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Abstract

Fused Deposition Modeling offers a cost-effective approach for producing customized products in small batches. However, the inherent
physical constraints of the process result in printed part geometries deviating from the intended nominal geometry, i.e., the CAD. To address
this challenge in geometric quality assurance, this research introduces a method for synthetic data generation of process-specific nominal
geometry. This involves depositing material along the planned machine path in a voxel-based environment, utilizing a volume conservation

model that considers the interaction of the extruded material with its surroundings.
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1. Introduction

Although Additive Manufacturing (AM) is already being
described as a disruptive technology, several challenges must
be addressed, particularly in terms of part quality [1, 2].
Process reliability and accuracy vary with the building
condition and depend on the correct choice of a set of
parameters of which the effects are still poorly understood [3,
4]. However, to enable targeted quality assurance in a running
Fused Deposition Modeling (FDM) production, process-
related restrictions and incorrectly set process parameters can
be disregarded when evaluating the parts as these should have
already been identified or eliminated during the development
phase. This means, that only statistical defects (errors due to
random effects or physical anomalies of the printer) should be
included in an evaluation. Systematic defects (errors due to
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incorrectly set process and G-Code parameters), on the other
hand, should not be included. Therefore, the evaluation of the
part should be based on a simulated nominal model that
considers process-related limitations, such as staircase effects,
rather than an ideal nominal value defined in the Computer-
Aided Design (CAD) model, which does not take the
geometry of the printed filaments into consideration. This
approach ensures that an quality-related evaluation is done
accurately. [5]

Another advantage of a simulation of a nominal is the
ability to generate large amounts of labelled training data for
supervised Artificial Intelligence (AI) applications. By
generating synthetic data, the need for real data collection is
reduced, which results not only in less work-time
consumption, but also in higher resource efficiency in
AM [6]. Although the process simulation methods presented
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in the next chapter provide a good basis, they are either not
accurate enough or require high execution times. To
overcome these limitations, in this work a new methodology
is proposed, that considers the impact of parameters on the
cross-sectional profile of the filament during extrusion
simulation. The method simulates the FDM process based on
the parameters set in the G-code and thereby provides a
realistic 3D geometry. The simulation accurately replicates
the behavior of the 3D printer including the influences of
incorrectly set commands. This publication contributes
significantly to a targeted quality assurance by efficiently
simulating the FDM process in a machine-specific manner.

2. State of the Art
2.1. Process Simulation for Fused Deposition Modelling

Although few physics-based simulations of the FDM
process can be found in literature, they follow diverse
modelling approaches. Some reduce the complexity of the
underlying physical model to increase computational
efficiency, while others take several days to compute, due to
the multiphysics processing [7]. However, the geometry of the
printed part is primarily determined by the cumulative
behavior of the filament geometry. This includes the
dimensions of each strand of extruded filament, its spread
upon deposition, and its association with the environment,
e.g., the previously deposited material. To ensure accurate
defect prediction, the simulation must account for the
interaction between the environment and the newly placed
filament. This requires a detailed consideration of the
manufacturing process. [8—10] Although, to the author’s
knowledge, no research has yet achieved such balance, past
studies have laid the foundations for designing models that
fulfill these requirements.

One approach to simulating physical process behavior in
filament-based 3D printing are Computational Fluid
Dynamics (CFD). However, these approaches are typically
only applied to single paths due to the high computing power
required for a complete printing process. [9—12] Voxels have
proven to be a useful tool in reducing computational effort.
while maintaining physical behavior that adapts to the
required precision [13—15]. Recent studies have produced
highly realistic simulations. However, the reviewed studies
did not consider the effects of temperature and speed. To
reproduce systematic defects, it is necessary to accurately
model the filaments structure of the FDM process. This
requires further investigation into the effects of printing
parameters and the expansion behavior of filament deposition.

2.2. Geometry Modelling

Several studies have been conducted to investigate the
effects of modifying various process parameters and
combining them. Although machines may differ greatly from
one another, these studies provide a comprehensive
understanding of the process and suggest methods and
relationships between parameters that can be tested in
different environments.

Comminal et al. explored the correlation between cross-
section geometry, gap distance from the printing surface to
the nozzle, inner diameter of the nozzle, and extrusion speed
relative to printing speed [9]. This approach was extended in
further studies to include consideration of heat transfer
equations and viscoelastic effects. [10, 16].

Xu et al. have investigated the influence of the gap
between the nozzle and the printing bed. One key finding is
that reducing the distance results in a cross-section geometry
that resembles an oblong shape, while increasing the distance
results in a more ellipsoidal shape. [10] Hebda et al.
conducted a study which demonstrates that the height of the
deposited filament is consistently greater than the gap
between the bed and the nozzle. Additionally, they found that
the width of the deposited filament is always greater than the
nozzle diameter, indicating an expanding property of the
material. The proposed model also replicates the effect of
cooling on the final geometry. The study found that deposited
filaments spread further at a slower speed due to lower
cooling, while faster printing speeds cause less spreading due
to faster convective cooling. The research highlights the
significance of temperature in filament geometry and,
consequently, the geometry of the printed part. [17]

Geiger et al. proposed a metrology system that can be used
to investigate the cross-section profile in any 3D printer, as
there is no consensus among the models available in the
literature and the results may vary from machine to machine.
The cross-section geometry is measured using laser light
section sensors. To evaluate the impact of parameters on the
deposited filament, a series of straight strands were printed,
and their average height, width, and geometry was measured.
Each strand was printed with a different set of parameters to
reflect the effect of their variation on the geometry of the
deposited filament. [18]

By applying the concepts derived from the proposed
methods for investigating the geometry of deposited filament
and the effects of the parameters on it, along with the existing
research on this subject, it is possible to create an efficient
simulation model with high precision of the filaments
structure.

3. Methodology
3.1. Experimental Setup

To generate a reference dataset of measured data from a
real part as reference data to evaluate the reliability of the
simulation, a FDM machine is equipped with measurement
devices, which acquires geometrical data of printed
specimens. An Ender 3 Pro 3D printer is used, which has the
advantage of an opensource control software. For consistency,
a layer thickness of 0.2 mm, PLA material, and a printing bed
temperature of 50 °C are used. The printer is equipped with
two Wenglor MLSL122 laser light section sensors that
measure the printed part with a resolution of 4.8 um in the z-
axis and 47 pm in the x-axis.

To obtain a reference measurement, the entire specimen is
first printed. As laser line scanners can only acquire data in
two axes, a procedure was established to collect data from the
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y-axis as well. The measurement routine involves pushing the
printing bed along the y axis, whereby x and z coordinates are
acquired at multiple y points, resulting in a 3D scan of the
specimen.

3.2. General Simulation Model

The model architecture of the proposed FDM simulation
considers the following simplifications and assumptions:

e The filament is assumed to be incompressible.

e The cross-section geometry of the deposited
filament is solely affected by nozzle speed, nozzle
temperature, feed rate, and the gap distance
between the nozzle and the printing surface.

e The filament flux remains constant along the path
and depends solely on the feed rate.

Based on the given considerations, the simulation model
architecture is presented in Figure 1. The path followed by the
nozzle is divided into discrete points denoted ,,nodes”. Each
node is assigned a nominal volume (V,) and is subdivided
into voxels. Subsequently, the width (W), height (H), length
(L) and area (A) are determined based on the process
parameters, including temperature (T), feed rate (f), nozzle
speed (Unoz), and gap distance (g). The ellipsoid shape
representing the volume distribution of the node is placed in a
voxel grid using the given dimensions. This is shown in the
first instant (t=0). If the ellipsoid volume is obstructed by
any obstacles, such as the nozzle, printing bed, or previously
deposited nodes, the intersection volume between them is
calculated, as illustrated for Node 2 at t=1. Given that the
applied volume (V) must not be less than the nominal
volume, the applied volume expands iteratively until a volume
devoid of intersections with obstacles, which are removed
from Node 2 accordingly, aligns with the nominal
volume (t=2).
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Fig. 1. Diagram of the proposed simulation model architecture

The simulation model allows for adjustment of the voxel
resolution and expansion size parameters. Voxel resolution
refers to the size and distance between each voxel. A higher
resolution results in smoother geometry with greater detail in
the simulation. However, it also increases the computational
effort and memory requirements due to the increased number
of computed points. The expansion size parameter refers to
the side length of a cube that is centered on the node
coordinates. This cube acts as a restrictor, preventing the node
from exceeding its boundaries. If the node tries to outgrow
this boundary, it will be cut. Increasing the expansion size
impacts both memory usage and simulation time, as more
nodes are gathered to work as obstacles to compute its
volume.

3.3. Cross-sectional Modelling of the Deposited Filament

As previously stated, the cross-sectional geometry of the
deposited filament is not circular, but rather an ellipsoid or
oblong shape, which is dependent on the printing parameters.
The width and height of the filament are determined by the
flow regime and the heat-transfer gradient that solidifies the
filament. Therefore, a spherical growth function for the node
is misleading and an oversimplification that greatly affects the
geometry of the printed part. However, applying these
complex effects to the voxel simulation would significantly
increase the processing time of the method.

Thus, the complexity of the simulation is reduced by
experimentally determining the geometric dimensions of the
cross-section of the deposited filament. The dimensions are
determined during preliminary investigations. Following the
previous work of Geiger et al., strands are printed in the y-
axis direction, each with a unique combination of
parameters [18]. By measuring the strand height and width it
is possible to observe the effect of the parameters on the
geometry of the profile. To avoid bias from the first layer,
which is in contact with a flat and hot surface, each strand is
printed in three layers with the same parameters. After each
layer is printed, its dimensions are measured to collect data
for all parameters. To obtain a representative profile of the
strand, a regression of the x- and z-values is used to calculate
the average profile. For the calculation of the width, the width
at half height is determined, as it varies across the height. The
following model for the width was determined based on the
experiments:

W = —1.244 + 0.00406 * T — 0.000133 * U,,, + i/? )

As the volume is assumed to be constant, the cross-
sectional area can be calculated using the filament feed
parameter from the G-code:

A= fx* m*0.8752 2)

The length of each node depends on the width and an
empirical determined reduction factor to maintain a constant
width/length ratio and minimize the gap between two nodes:
L=W=x 0.2 3)

The height can then be calculated using a given width, the
length, the elliptical shape, and volume of the node:

Vn
H=6* —"— )
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This strategy maintains the realistic aspect of the profile
while ensuring computational efficiency. Initially, the node
geometry has an ellipsoidal shape. However, if it expands and
intersects with the printing bed and the nozzle, its vertical
edges are flattened, taking on an oblong shape that assimilates
a rectangle.

3.4. Model Discretization

The FDM process is modelled by discretizing the process
environment into two levels. First the paths defined by the
G-code are split into nodes with predefined distances, storing
the information of filament-volume to be extruded. These
nodes are independent computation units that manage the
simulated extrusion of the filament in the second level of
discretization: a voxel environment. The nodes serve as data
storage and management units, while the voxels act as a
memory of the volume occupation during the printing process.
This approach allows for a higher resolution of the process
while maintaining simulation efficiency, as opposed to a
strategy where both roles are assigned to only one level of
discretization. Sequentially, each node is activated to place its
volume in the environment. The geometry of the nodes is
determined by their volume and the parameters of their parent
G-code command, including temperature and nozzle speed, as
described in section 3.3. When activated, the nodes interact
with environmental obstacles such as the printing bed, nozzle,
and previously activated nodes. The intersection of the
material with these obstacles is calculated, and the geometry
is expanded to accommodate the new material without
overlapping. This process is repeated until the non-
overlapping volume equals the nominal volume of the node,
ensuring volume conservation. To simulate the effects of the
heated nozzle colliding with material and redistributing it, the
position of the nozzle in future nodes (those not yet activated)
is also considered an obstacle in the iteration. This prevents
material from being placed in voxels where the nozzle will be
in the future. Figure 2 shows the activation of a red node
interacting with previously deposited blue nodes. The black
nozzle represents the current position, while the gray nozzles
represent future positions. The detail box highlights the voxels
in the node, which are cubic in shape.

L

Fig. 2. Illustration of the node activation. The activated node (red) interacts
with the previously deposited nodes (blue). The nozzle in the current instant
is shown in black, while the nozzle in future positions is presented in gray.

3.5. Processing Pipeline

The simulation pipeline begins by processing the input
G-code and systematically storing each command with its
start position, end position, speed, and feed rate. Nodes are
created with the setup of each command, and their nominal
volume is calculated by equally distributing it across the path.
After the setup, each node is sequentially activated. All the
neighboring nodes are located and used to confine the volume
of the node, and the filament volume is expanded until the
nominal volume is reached. Finally, the nodes are aggregated
per G-Code command, and the surface of the blended shape is
extracted. A voxel resolution of 0.02 mm and an expansion
size of 1 mm are chosen to perform the evaluation.

4. Results and Discussion
4.1. Qualitative Analysis

This section on the qualitative analysis presents images of
the simulation and describes the behaviors of the system. In
Figure 3 the simulated part in comparison to the real part and
a close-up of the simulated part is shown. The overall
geometry is well-reproduced in comparison to the real part.
The ellipsoidal nodes, used to compute the simulated FDM
model, can be identified clearly. The anisotropic characteristic
of the FDM process is preserved, additionally, it is discretized
within the layers. A change in the dimensions of the nodes
can be observed based on the parameters defined for each G-
code command. For example, lower feed rates result in
smaller nodes, this does however not affect the overall
topology, as the positioning of the nodes is scaled

accordingly, cf. section 3.3.
- b)

Fig. 3. (a) real printed part; (b) overview of the simulated part

Changes in the nozzle temperature can also be observed in
the simulation results. The preliminary experimentation
results on the strand profile showed that its width is directly
proportional to the temperature and inversely proportional to
the nozzle speed, as shown in section 3.3. Two strands printed
in different parameter sets are depicted in Figure 4: the blue
strand on the left is created using 1200 mm/s and 180 °C as
print parameters, and the red strand on the right is created
with 500 mm/s and 200 °C.
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Fig. 4. Simulation of filament deposited in different combinations of nozzle
speed and temperature. (Left) speed: 1200 mmy/s, temperature: 180 °C;
(Right) speed: 500 mmy/s, temperature: 200 °C.

The most crucial feature of the simulation method is
replicating the interaction between deposited filament strands.
Overlapping strands cause over-extrusion, which is
observable in the simulation, cf. Figure 5. When a node
invades the space of a previously deposited one, the former
expands and molds itself to fit the nearby volume, causing a
flow that starts by infilling gaps in the region but can expands
to the outer surface, characterizing over-extrusion.

Fig. 5. Example of overlapping nodes in the simulated part. This is a case of
over-extrusion caused by a saturated region.

4.2. Quantitative Analysis

The previous section suggests that the proposed simulation
method achieves its goals by closely approximating reality.
To support these results, an objective comparison is
conducted, by producing physical specimens using FDM and
measuring their geometry analogue to the preliminary
experiments presented in section 3.1. The resulting 3D models
are then registered and compared to the simulation, which is
virtually measured by a simulated measuring system, in order
to get a point cloud as similar as possible to the real results.
The virtual measurement replicates the physical phenomenon
of the laser line traveling from the light source, hitting the
surface of the measured piece, and reflecting diffusely to the
sensor. The F1 score is employed as a metric to compare the
3D models and to determine the similarity of the two point
clouds. Choe et al. suggest that adjustments to the
determination of the F1 score are necessary for comparing
point clouds. The equivalence between two points is assessed
by checking whether the distance between them is less than a
predefined threshold value. [19] To ensure repeatability, a
total of three specimens were produced and each was
measured three times, resulting in nine point clouds. The
results of the comparisons are presented in Table 1, which
shows F1 scores ranging from 81.91 % to 91.02 %. On
average, an F1 score of 87.83 % was achieved. The CAD of
the specimen was used to establish a lower benchmark score
for comparing the nine measured geometries. The
corresponding values range from 80.66 % to 90.04 % and

have an average of 86.32 %. As an upper benchmark score,
the different measurements were compared to each other. The
F1 values range from 80.99 % to 99.99 % and have an
average of 90.79 %.

Table 1. Similarity scores of the simulation.

Specimen 1 2 3
Measurement 1 2 3 1 2 3 1 2 3
Specimen Measurement
1
1 2 98,79%
3 98,07% 99,96%
1 95,11% 93,05% 93,24%
2 2 96,39% 94,07% 94,29%99,70%
3 95,22% 93,80% 93,78% 98,30% 99,29%
1 82,63% 89,92% 88,53% 85,59%
3 2 82,40% 89,64% 88,20% 85,67%
3 82,67% 89,46% 88,63% 85,49%
CAD 89,81% 90,04% 89,97% 87,63% 89,05% 87,27%
Simulation 91,02% 90,96% 90,90% 89,81% 90,42% 90.44% 82,75% 82,23%

4.3. Discussion

Qualitatively, the simulation is a reliable approximation of
the geometry of the printed part, accurately reproducing the
interactions of the filament and their effects on the macro-
structure. As a result, a more accurate representation and thus
a nominal model of the printed part can be generated,
depending on the process parameters set. Visually, the
simulated model lacks continuity due to node discretization,
which differs from reality. However, the discretization
aesthetic cannot be observed in the virtually measured data.
Accordingly, although visually dissimilar to the real part in
this aspect, the node strategy is capable of simulating reality.

The repetition of each measurement — the measurement of
the same specimen - shows to be almost identical (98.07 % -
99.99 %). The measurements of the different specimens,
however, differ to each other (80,99 % - 96.39 %), probably
caused by defects or minor variations in the process. This
effect can also be seen in the different F1 scores of the
simulated 3D model and the CAD. On average, the virtual
part exhibits 87.83 % similarity to the real parts, which is 1.51
percentage points higher than the average lower benchmark
value, but 2.96 percentage points lower than the average value
of the comparison between different instances. The overall
geometry generally corresponds to reality and provides a
model that enhances the current method of producing FDM
simulated parts. Accordingly, the model can be used as a
nominal for more targeted quality assurance. To comprehend
the reason for the discrepancy between the expected and
actual results, a more in-depth analysis is conducted. Figure 6
shows a detailed comparison between the real and virtually
measured simulation data. The figure shows the mutual points
in blue, the points corresponding to the virtual measurements
in green and the points corresponding to the real
measurements in purple. The purple points on the edges of the
piece, indicate deviations in the real printing process probably
due to uncontrollable changes in the environment. These
deviations are clearly distinguishable from the material
present in other locations. Figure 6 also shows areas of green
points that lie below the top of the component. These points
are present in the virtual measurements but not in the real
measurements. The position of the points indicates that they
were not recorded in the real measurements due to shadowing.
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Fig. 6. Differences between the virtually measured simulation model and a
physically measured specimen.

5. Conclusion and future work

The presented work proposes a new method for simulating
the FDM printing process. It implements a more robust model
that considers important process parameters while
maintaining a balance with computational performance. To
achieve this, the behavior of the deposited filament is
approximated into a geometry model. The proposed method
uses a two-level discretization system. The nodes serve as
data storage as well as management units, allocating volume
into voxels in a geometry governed by an experimentally
defined model that depends on the printing parameters. The
cross-section geometry of the deposited filament is influenced
by the nozzle speed, temperature, and feed rate. To validate
this methodology, specimens are manufactured using an FDM
process and a 3D scan of them is acquired using an integrated
measuring system. The measurement data obtained is then
compared with the simulated model, using the F1 score as a
metric. The average F1 score obtained is 87.83 %, which is
1.51 percentage points higher than the average comparison
between the CAD and the measurements of the printed parts.
However, the F1 score is 2.96 percentage points lower than
the average comparison between different instances of real
printed parts. This difference in performance can be attributed
to noise in the measurement of the real specimen and
shadowing effects.

Further investigation of the more complex behaviors of the
FDM process is recommended as future work to improve the
capability of the simulation method to predict actual
manufacturing. More extensive experimentation on the effects
of parameter changes on the deposited filament could result in
a more sophisticated model with a better fit to the data. The
node strategy is a valid framework, although the method can
be optimized to improve performance. The discretized
aesthetic, which lacks continuity, was not detected in the
virtual measurements, and should not affect the geometrical
precision of the simulated piece. The system is considered a
good approximation to reality, because it has an overall
realistic geometry, can reproduce variations resulting from
parameter changes, and can mimic the interaction between
deposited filaments. Therefore, the proposed system is
capable of the generation of a nominal 3D model for a more
targeted quality assurance and for the generation of a
synthetic dataset suitable for training a machine learning
algorithm to optimize the real FDM process.
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