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Abstract. The deposition sequence and the resulting thermal history govern the development of
distortions and residual stresses in components made by material extrusion, ultimately affecting their
structural performance. This work presents a process-aware thermomechanical simulation framework
that reproduces the actual deposition directly from the G-Code. The nozzle trajectory is processed to
reconstruct the bead order and timing and to automatically generate a voxel-based finite element mesh
suitable for progressive activation. A transient thermal analysis is then performed with incremental
element activation, while the thermal effect of extrusion is prescribed through a temperature
predefined field applied to the newly activated elements, together with convective-radiative heat
losses to the environment. The resulting temperature history is subsequently transferred as a time-
dependent temperature field to a quasi-static mechanical analysis to predict residual distortions and
stresses after cooling. Finally, a linear elastic virtual tensile test is carried out on the final, deformed
configuration, accounting for the residual stress state. The framework is applied to PLA ASTM D638
specimens manufactured at different extrusion temperatures and validated against experimental tests,
showing that extrusion temperature governs thermal gradients, residual stress distributions and the
resulting macroscopic elastic response.

Introduction

Material extrusion (MEX), referred to as fused filament fabrication (FFF) when the raw material is
in filament form, is one of the most widely used additive manufacturing (AM) processes for
thermoplastic polymers due to its ability to produce complex geometries with low mass and good
mechanical performance [1]. However, the quality and mechanical response of the components are
highly dependent on the process. In fact, strand by strand deposition imposes a highly variable local
thermal history which can introduce filling criticalities and reduce adhesion between layers.
Furthermore, the nozzle path determines the internal structure, inducing anisotropy and therefore
variable stiffness depending on the orientation of the strands [2]. In other words, the thermal history
induced by the process, governed by the nozzle trajectory and temperature parameters, regulates both
the consolidation between strands and the overall response of the component [3]. On the microscale,
the temperature of adjacent beads controls the diffusion of the polymer at the interface and therefore
the quality of the adhesion, with direct effects on the porosity [4]. On the macroscale the thermal
gradients associated with the cooling of each individual bead induce residual stresses and distortions
that can compromise dimensional accuracy and alter the measured mechanical response [5,6]. More
generally, linking process conditions to transport phenomena and the onset of process induced defects
is a recurring theme across additive manufacturing and, more broadly, across many manufacturing
processes [7,8]. Given that, in order to control the effect of process parameters on mechanical
response, a predictive approach is needed that can reproduce the actual deposition sequence, so as to
establish a quantitative link between the nozzle path, thermal history and final component behaviour.
In this context, finite element method (FEM) process simulations provide a solid framework for
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connecting process and performance. Early work placed strong emphasis on validated thermal
histories. Roy et al. proposed a transient thermal framework in which deposition follows the
programmed path and experimentally validated the predicted temperature evolution using non-
contact infrared sensing on the part, showing that the model can capture the spatiotemporal thermal
profile during deposition and subsequent cooling [5]. On this basis, subsequent studies have extended
the approach to sequential thermomechanical workflows, transferring the calculated temperature as a
predefined field to a subsequent mechanical analysis to estimate residual distortions and stresses.
Trofimov et al. presented a model with progressive activation along the trajectory and experimental
validation of both the thermal distribution and the final distortion [6]. However, it remains
challenging to faithfully reproduce the gradients and time scales of the process at sustainable
computational costs. In fact, capturing localized gradients requires fine meshes and short time
increments, which can make parametric analyses prohibitive. Ramos et al. explicitly addressed this
point by proposing efficiency measures, such as hybrid activation and adaptive coarsening, while
maintaining model validation [9]. Generally, to make process simulations feasible in an FEM
environment, one of the most used techniques is the progressive activation of elements, so that
geometry and heat distribution follow the tool path. In Abaqus, these features are available through
dedicated tools, including the use of event series to describe trajectories and activation times of
elements and deposition [10]. The bottleneck often remains the translation of slicer data and, in fact,
the G-Code part program into FEM models inputs. Discretization compatible with progressive
activation and a sufficiently accurate but computationally efficient description of events are required.
Generally, this need for a robust workflow that converts CAD or process programs into executable
toolpaths and, subsequently, into simulation ready inputs is not unique to MEX, but emerges across
many AM applications whenever geometric descriptions must be translated into consistent machine
trajectories and then reprocessed into analysis data [11,12]. Beyond this data-translation step,
achieving repeatable outcomes often depends on system level coordination of process timing, thermal
history, and hardware functionalities, since these aspects jointly define the effective boundary
conditions experienced by the material [13]. In recent years, methodologies aimed at automatic
conversion have been introduced that directly integrate the path description into the structural analysis
and optimization workflow [14,15,16]. However, despite these advances, robust and generalizable
end-to-end workflows that simultaneously preserves sequence, timing, and deposited volume remains
an open goal and, for many applications, a still highly manual step. As described in Figure 1, this
work therefore proposes a sequential thermomechanical chain guided directly by the deposition
sequence, aimed at establishing a quantitative macroscale link between nozzle trajectory, thermal
history, and final linear elastic response. Starting from the standard slicer outputs, the G-Code is
processed through a python script to reconstruct the nozzle coordinates and deposition timing, while
the geometry constrains and controls the activated volume. The inputs are converted into FEM input
files, a series of events with process activation and timing and a voxel-based mesh compatible with
progressive deposition, with voxel size consistent with the scale of the deposited bead. A transient
thermal analysis is then performed to obtain the thermal history T(x, t) during deposition. This is then
imported as a time-dependent predefined field into a quasi-static mechanical analysis to estimate
residual stresses o(x,t). Finally, virtual displacement control tests are performed on the deposited
and cooled, and therefore potentially distorted mesh to obtain the tensile response in the linear elastic
regime, including the effect of the residual stress state induced by the process. In this work, the
approach is applied to PLA samples with 0/90° infill and different nozzle temperatures, adopting
temperature-dependent material properties to represent the evolution of stiffness and thermal
deformation during manufacturing. Validation is performed by tensile testing according to ASTM
D638 [17], comparing the response in the linear elastic regime. Overall, this work aims to provide a
practical and computationally manageable path from the deposition sequence to mechanical
performance, supporting the selection of process parameters.
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Methodology
Deposition sequence processing

Starting from the component geometry provided in Standard Triangle Language (STL) format and
from the nozzle path encoded in the G-Code, a Python conversion tool generates two FEM inputs, an
event series describing the nozzle trajectory in time with a binary deposition state and a structured
voxel mesh suitable for element progressive activation according to the nozzle coordinates. The STL
geometry is used exclusively as a volume constraint to retain only voxels that lie inside the nominal
part volume. As shown in Figure 1, at first the G-Code is parsed sequentially, in order to translate the
part program language into a dataset with process time associated with the cartesian coordinates
assumed by the nozzle when depositing. For simplicity in this application, only linear motion
commands GO/G1 are interpreted as nozzle motion. The nozzle coordinates x,y,z are treated as
modal, meaning that values not specified in a line retain the most recent value. The feedrate F is also
treated as modal and interpreted in mm/min, consistent with common G-Code conventions. For
clarity, F is the commanded toolpath feedrate that sets the nozzle translational speed along each
GO0/G1 segment, whereas E is the commanded extruder axis coordinate that specifies the amount of
filament to be pushed through the nozzle. While F controls the kinematics, changes in E quantify
material delivery. Given that, material extrusion is tracked through the E axis, supporting both
absolute M82 and relative M83 modes.
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Fig. 1. Model workflow on the right, graphical representation of numerical outputs on the left.

Given that, a motion segment is classified as depositing when extrusion increases beyond a small
tolerance:

AE = E;,, — E; > 107¢ (1)
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Retractions, given by negative or zero AE, are therefore classified as non-depositing moves. To obtain
a time-parameterized trajectory, for each linear move between two points, p; = (X;, Vi, Zi) t0 Pi+1 =
(Xi+1, Vis1, Ziz1), 1s assigned a nominal duration based on the commanded feedrate F. The segment
length is

Li =l pi+1 —pi II= \/(Xi+1 = Xi)? + Visr —YD)? + (Zir1 — 2)? 2)

and the nominal speed is v; = F/60 mm/s, because in the G-Code, F is expressed in mm/min by
default. This ensure that the segment duration At; = L;/v; and the cumulative process time, obtained
by summing At; along the toolpath, are expressed in seconds, consistently with the time base used to
drive the event series. The resulting trajectory is finally written as an Abaqus .inp file where each
record stores time, nozzle position and one field value representing deposition state:

(t, Xi Yir Zi» Si)» si € {0,1} 3)

with s; = 1 for depositing segments and s; = 0 for travel segments. In the current implementation,
each record is written at the segment start point and segment start time so that the piecewise-linear
sequence of records defines the trajectory between consecutive events. In Abaqus, this event series is
then used to drive the progressive growth of the active domain: when s; = 1, the deposited region
evolves following the nozzle motion, and partial activation can be employed to allow fractional
activation of elements intersected by the deposition region.

Process driven voxelization

After generating the event series, a structured cartesian voxel grid is created over the spatial extent of
the depositing trajectory. The bounding box is computed using only segments classified as depositing,
ensuring the grid encloses the activated volume rather than travel motions. A small margin of
approximately half voxel is applied around the bounding box. The voxel dimensions are selected to
match the process resolution Ax = Ay = wy, and Az = h,, where wy, is the bead width and h, is the
layer height. Then each voxel (j, j, k) is represented by its center coordinate:

1 1 1
ci]'k = (XO + (l + E)AX, Yo + (] + E)Ay, Zg + (k + E)AZ) (4)

The geometry is read as a binary triangulated surface, therefore, the STL is used purely as a geometric
mask, defining a volume constraint. For each voxel center cjji, an odd even ray casting inclusion test
is performed where a ray is emitted along the positive x direction and the number of ray triangle
intersections is counted. Finally, the voxels whose centers are classified as inside the STL are retained
and converted into 8-node hexahedral elements (C3DS8). To keep the exported mesh compact, only
grid nodes referenced by retained voxels are written. The algorithm first collects all used grid nodes,
then assigns contiguous node IDs in a consistent order, sorted by k,j,i, and finally generates
contiguous element IDs using the mapped node indices. The resulting mesh is written as an
Abaqus .inp file.

Numerical model and governing equations

Consequently, an Abaqus/Standard model is created and the generated voxel mesh is imported,
representing the deposition domain where the material is progressively activated and driven by the
time-parameterized event series. Let Q(t) € Q,.s, denote the active portion of the voxel mesh at
time t. Each event record is mapped to an evolving deposited region; in Abaqus this is implemented
through partial activation, allowing fractional activation of intersected elements when required. The
same activation strategy is used in both the thermal and the quasi-static analyses, enabling the
evaluation of the thermal evolution and its impact on the residual stress field.
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Transient thermal formulation

Thermal history during deposition and cooling is computed by solving transient heat conduction over
the growing domain ((t). Neglecting internal heat generation, the governing equation reads

aT
pep 5 = V- (KVT) )

where T(x, t) is the temperature field, Kk is the thermal conductivity, p the density, and c;, the specific
heat. Deposition is modelled by prescribing the extrusion temperature as the initial thermal state of
newly activated material. Practically, a uniform predefined temperature field is assigned to the part
set, including still inactive elements, so that, at the activation time, newly activated elements enter
the computation already initialized at the extrusion temperature, while the temperature of previously
active material evolves by conduction and boundary heat losses. In fact, heat exchange with the
environment is modelled through convection and radiation on exposed surface element at the
activation time [eyp (1):

—KVT-n=h (T —T,) + eogp(T* — T%) (6)

where h is the film coefficient, T, is ambient temperature, € is surface emissivity, and ogg is the
Stefan-Boltzmann constant. The interaction with the build plate is represented by a prescribed
temperature on the surface in contact with the building plate I},eq, imposing T = Typeq during the
deposition step to mimic the building platform maintained at controlled temperature. This constraint
is then removed in the cooling step, so that the thermal evolution after deposition is governed by
ambient heat losses consistently with Eq. (6). The transient problem is solved using an implicit time
integration scheme with a fixed timestep aligned with the event series timeline.

Quasi-static thermoelastic formulation

Residual stresses and distortions are computed in the subsequent quasi-static analysis on the same
evolving domain (t). Neglecting inertia and body forces, mechanical equilibrium is governed by

V-6=0 (7

The material response is modelled as isotropic thermoelasticity with temperature-dependent stiffness.
The stress tensor is computed as

6 = C(T): (e—gy) (8)

where C(T) is defined by a temperature-dependent Young’s modulus E(T) and a constant Poisson’s
ratio v. Thermal strain is assumed to be isotropic and derived from the coefficient of thermal

expansion a(T):
T
E€n = (J:F a (0) de) I 9)

with T, denoting the reference temperature for zero thermal strain. The temperature history T(x, t)
computed in the heat transfer analysis is imported as a time-dependent predefined field and applied
over the same deposition and cooling timeline. Building plate adhesion is represented by fixing the
displacement field on the base region I}eq, While the remaining surfaces are free. Geometric
nonlinearity is enabled to capture distortion accumulation during cooling. The solution provides the
final residual stress field and the distorted configuration at the end of cooling, which are then used as
the initial state for the tensile test.
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Linear elastic tensile test

At the end of the coupled thermomechanical process simulation, the model provides a distorted
configuration and a spatially varying residual stress field 6..s(X). This final state is used as the initial
condition for a subsequent virtual tensile test aimed at evaluating the elastic response of the printed
specimen while accounting for process induced residual stresses.

The tensile simulation is performed as a static analysis under the assumption of linear elastic behavior.
The initial stress state is introduced by importing 6 ..5(X) on the final deformed configuration from
the thermomechanical solution, so that the tensile response is computed as an incremental
perturbation around the cooled, residually stressed state.

During the tensile step, the equilibrium of the incremental problem is enforced:

V-Ac =0 (10)

where Ao is the stress increment induced by the applied tensile displacement. The constitutive
response is linear elastic:

Ac = CAe (11)

with C defined by Young’s modulus E and Poisson’s ratio v. The total stress during the tensile test is
then obtained as the superposition of the imported residual field and the tensile increment:

0(X) = Opres(X) + Ao(X) (12)

The tensile test is imposed in displacement control to remain in the linear regime. One grip region is
fully constrained while a prescribed axial displacement is applied on the opposite grip with all
remaining external surfaces left traction-free. The reaction force F is obtained from the
constrained/loading region and used to compute the nominal engineering stress:

F Au
Oeng = A_O’ €eng = L_O (13)

where A, is the initial cross-sectional area of the gauge section and L, its reference length. The
apparent elastic modulus is evaluated from the slope of the oe curve within the prescribed small-
strain window.

Application case
ASTMD638 14 Type I

The proposed workflow is verified by manufacturing ASTM D638-14 Type I specimens and
characterizing their tensile response according to the same standard [17]. This verification route
provides a reproducible geometry and a widely accepted testing framework for plastics, enabling an
objective comparison between experimental results and model predictions across different processing
conditions. The reference geometry and the discretization adopted in the numerical analysis are
shown in Figure 2. As explained in the methodology section the voxel pitch is selected to match the
bead resolution employed in the process, ensuring that the simulated activation domain is consistent
with the deposition architecture. Specimens were manufactured using an infill-only strategy with
0°/90° alternating rasters between layers and no external perimeters walls, so that the mechanical
response is governed solely by the infill structure, an aspect known to strongly affect void formation,
interlayer bonding, and the resulting strength in FFF parts [21-23]. Three manufacturing conditions
were investigated by varying only the nozzle temperature at 190, 210, 230 °C, while keeping the
building plate temperature at 60 °C and the deposition speed constant at 60 mm/s with cooling fans
disabled to avoid forced convection effects and better approximate a natural convection dominated
cooling condition, consistent with the assumptions implemented in the thermal model. Furthermore,
to ensure numerical and experimental alignment, the time step of the model is chosen based on the
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same deposition kinematics adopted experimentally, so that the activation sequence reproduces the
physical deposition timing.

Geometry R76 mm 13 mm 3.4 mm

a)

Voxel mesh

X

Fig. 2. a) ASTM D638-14 Type I specimen geometry, b) nozzle toolpath and c) voxel mesh.

Commercial PLA Ingeo™ was used to manufacture the specimens. Material properties and thermal
boundary parameters adopted in the numerical model are summarized in Table 1. Density and
baseline thermo-mechanical properties were taken from NatureWorks datasheets and consolidated
literature sources [18-20,24-27]. Thermal conductivity and specific heat were selected consistently
with process-oriented thermal models for PLA in material extrusion [25]. Temperature-dependent
elastic modulus and coefficient of thermal expansion (CTE) were prescribed via piecewise-linear
functions following published dynamic mechanical analysis (DMA) trends for PLA, which report a
pronounced modulus drop across T, and an increasing CTE with temperature [26,27,30]. The
machine used is a commercial 3D printer, Anycubic Kobra Max 2, equipped with a 0.8 mm nozzle
on the extrusion head. This nozzle allowed to deposit 0.4 mm layer height and 0.96 mm layer width
beads, which correspond to the voxel dimensions.

Table 1. PLA properties and thermal boundary parameters adopted in the numerical model. [18-

20,25-30]
Table 1a. Constant properties and boundary parameters.
Density P 1240 kg/m?
Thermal conductivity k 0.13 W/m-K
Specific heat Cp 1800 J/kg-K
Ambient temperature To 296.15 K
Emissivity € 0.92
Convection coefficient h 10 W/m*-K
Stefan-Boltzmann constant o 5.67037x10~8 W/m*-K*
Bed temperature Thed 333.15K

Table 1b. Temperature dependent E(T) and a(T).
Temperature T (K) E (MPa) a (1/K)

293.15 3300  8.0x10™
323.15 2220  8.0x107
343.15 285 1.5x10™
423.15 80 2.0x10™*

503.15 10 2.0x10™
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Finally, for each nozzle temperature, five specimens were printed to quantify repeatability and scatter.
Quasi-static tensile tests were performed on an Instron 4505 universal testing machine following
ASTM D638 [17] at room temperature. After printing, specimens were stored under vacuum and
released immediately prior to testing to minimize post-processing moisture effects. Specimens were
aligned in wedge grips and loaded in displacement control at a crosshead speed of 5 mm/min. Force
and crosshead displacement were recorded continuously and converted to engineering stress-strain
curves, with engineering stress computed from the initial gauge-section area and engineering strain
obtained from the crosshead displacement normalized by the nominal gauge length. The elastic
modulus was evaluated consistently for all replicates and temperatures as the slope of the initial linear
portion of the engineering stress-strain response.

Results and Discussion

Thermal distribution and process induced deformations

Figure 3 shows the relationship between the temperature field and the process-induced distortions
predicted by the sequential thermo-mechanical simulation. The frame is taken right at the end of
deposition, at the start of the cooling step. At this moment, the temperature (NT11) still shows clear
spatial gradients, mainly related to the regions deposited last. The displacement field (U), instead,
already includes the accumulated effect of non-uniform thermal contraction.

NT11, Temperature . "‘I

U, Displacement . ’_I

Fig. 3. Process induced deformations during cooling affecting the dimensional accuracy of the
manufactured component.

A clear trend can be observed: regions that are cooler at this time, especially near free edges, also
tend to show larger local displacements. This is consistent with faster heat loss at exposed boundaries,
which promotes differential shrinkage and warpage. The deformation is not uniform along the
specimen, it concentrates near geometrical transitions and near the ends, where stiffness changes and
boundary effects amplify the response. The zoomed views at the corners highlight this behaviour.
Corners appear colder than the central region at the same process time, likely because they have a
higher surface to volume ratio and are more exposed to convection and radiation. Even if this
interpretation is qualitative at this stage, the same zones also show localized distortion patterns in the
displacement contours. These patterns are visible both in the FEM results and on the manufactured
specimens. When comparing the three printing temperatures, the overall deformation mode remains
similar, but small and consistent differences in displacement magnitude and distribution are observed.
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This indicates that the nozzle temperature affects the level of process-induced distortion, even without
changing the general trend. Finally, the interaction with the build plate affects the deformation as
well. The first layers are partially constrained by the contact with the plate, while the upper regions
can deform more freely during cooling. This condition leads to a local thickening near the bottom
layers, the so-called “elephant’s foot”, and contributes to the distortion observed after cooling.

Tensile response

Tensile testing on ASTM D638 PLA specimens indicates that the selected extrusion temperature
affects the mechanical response, particularly in the initial stiffness, yielding, and the evolution toward
failure. The elastic modulus and 0.2% offset yield parameters are reported in Table 2.

Table 2. Elastic properties and 0.2% offset yield parameters, mean + standard deviation.

Temperature E [GPa] Gy,0.29 [MPa] €y0.29% [70]
190 [°C] 2.66 = 0.14 32,6420 1431 0.06
210 [°C] 2.50+0.19 38.7+0.8 1.86 +0.05
230 [°C] 2.21+£0.20 36.0+2.7 1.96 +£ 0.06

A progressive decrease in Young’s modulus is observed with increasing extrusion temperature, from
2.66+0.14 GPaat 190 °C t0 2.50+ 0.19 GPa at 210 °C and 2.21 = 0.20 GPa at 230 °C. These values
are consistent with the expected order of magnitude for PLA, in fact, industrial datasheets for
commercially available PLA grades typically report tensile moduli on the order of 2—4 GPa,
depending on grade and conditioning [18,19]. Similarly, literature reviews on PLA mechanical
behaviour report moduli in the GPa range, with variations driven by crystallinity and thermal history
[20]. Therefore, the modulus levels reported in Table 2 seem suitable for comparison across the three
processing conditions. With respect to yielding, the 0.2% offset yield stress oy 59, lies in the tens of
MPa range, reaching its maximum at 210 °C and decreasing slightly at 230 °C. This non-monotonic
trend 1s reasonable for FFF produced components, because yielding reflects both the effectiveness of
load transfer across inter-bead and inter-layer interfaces and changes in the polymer microstructure
associated with processing temperature and cooling conditions. The strength and failure-related
metrics are reported in Table 3, while the overall stress-strain evolution for the three temperatures is
shown in Figure 4.

Table 3. Tensile strength, characteristic strains, and energy to break, mean = standard deviation.

Temperature Omax/UTS [MPa] gyrs [%0] Epreak [ /0] Energyyreax [J]
190 [°C] 4141 £0.54 235+0.24 2.35+0.49 0.24+0.02
210 [°C] 46.83 £ 1.17 2.81+0.31 2.85+0.36 0.32+£0.01
230 [°C] 43.82+1.95 3.06+0.27 3.06+0.29 0.35+0.04

At 190 °C, the specimens exhibit UTS = 41.41 + 0.54 MPa with characteristic strains close to the
failure occurring at approximately 2.35 %, together with a comparatively low energy to break equal
to 0.24 £0.02 J. At 210 °C, the UTS increases to 46.83 £+ 1.17 MPa, while the energy to break rises
to 0.32 + 0.01 J. At 230 °C, the UTS remains high at 43.82 + 1.95 MPa and both deformation and
energy absorption increase further, as also visible by the higher strain reached before fracture in
Figure 4, the energy to break increases to 0.35 + 0.04 J. Overall, the energy to break increases with
printing temperature (190 <210 <230 °C), indicating an improved ability of the specimens to absorb



120 Polymer Processing and Thermomechanical Properties

mechanical energy prior to fracture. Since this energy is reported as the absolute work absorbed by
the specimen, it is inherently geometry dependent and is therefore most robustly interpreted here as
a relative comparison among the three extrusion temperatures.
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Fig. 4. Mean stress—strain curves for PLA specimens printed at 190, 210, and 230 °C with the
highlighted linear-elastic FEM response.

Importantly, the data show that the maximum tensile load-bearing capacity occurs at 210 °C, whereas
the lowest UTS is obtained at 190 °C. This observation suggests that 190 °C is likely too low to ensure
optimal coalescence and interdiffusion between adjacent filaments, resulting in weaker inter-layer
and inter-bead bonding and therefore a higher susceptibility to premature interfacial damage like local
debonding and delamination during tensile loading. This interpretation is displayed also on the stress-
strain trends in Figure 4, where the 210 °C curve attains the highest peak stress, while the 190 °C
curve reaches a lower maximum stress before failure. More generally, increasing nozzle temperature
is widely reported to enhance inter-layer and inter-bead welding by increasing melt mobility and
promoting polymer chain diffusion and coalescence at interfaces, thereby improving load transfer and
reducing the impact of weak interfacial boundaries [21-23]. In this context, the higher peak strength
at 210 °C and the increase in energy to break from 190 °C to 230 °C are consistent with progressively
more effective interfacial welding as temperature increases, even though the strength maximum
occurs at the intermediate temperature 210 °C rather than at the highest temperature investigated. At
the same time, the observed decrease in Young’s modulus with increasing temperature suggests that
the polymer’s thermal history may also play a role. PLA is known to undergo melt-processing
degradation, like chain scission and molecular weight reduction, under sufficiently severe thermal
exposure, especially when moisture is present or residence time in the melt is prolonged, which can
reduce stiffness and alter the early elastic response [24]. Consequently, the combination of improved
failure-related performance, higher energy absorption and high UTS, particularly at 210-230 °C, and
reduced elastic stiffness at higher temperatures can be interpreted as a process-dependent trade-off.
Higher temperatures improve interfacial welding and damage tolerance while potentially reducing
effective stiffness due to thermally driven material changes. Finally, the experimental results were
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compared with the numerical model results in the linear-elastic regime, where the material was
assumed isotropic. For clarity, the FEM prediction is shown only up to € = 0.3% for all
temperatures, in order to compare initial stiffness within a common small-strain window. This cutoff
is a plotting choice and does not represent a temperature-dependent elastic limit. Within that range,
the FEM exhibits a slightly higher initial slope than the experimental mean curves, representing a
systematic overestimation of elastic stiffness. This discrepancy is expected because the manufactured
specimens with 0/90° infill exhibit anisotropic behaviour and include inter-bead interfaces and
residual porosity, which reduce the effective modulus relative to an ideal homogeneous isotropic
continuum. Importantly, despite the absolute overestimation, the numerical response remains
coherent across the three temperatures, following the same experimental trend of decreasing stiffness
from 190 to 230 °C.

Conclusion

This work presented a process-aware, sequential thermomechanical FEM workflow that reproduces
material extrusion directly from G-Code by automatically generating a voxel based mesh and a time-
parameterized event series for progressive element activation. A transient heat-transfer analysis,
where newly activated material is initialized at the extrusion temperature and cooled through
convective-radiative exchanges and build-plate boundary conditions, provides the thermal history
that drives a subsequent quasi-static thermoelastic analysis to predict residual stresses and distortions
after cooling. The simulations highlight how spatial thermal gradients, especially near exposed edges
and corners, promote differential shrinkage and warpage, consistent with the observed deformation
patterns and build-plate adhesion effects. Experimental tensile tests on PLA ASTM D638 specimens
printed at 190-230 °C confirmed a clear process and property relationship: increasing nozzle
temperature led to a reduced apparent elastic modulus, while strength and energy absorption generally
improved, with maximum UTS observed at 210 °C. The virtual tensile tests captured the same
decreasing of stiffness trend, although with a systematic stiffness overestimation attributable to the
isotropic continuum assumption and the neglect of porosity and interface effects. Overall, the
proposed framework offers a practical route from deposition sequence to mechanical response,
supporting process parameter selection. Future developments should incorporate anisotropic
constitutive laws based on strand orientation and interfacial features, and extend the mechanical
model beyond linear elasticity to account for plasticity and damage, enabling the prediction of yield
and failure in a fully process-informed manner.
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