the G-Code, there's a subsequent step involving
extrapolation of data. This phase aims to determine the process time, the coordinates followed by
the nozzle, and an ON-OFF variable called EA, indicating when the extruder is activated during
the deposition process. This data is organized within a file named “EventSeries.inp”, structured as
depicted in Table 1.

Table 1. Structure of toolpath data.

Process Time X y z EA

[s] [mm] | [mm] | [mm] | [/]
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Simultaneously, another phase entails creating the component mesh, which it has been made by
using the Meshio package [19], resulting in an import file named "Mesh.inp" containing all the
necessary information that can be read by Abaqus in VTK format.

At this stage, merging these datasets allows for pinpointing the exact cell activated as the nozzle
progresses along its trajectory. Indeed, after the mesh and trajectory data are loaded, the Python
script seeks the time step value. Using this input, the script outputs the necessary information
required to formulate the 4™ order orientation tensors throughout the time simulation. This results
in a new import file named "OrientationData.inp," structured as in Table 2.

Table 2. Structure of the orientation data containing the vectors components and frequency.

Total Time | NOEL | px | Py | Pz | wy,
[s] 1 (U1 [V ]

To give a clearer understanding, as shown in Figure 3, when the printhead traverses the mesh,
the script recognizes the element index by manipulating its vertices coordinates and the printhead
coordinates outputting the components of the orientation vectors and their corresponding weights,
indicating the quantity of beads deposited. These insights hold significant importance for deriving
Python results and for seamless integration into the finite element (FE) model via Subroutines.

Print Head

® Node Coordinates

P,

Figure 3. Mesh portion composed of cube elements. The script
operates by identifying the print head at element 1,
distinguished by its specific node coordinates.

The final step regards the creation of the FE model and the activation of the AM Modeler in
Abaqus. The AM Modeler plugin is instrumental for the element activation, representing the
addition of material during the simulation and ensuring accurate heat transfer analysis interactions.
During activation, non-isothermal properties undergo a homogenization process, wherein the
accumulated heat input through the strands is averaged over time. Subsequently, this averaged
thermal energy is introduced into the component as a unified effect upon activation. In instances
of partial activation, only a specific portion of the element is activated, and the corresponding
thermal energy is introduced proportionally. Steps for analysis could involves a heat transfer study
followed by a static analysis. This way of modelling is mainly used for aiming at predicting internal
stresses and warpage resulting from thermal histories affecting the filament and, consequently, the
final structure. Furthermore, a notable feature of the AM Modeler plugin is its ability to utilize the
previously created “EventSeries.inp” file. This enables the display of material addition during the
simulation in line with process timings. However, it is important to note that it is possible to take
the orientation into account, but only as a vector where the x-direction is the extrusion direction.
If there are several strands in one element, this is no longer representative. Essential to note is that

607



Material Forming - ESAFORM 2024 Materials Research Forum LLC

Materials Research Proceedings 41 (2024) 603-612 https://doi.org/10.21741/9781644903131-67

this approach focuses exclusively on the orientation distribution over time, which is determined
by the trajectory of the nozzle. Indeed, it is crucial to acknowledge that the changing mass of the
element also plays a significant role. One effective approach to address this could be achieved by
defining a time-dependent mass for each element, taking into consideration its density. The
“OrientationData.inp” file is initially integrated using the UEXTERNALDB subroutine [20]. This
subroutine is invoked once at the outset of the analysis and facilitates communication with other
user subroutines, specifically the USDFLD [20], within ABAQUS/Standard. In this modeling, the
subroutine UEXTERNALDB reads the external file with orientation data created in Python once
at the beginning of the process simulation. Each column of this file is stored in so-called global
arrays. This type of array can be called up for each integration point and is therefore valid for the
entire domain. The data of the individual columns can thus be efficiently managed using special
pointers and called up in the USDFLD subroutine for each integration point.

After storing each column’s data in a global array, the data is processed similarly to the
analytical method employed in Python to generate the orientation tensors for every element within
the mesh. However, the construction of the algorithm in this context is based on the variables:
NOEL (element identification index), NPT (integration point), and DTIME (time increment). This
design enabled the formation of orientation tensors at every time increment (DTIME) and for every
integration point (NPT). Leveraging the element identification index (NOEL), iteration is made
feasible for each cell of the mesh. In practical terms, all tensor entries are connected to a state-
dependent variable (SDV) as specified in:

) 0 0 00 0 000 0
ACTINOEL) = | 0 0 0 0 000 0 )
0 0 00 0 000 0

This variable SDV is used to store and retrieve additional information about the state of each
element at each integration point. It adopts a scalar value for each time increment, effectively
representing the values embodied by the tensor elements.

Verification Scenario

A verification test employed a cube as the simulation component, utilizing a model comprised of

27 elements and a trajectory alternating between deposition at 0° and 90°, according to the x-axis.
This toolpath excludes deposition on the perimeter giving the two different orientation vectors:

1 0
pP1= {0}; P2 = {1} (6)
0 0

Focusing on specific orientations streamlines the formulation of 4" orientation tensors,
facilitating a clearer understanding of the final outcomes. These tensors predominantly exhibit
non-zero values along the first two positions of the main diagonal, indicating alignment along the
x and y axes. The computation of trajectory orientation integrates these details as per guidelines
outlined in Section 2.3, based on the chosen time increment. In this MEX simulation, the time
increment corresponds to the duration required for depositing a layer. Considering the geometry,
trajectory, and printing speed, this time increment approximates 97.14 seconds. Consequently,
every 97.14 seconds triggers the deposition of a new layer, leading to a simulation update for each
element.
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To simplify the representation of tensor filling, the chosen process parameters involve
depositing 15 lanes per layer, distributed as 5 lanes per layer and per element, with a total of 27
layers. This designates 9 layers for each element. However, adjusting for shorter time steps may
require more frequent tensor formulation and subsequent updates.

/.

Table 3. Data snippet generated by the
script at the first layer deposition.

XXX ;ZYJX Total Time | NOEL | px | py | P2 | wy,
/// 57/4/ . 97.14 [s] 1 1]o]o0] 5
x 97.14 [s] 4 1]olo] s

|£ , 97.14 [s] 7 1Jolo] s

Figure 4. Visualization of the cube
mesh during the initial layer deposition
along the x-axis. Notably, elements 1, 4,

and 7 are activated at this stage of the
process.

At the first layer deposition, during the initial time step (Total Time = 97.14s), activation occurs
for all the elements at the base of the cube, revealing both the count of deposited filaments (w,,)
and the individual components of the orientation vectors (py, py, p,). Specifically, let’s narrow our
focus solely to Elements 1, 4, and 7 as depicted in Figure 4. As the nozzle traverses these elements,
they get recognized and activated. Table 3 provides a comprehensive display, showcasing the
count of deposited filaments (w,, = 5) and the corresponding vector components that define the
orientation along the x-axis. This entire process iterates for the remaining elements, updating after
each new layer deposition.

Results and discussion

To validate the method, Element 1 is analysed, which is located at the base of the cube, as shown
in Figure 4. Given the simple toolpath and the time increment chosen, the tensors are the same for
the other elements at the cube’s bottom. Indeed, the nine elements at the cube's bottom are the
initial ones to be activated. This is due to the process's inherent nature, which constructs objects
beginning from the initial layer, responsible for adhesion to the building platform, and culminating
in the final layer, adhering to a layer-by-layer strategy. As shown in the orientation data snippet in
Table 3, at the initial time increment (97.14 s), as the first layer is laid down, the data indicates 10
lanes deposited in the x direction. At this point it is possible to visualize the orientation sensor of
this element. At the first time increment, the tensor corresponds to a null matrix, with the first
term on the main diagonal equal to 1. This means that 100% of the filaments are fully aligned in
the x-direction. At the second time increment (198.28 s) the algorithm considers also the second
layer which is oriented in the y direction. The tensor then is updated with a value of 0.5 for the
first two terms on the principal diagonal, signifying that 50% of the filaments are oriented in the x
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direction and the other 50% in the y direction. The updating goes on until the last layer is deposited.
Figure 5 visualizes the tensor’s updates for the Element 1 after the deposition of three layers.

A

1 0 0 0 0 O
00 0 0 0 O
(t=97.14) — 0 0 0 0 0 0
A &y 00 0 0 0 O
00 00 0 O
0 0 00 0O
05 0 0 0 0 O
0 05 0 0 0 O
(t=198.28) _10 0O 0 0 0 O
A @ 0 0 0 0 0 O
0 0 0 0 0 O
0 0 0 0 0 O
0.67 0 0 0 0 O
0 033 0 0 0 O
(t=29142)(1y — | O 0 0 0 0 O
A 1) 0 0 0 0 0 O
0 0 0 0 0 O
0 0 0 0 0 O

Figure 5. Updates pertaining to Element 1. On the Left: Tensor states throughout the
deposition phases. Middle: 2D representation of these tensors. Right: SDV, is exhibited using
a color-coded scheme as implemented in Abaqus.

The analytical results are then compared with Abaqus results. Given the straightforward
deposition trajectory of 0° and 90° in this study, the sole entries undergoing value changes during
the simulation are the first two elements on the primary diagonal SDV; and SDV,. As shown in
Figure 4, in Abaqus the individual entries of the tensors can be visualised over time in the
component by associating a code color. The comparison shows that the implementation in Abaqus
produces the same values and is therefore verified by the analytical solution.

Conclusion

The presented methodology demonstrates a systematic approach to simulate the orientation state
in the MEX process, considering the interplay between the nozzle toolpath and induced anisotropic
material orientation. This transient anisotropic material orientation state is crucial for predicting
residual stresses and distortion accurately. Utilizing 4™ order orientation tensors provides a holistic
perspective of weighted average orientation within each finite element. It is important to note that
the verification scenario is simplistic and could be adequately addressed with 2" rank tensors.
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However, using 4" order orientation tensor permits to describe the resulting distribution on
stiffness tensors and in more complex components with elaborate trajectories, more complicated
orientation distributions may occur, which make the 4™ order tensor necessary. This methodology,
integrating Python, Fortran programming, and Abaqus subroutines, streamlines the workflow from
generating import files to incorporating orientation data, ensuring a representation in the FE model.
The alignment depicted in the analytical solution mirrors the orientation changes captured in
Abaqus, verifying the method in tracking orientation states for each element and at each time step.
Visualization of tensor updates further solidifies the congruence between the analytical and
numerical results. Future enhancements could focus on integrating material properties associated
with orientation for a more comprehensive predictive model. Indeed, this method stands to enhance
predictive capabilities by serving of time-dependent orientation tensors as valuable inputs,
enabling a nuanced correlation with material intrinsic properties by using homogenization
approaches.
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