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Abstract. Extrusion-based additive manufacturing produces objects by de-

positing material layer-by-layer, yet predicting geometry and structural in-

tegrity remains challenging due to complex material rheology, nozzle dynamics,
and toolpath dependence. High-fidelity models can capture extrusion dynamics

and the true layer shape, but have traditionally been limited to simple geome-
tries and few layers. This work extends these simulations to multi-layer struc-

tures with complex geometries involving overhangs and twists, while automat-

ically managing intricate G-codes. A Particle Finite Element Method (PFEM)
framework is employed to handle free-surface evolution, large deformations,

and the time-dependent viscoplastic behaviour of the extruded material. Two

novel strategies for G-code optimization - arc-based toolpath resampling and
adaptive time-step cutting - are also proposed to ensure accurate nozzle motion

resolution while maintaining computationally efficient simulation time steps.

Applied to virtual printing of complex objects, the framework shows when ma-
terial and geometry jointly determine stability and shape fidelity, enabling op-

timization of additive manufacturing across polymers, bioprinting inks, clays,

and cementitious materials.

1. Introduction. Over the past decades, extrusion-based additive manufacturing,
often referred to as 3D printing, has seen widespread adoption across a range of in-
dustries, including automotive and aerospace manufacturing, biomedical engineer-
ing, and construction. Initially developed for rapid prototyping, it has since evolved
into a production-ready technology, enabling the fast and accurate fabrication of
digital models through layer-by-layer material deposition.

A key feature of extrusion-based deposition is its versatility across a broad spec-
trum of materials, including polymers, glass and bio-inks, clays and cement-based
composites [1]. While the mechanisms of solidification vary - glass and polymers
primarily undergo thermal phase transitions, whereas bioprinting and cement-based
materials rely on a combination of time-dependent rheological behaviour and chem-
ically induced reactions - all extrusion-based processes follow the same fundamental
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principle: material is extruded through a nozzle in a fluid or semi-fluid state, de-
posited along a predetermined path, and gradually solidifies or gains mechanical
strength to support subsequent layers.

As a result, extrusion-based processes face similar challenges, ranging from
filament-scale defects and flow instabilities to overall poor quality or even structural
failure of the printed part due to residual stresses, inadequate interlayer adhesion
or insufficient material strength [9, 39, 49]. Predicting such outcomes is critically
important yet remains challenging due to the complex rheological behaviour of the
inks, the large number of strongly interdependent process parameters (e.g., print-
ing speed, feed rate, nozzle geometry, stand-off distance) [34], and the fact that
the optimal combination of parameters is highly dependent on the geometry and
complexity of the printed part.

For these reasons, numerical modelling has gained significant interest over the
past decade and is gradually becoming an essential tool for understanding and
optimizing 3D printing [51, 23]. Particularly, modelling approaches can be classi-
fied into two categories based on spatial scale and dominant physical phenomena:
filament-scale models, which resolve the mechanics of extrusion and deposition, and
structural-scale models, which address global geometrical conformity, anisotropy,
and mechanical stability of the printed part.

Filament-scale models are typically fluid-based and aim to capture the physics
of material flow during injection, extrusion through the nozzle, and subsequent fil-
ament deposition. In polymer-based 3D printing, fluid-based modelling efforts pri-
marily focus on thermoplastic behaviour and the influence of process parameters on
material flow and deposition. For instance, in [42] the extrusion of a Newtonian ther-
moplastic ink was numerically investigated with the finite-volume-based software
FLOW-3D. The Finite Volume Method (FVM) has been widely employed to study
polymer melt flow, with particular emphasis on quantifying viscoelastic effects in
Direct Ink Writing (DIW) [52] and Fused Filament Fabrication (FFF) [50]. Hybrid
approaches combining the Finite Element Method (FEM) with streamline-based
remeshing have also been proposed to model the flow of fibre-reinforced polymer
melts and predict fibre orientations during printing [46]. In the field of bioprinting
an Arbitrary Lagrangian–Eulerian (ALE) finite element approach was developed in
[6] to assess cell viability during extrusion flow.

Building on the framework introduced by [42], a FVM-based model for cement-
based material extrusion was developed in [7] and validated through comparison of
simulated and experimentally measured filament cross-sections. For cement-based
materials and clays, the primary objective of the simulations is to capture the non-
Newtonian rheology and its interaction with process parameters, which governs the
extrusion flow regime and the resulting filament geometry. In this context, the
Particle Finite Element Method (PFEM) [20], an updated Lagrangian FEM for-
mulation combined with adaptive remeshing, has proven particularly effective for
simulating extrusion and single- or multi-layer filament deposition [26, 29, 31, 28].
These models have also demonstrated the ability to reproduce typical printing de-
fects including, e.g., over- and under-extrusion, filament tearing, and slug formation
[34].

Despite their high physical fidelity, filament-scale models are generally limited to
simulating one or only a few deposited layers, as extending them to larger, multi-
layer structures rapidly becomes computationally prohibitive.
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Structural-scale simulations instead typically adopt a solid-mechanics perspec-
tive, representing the progressive build-up of the printed structure through simpli-
fied yet efficient selective layer or element activation in finite element models.

For polymer-based processes, structural-scale modelling has focused on mesoscale
thermal analysis and the prediction of residual stresses during cooling. A layer-
by-layer activation framework in Abaqus/CAE has been proposed in [2] for mod-
elling 3D printing with fibre-reinforced thermoplastics and accounting for material
anisotropy when predicting part distortion. A meso- to macroscopic Abaqus-based
framework was also developed for FDM in [4], making use of sequential element
activation to capture thermally induced deformations. Further advancements were
proposed in [25] for the efficient thermal simulation of FFF combining element ac-
tivation with adaptive refinement, allowing element size to increase with distance
from the nozzle.

For cement-based materials, full-scale simulations have focused on assessing build-
ability and predicting failure modes either buckling or plastic collapse. Early
Abaqus-based models employing layer-wise activation were presented in [48, 49].
Subsequently, element-activation-based approaches were extended to handle more
complex geometries, including printing of overhanging and branching structural
components [21], non-planar geometries [18], and large-scale structures [37].

However, structural-scale models generally neglect the real extrusion dynamics,
the local plastic deformations near the nozzle, and pressure build-up beneath it.
Moreover, the deposited filament is often idealized using simple geometric represen-
tations - most commonly rectangular cross-sections - thereby overlooking the true
filament shape resulting from the deposition process.

Advances in constitutive modelling for phase-transitioning materials, along with
the growing availability of high-performance computing, CPU and GPU paral-
lelization, and machine-learning-assisted solvers, are expected to progressively en-
hance extrusion-based 3D printing simulations, improving accuracy across scales
and bridging the gap between fluid- and solid-based approaches.

This work contributes to that effort by demonstrating how fluid-based models can
be extended to simulate structures more complex than those previously considered
in the literature, while accounting for high-fidelity extrusion dynamics, including
below-nozzle pressure and yielding, as well as the exact layer shape. Specifically,
we present simulations of objects consisting of up to 20 layers with complex geome-
tries that extend beyond simple rectilinear or cylindrical forms, featuring overhangs,
twists, and height-varying cross-sections. This approach not only expands the range
of structures addressable with high-fidelity models but also requires careful consid-
eration of toolpath reproduction - a challenge that remains largely unexplored in
these frameworks. Solid-based methods in fact, typically build the FEM model in
advance from the toolpath [27] simplifying the process. Fluid-based simulations
on the other hand must consider proper toolpath resolution and select appropriate
time steps to accurately capture progressive material flow and nozzle motion. In
this work, we propose two novel strategies for optimizing the G-code to ensure ac-
curate toolpath reproduction in the FEM model while allowing for large simulation
time steps.

We begin in Section 2 by presenting the general continuum formulation and the
governing equations. Section 3 then describes the finite element discretization of the
problem and introduces the Particle Finite Element Method (PFEM) [20] to handle
large deformations and free-surface evolution. The PFEM, combined with tailored
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techniques for reproducing the 3D printing process [31, 34, 28], enables high-fidelity
simulation of material extrusion. In this work, the ink is assumed to behave as a
viscoplastic material undergoing progressive time-dependent structuration.

The second objective, addressed in Section 4, is to extend fluid-based 3D print-
ing simulations to complex toolpaths. This includes careful treatment of toolpath
handling and time-step selection to accurately resolve nozzle motion while maxi-
mizing computational efficiency. To this end, we propose two novel strategies: a
user-controlled arc-based toolpath resampling and time-step cutting.

Finally, in Section 5, the framework is applied to simulate complex parametric
geometries featuring twisting and overhangs, directly from externally generated G-
code. Simulations are conducted with different material properties to investigate
the influence of yield stress on the overall buildability and geometric fidelity.

2. Continuum model. Let us assume that the extrusion material can be ideal-
ized as homogeneous, isothermal, and incompressible. This hypothesis generally
holds for clays, cement-based materials, and certain types of polymers and bio-inks.
The governing equations are formulated within the Arbitrary Lagrangian–Eulerian
(ALE) framework, which permits the computational mesh to move independently
of the material points [10]. Let Ωt denote the evolving fluid domain over the time
interval [0, T ]. The spatial position in the current configuration is represented by
x, whereas χ denotes the reference coordinates associated with the moving mesh.
Under these assumptions, the balance of linear momentum and the mass continuity
equation can be written as:

ρ
du

dt
= ∇x · σ + ρb in Ωt × [0, T ], (1)

∇x · u = 0 in Ωt × [0, T ], (2)

where ρ is the (constant) density, u = u(x, t) is the velocity field, p = p(x, t) is the
pressure field, σ = σ(x, t) is the Cauchy stress tensor, b is the vector of the external

accelerations and d(•)
dt = ∂(•)

∂t

∣∣∣
χ
+c ·∇x(•) represents the total time derivative, with

c being the convective velocity associated with the motion of the material points
relative to the mesh reference system.

A suitable set of initial and boundary conditions must also be prescribed:

u(x, t = 0) = u0(x) in Ω0, (3)

p(x, t = 0) = p0(x) in Ω0, (4)

u(x, t) = ũ(x, t) on ΓD × (0, T ), (5)

σ · n = h(x, t) on ΓN × (0, T ), (6)

where u0, p0, ũ, h, are given known functions and n is the outward normal to the
boundary Γt = ∂Ωt, which is subdivided into two non-overlapping subsets, ΓD and
ΓN , such that ΓD ∪ ΓN = Γt and ΓD ∩ ΓN = ∅.

To complete the formulation, the Cauchy stress tensor is commonly decomposed
into a volumetric and a deviatoric part:

σ = −pI + τ , (7)

where I denotes the identity tensor and τ the deviatoric stress tensor, which can
be computed after prescribing a suitable rheological law.

Many materials used in 3D printing - ranging from clays and cement-based mix-
tures to certain polymers and bio-inks - exhibit viscoplastic behaviour. The simplest
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and most widely adopted rheological model used to describe this behaviour is the
Bingham model, which accounts for the presence of a yield stress. When the von
Mises norm of the deviatoric stress tensor is below the yield stress, the material
behaves as a rigid solid. Once this threshold is exceeded, the material yields and
begins to flow. The Bingham constitutive law is expressed as:

τ = 2µϵ̇+ τ0(t)
ϵ̇

∥ϵ̇∥
if ∥τ∥ > τ0(t), (8)

ϵ̇ = 0 otherwise, (9)

where µ is the fluid viscosity, τ0, as specified in the following, is the time-dependent
yield stress, ∥ • ∥ is the von Mises norm and ϵ̇ is the deviatoric strain rate ten-
sor. To simplify the numerical solution, the model implements the Papanastasiou
regularization of the Bingham law [22]:

τ =

(
2µ+

τ0(t)

∥ϵ̇∥
(1− e−m∥ϵ̇∥)

)
ϵ̇ = µapp(ϵ̇)ϵ̇, (10)

where m is a regularization parameter governing the quality of the exponential
approximation and µapp(ϵ̇) can be interpreted as an equivalent apparent viscosity.

Furthermore, many of the aforementioned materials exhibit reversible, time-
dependent structural evolution immediately after deposition. This behaviour, com-
monly referred to as thixotropy, manifests as a progressive increase in yield stress
during resting periods and a concurrent degradation of the material structure under
shear. To model thixotropic behaviour, Roussel’s model is adopted [35], in which
the static yield stress evolves according to:

τ0(t) = τ0,i +Athix t, (11)

where τ0,i is the initial value of the yield stress, i.e., immediately after the shearing
associated with extrusion and layer deposition, Athix denotes the thixotropic build-
up rate, and t represents the material resting time. A larger value of Athix therefore
corresponds to a faster structural rebuild of the material, leading to a more rapid
recovery of mechanical strength after deposition.

3. Discrete model. The equations of motion (1)–(2) are solved numerically using
the Finite Element Method. Following a standard Galerkin formulation, the spaces
on the domain Ωt are defined as follows: the velocity trial space Su = {u ∈ H1(Ωt) |
u = ū on ΓD} with corresponding test space Su

0 = {w ∈ H1(Ωt) | w = 0 on ΓD},
and the pressure trial and test space Sp = L2(Ωt), where H

1(Ωt) and L
2(Ωt) denote

the standard Sobolev spaces [10]. The weak formulation is obtained by multiplying
the momentum and mass balance equations by the test functionsw ∈ Su

0 and q ∈ Sp

and integrating over Ωt, leading to the problem of finding u ∈ Su and p ∈ Sp such
that: ∫

Ωt

w · ρdu
dt
dΩt =

∫
Ωt

w · (∇x · (−pI + τ ) + ρb) dΩt ∀ w ∈ Su
0 , (12)∫

Ωt

q (∇x · u) dΩt = 0 ∀ q ∈ Sp. (13)

The domain Ωt is then discretized using first-order tetrahedra finite elements for
both the velocity and pressure fields. However, this choice violates the Ladyzhen-
skaya–Babuška–Brezzi (LBB) condition [3] and therefore a proper stabilization must
be introduced. In this work the Pressure-Stabilizing Petrov–Galerkin (PSPG) [14]
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formulation is adopted, which effectively introduces additional stabilizing terms in
the weak form of the mass conservation:∫

Ωt

q (∇x · u) dΩt

−
ne∑
e=1

τePSPG

∫
Ωe,t

∇qe
ρ

·
(
∇x · σe + ρbe − ρ

due

dt

)
dΩe,t = 0 ∀ q ∈ Sp. (14)

Following [45] the stabilization parameter τePSPG can be computed for each element
as:

τePSPG =

((
2

∆t

)2

+

(
2 ∥ue∥E
he

)2

+ 9

(
4µ∗

e

ρh2e

)2
)− 1

2

, (15)

where: he is a characteristic local length scale, defined as the diameter of the sphere
having the same volume as the tetrahedral element; ∥u∥E is a local velocity scale,
computed as the Euclidean norm of the velocity at the element centroid; µ∗

e =
min(µapp,e, µcut-off) is a characteristic local viscosity, where µcut-off is a threshold
cut-off introduced to prevent excessively large values and is hereafter set to 104 Pa·s.

3.1. Space discretization. The approximate solutions are sought in the discrete
spaces Sv

h ⊂ Su and Sp
h ⊂ Sp, where the velocity and pressure fields are expressed

in each finite element as interpolations of their respective nodal values:

uie(x, t) =

ne∑
a=1

Nu
a (x)U

i
e,a(t), pe(x, t) =

ne∑
a=1

Np
a (x)Pe,a(t), (16)

where ne is the number of nodes in the element, U i
e is the elementary vector of nodal

velocities in the i-th direction, Pe is the elementary vector of the nodal pressures
and Nu

a , N
p
a are the element shape functions for the velocity and the pressure

respectively. The following semi-discretized in space equations are obtained:

Mu
dU

dt
+KU = Fext +DTP , (17)

DU +LP +C
dU

dt
−H = 0, (18)

where Mu is the velocity mass matrix, K is the deviatoric stiffness matrix, Fext is
the vector of the equivalent external forces, D is the discrete divergence operator
matrix, L is the PSPG Laplacian matrix and C and H are respectively a global
matrix and vector, associated to the PSPG terms providing consistency. A detailed
description of these terms and their derivation can be found in [33].

3.2. Time integration. Time discretization is performed by dividing the time his-
tory into constant steps ∆t and approximating time derivatives with the backward
Euler method. The resulting nonlinear equations are linearized and solved by means
of Picard iterations. At each time step tn+1 for each iteration k + 1, the updated
velocities Uk+1

n+1 and pressures P k+1
n+1 are computed solving the following strongly

coupled linear system:
(

Mk
u,n+1

∆t +Kk
n+1

)
Uk+1

n+1 −DT,k
n+1P

k+1
n+1 = F k

ext,n+1 −
Mk

u,n+1

∆t Un,

Lk
n+1P

k+1
n+1 +

(
Dk

n+1 +
Ck

n+1

∆t

)
Uk+1

n+1 =
Ck

n+1

∆t Un +Hk
n+1.

(19)
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Equations (19) are solved iteratively at each time step until convergence, measured
in terms of the L2 norms of the velocity and pressure errors, is reached.

3.3. Particle finite element method. The adoption of a Lagrangian framework
over most of the computational domain offers several significant advantages. No-
tably, it enables natural tracking of free surfaces and eliminates the nonlinear con-
vective term from the momentum equation. However, since nodal positions are
updated in time based on their velocities, problems characterized by large defor-
mations may result in severe mesh distortion. Without an appropriate corrective
strategy, such mesh degradation can compromise numerical accuracy and stability,
potentially rendering the simulation unfeasible.

A robust solution to this issue is provided by the Particle Finite Element Method
(PFEM) [20, 8], which augments the updated Lagrangian formulation with an ef-
ficient remeshing algorithm. Originally conceived for the simulation of free-surface
flows and wave-breaking phenomena [20], PFEM has since evolved into a versatile
computational framework, successfully applied to a broad spectrum of materials
and engineering problems. These include fluid–structure interaction [5, 17], mul-
tiphase and complex material flows [38, 32, 33], as well as industrial forming and
manufacturing processes [19, 40].

More recently, PFEM has proven to be particularly well-suited for reproduc-
ing additive manufacturing scenarios, owing to its inherent capability to manage
evolving interfaces, contact phenomena, and phase transitions within a unified for-
mulation. For example, PFEM has been applied to reproduce extrusion and layer
deposition processes in 3D printing with cementitious materials [26, 31, 34] or to
model melt-pool dynamics in metal additive manufacturing [41, 12].

The fundamental idea of the PFEM is to employ a re-meshing strategy in which
a new connectivity is generated whenever the existing finite elements result to be
excessively distorted. The main steps of the re-meshing process are illustrated in
Figure 1.

(a) (b) (c)

Figure 1. Re-meshing scheme in PFEM: initial point cloud (A);
Delaunay triangulation convex hull (B); new-connectivity mesh,
with free-surface identified by the α-shape method (C).

Throughout the analysis, mesh quality is continuously monitored and, whenever
distortions become excessive, the mesh is deleted while preserving only the nodal
positions, as illustrated in Figure 1-A. A new mesh connectivity is then generated
using an efficient technique such as the Delaunay algorithm [43] (Figure 1-B). Fi-
nally, the α-shape method [11] is applied to identify the physical boundaries and
determine the free surface (Figure 1-C). In practice, this procedure filters out highly
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distorted elements from the computational domain, as they are the most unlikely to
belong to the fluid domain. For further details on the PFEM approach, the reader
is referred to [20, 8].

PFEM provides a versatile and robust framework for modelling large deforma-
tions problems in fluid and solid mechanics. However, to fully exploit its potential in
the context of extrusion-based additive manufacturing, the method must be comple-
mented by a set of ad hoc computational techniques specifically devised to reproduce
the 3D printing process. These techniques, introduced and discussed in detail in
our previous works [31, 34, 28], are aimed at accurately representing the evolving
computational domain, enforcing appropriate boundary conditions, and modelling
contact interactions while minimizing spurious mass variations.

Within this framework, the extrusion is modelled using an Arbitrary Lagrangian–
Eulerian (ALE) formulation [10], which enables the reproduction of nozzle trans-
lations and rotations while simultaneously imposing boundary conditions at the
nozzle outlet to ensure a continuous material flow. Contact with the rigid print
bed is enforced through kinematic constraints on nodal positions, reducing artificial
volume variations due to remeshing [13]. In addition, a dedicated interlayer con-
tact and merging strategy is adopted to promote smooth and consistent bonding
between successive layers.

4. 3D printing numerical framework for complex objects. Despite the ro-
bustness of the framework, PFEM - as well as other computational fluid dynamics
techniques - has so far only been applied to model extrusion and layer deposition
in standard scenarios. Most of the studies in the literature focus on simulating
few superimposed rectilinear layers, mainly due to computational constraints [30].
In contrast, the objective of the present work is to demonstrate how increasingly
complex and extended printing processes can now be simulated, paving the way for
the numerical analysis of full-scale, realistic prints.

Apart from an efficient and optimized FEM solver, achieving this goal requires a
robust strategy to import and reproduce printer instructions within the numerical
model. In extrusion-based additive manufacturing, such instructions are typically
provided in the form of G-code, a machine-level language that encodes the printing
toolpath as a sequence of commands specifying nozzle positions, velocities, extrusion
rates, and auxiliary operations. The toolpath, defined as the spatial trajectory
followed by the nozzle during material deposition, plays a central role in determining
both the geometry and the quality of the printed object [16]. In the following
section, we describe in detail the automatic procedure adopted to parse G-code files
and translate the corresponding toolpath into suitable time-dependent boundary
conditions governing nozzle motion within the PFEM framework.

4.1. Nozzle motion reconstruction from G-code. In 3D printing, the ideal
continuous toolpath generated by the design software is typically converted by the
slicer into G-code, which represents the path as a polyline composed of piecewise-
linear segments. Each segment i is defined by its end-point coordinates in space and
an associated feed rate, which can be interpreted as the magnitude of the nozzle
translational velocity along that segment, vp,i.

Therefore, in the numerical simulation, the imposed nozzle trajectory can be
reconstructed from the G-code by extracting the ordered list of target positions
associated with consecutive deposition commands, yielding the set of points{xk}Nk=1,
where N denotes the total number of points along the path. Each consecutive pair



30 GIACOMO RIZZIERI, LIBERATO FERRARA AND MASSIMILIANO CREMONESI

of points defines a straight toolpath segment. At any simulation time t, the virtual
nozzle moves along a single active segment indexed by i ∈ {1, . . . , N − 1}. The
segment length can be computed as:

ℓi = ∥xi+1 − xi∥ , (20)

and the piecewise constant printing speed vp,i, derived from the feed rate, is imposed
along the segment direction, giving the nozzle velocity:

v(t) = vp,i
xi+1 − xi

ℓi
. (21)

Moreover, the traversal time of segment i can be computed as

∆ti =
ℓi
vp,i

, (22)

and the cumulative traversal time up to the end of segment i is

Ti =

i∑
k=1

∆tk. (23)

The active segment index is advanced when the simulation time satisfies t ≥ Ti.
Repeating this procedure until i = N − 1 provides a piecewise-linear, constant-
speed representation of the nozzle motion, which can be directly used to impose
kinematic boundary conditions in the finite element simulation.

4.2. Admissible time step. Let ∆s ≃ li denote the spatial resolution of the
toolpath, defined as the average distance between consecutive polyline points, ∆t
be the simulation time step and vp the prescribed nozzle speed, assumed hereafter
for simplicity as constant along the whole toolpath. During a single time step,
the nozzle travels a characteristic distance ∆h = vp∆t. If ∆h exceeds ∆s, clearly
the motion along the toolpath cannot be accurately resolved, potentially producing
spurious trajectories. Therefore, a necessary condition to correctly capture the
toolpath is given by:

∆h = vp ∆t ≤ ∆s. (24)

The importance of this condition is illustrated in Figure 2. The toolpath is
discretized with a characteristic spacing ∆s = 0.00148 m. For a constant printing
speed vp = 0.1 m/s, three different simulation time steps are considered: ∆t = 0.01,
0.015, and 0.02 s, corresponding to nozzle travel distances inside a time step of
∆h = 0.001, 0.0015, and 0.002 m, respectively. The larger time steps are associated
to ∆h = 0.0015 and 0.002 m both exceeding ∆s and thus the nozzle motion skips
intermediate discretization points, resulting in under-sampling of the polyline and
an incorrect reconstruction of the intended toolpath. In contrast, the smaller time
step yields ∆h = 0.001 m < ∆s ensuring adequate spatial sampling of the toolpath.

4.3. Admissible toolpath discretization. Reducing the time step often allows
the toolpath to be properly resolved; however, this requires solving the Navier–
Stokes equations more frequently, which can significantly reduce computational ef-
ficiency. An alternative approach would be to adjust the toolpath resolution to
ensure that the motion can be reproduced by large enough time steps. Referring to
the previously adopted time steps, Figures 3 illustrate two toolpath samplings with
adjusted ∆s, which now allow to accurately resolve the motion even for ∆t = 0.015 s.

Although the motion is correctly resolved, Figure 3-A corresponds to an exces-
sively coarse toolpath discretization (∆s), leading to a poor representation of its
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Figure 2. Influence of the simulation time step on the nozzle
motion reproduction, for a fixed toolpath discretization ∆s =
0.00148 m and printing velocity magnitude of vp = 0.1 m/s.
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Figure 3. Two toolpath discretizations that ensure accurate mo-
tion resolution for a fixed simulation time step of ∆t = 0.015, s and
a printing velocity magnitude of vp = 0.1 m/s.

geometric features. Figure 3-B provides instead a good compromise between accu-
racy and efficiency, reproducing the toolpath with enough fidelity while maintaining
∆s > ∆h for a time step of ∆t = 0.015 s. This time step is sufficiently large for
practical computations of extrusion and layer deposition; in fact, even larger time
steps - although potentially allowed by the toolpath - may not be admissible due to
other requirements, such as the correct reproduction of the inflow or the accurate
resolution of inter-layer contact.
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4.4. Arc-length resampling. Toolpaths generated by slicers, custom Grasshopp-
er-Rhino scripts, or other robotic planning tools are often incompatible with the
requirements of transient FEM simulations. Their discretization can be highly non-
uniform or unnecessarily dense, imposing impractically small time-step constraints.
To address this limitation, we propose an automatic toolpath resampling strategy
that enforces approximately uniform point spacing. This approach preserves accu-
rate nozzle motion while allowing the use of the largest stable time step permitted
by the simulation.

To this end, we adopt an arc-length–based resampling strategy. The approach is
inspired by the methodology introduced in [15] for iteratively transforming a closed
piecewise-linear polyline into an equilateral polygonal curve. Unlike their method,
which preserves the number of points and adapts edge lengths through multiple
iterations - potentially producing an equilateral curve that deviates significantly
from the original polyline - our objective is simply to introduce a new set of points
that remain as close as possible to the original polyline while being uniformly spaced.

Accordingly, we apply only a single iteration of the algorithm, corresponding
to a single arc-length resampling of the polyline with a user-prescribed inter-point
spacing. This yields a curve that remains close to the original while providing a
quasi-uniform distribution of vertices consistent with the specified spacing.

Starting from the original polyline {xk}Nk=1, we first compute the cumulative arc
length along the toolpath:

s1 = 0, sk =

k−1∑
j=1

∥xj+1 − xj∥, k = 2, . . . , N, (25)

where ∥·∥ denotes the Euclidean distance in 3D, and the total arc length is S = sN .
Next, we generate the resampled points {x̃m}Mm=0 by uniformly sampling along the
cumulative arc length of the original polyline:

s̃m = m∆s, m = 0, 1, . . . ,M, with M =

⌊
S

∆s

⌋
, (26)

where ∆s is the target spacing, chosen to satisfy the time-step resolution constraint
(24).

Specifically, for each resampled point, we first identify the original polyline seg-
ment [xk,xk+1] that contains its cumulative arc length s̃m ∈ [sk, sk+1], and then
compute its coordinates via linear interpolation:

x̃m = xk +
s̃m − sk
sk+1 − sk

(xk+1 − xk). (27)

4.5. Time step cutting. In Figure 3-B it can be observed that, even when ∆h <
∆s, a small but systematic error is introduced in the toolpath. This error increases
proportionally with the time-step size ∆t. This phenomenon, commonly referred
to as the overshooting problem, occurs when the distance travelled by the nozzle
during a single time step is not an exact multiple of the spatial discretization of the
toolpath. As a result, there may be instances in which the distance travelled within
one time step exceeds the remaining distance to the next discretization point. In
such cases, the nozzle position is updated beyond the target point, leading to a
cumulative spatial error along the toolpath, as shown in Figure 4.
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Figure 4. Close-up view of the overshooting problem.

This issue can be efficiently mitigated by temporarily reducing the time step
when an overshoot of a discretization point would occur and keeping the base time
step constant for the remainder of the simulation. Let xk denote the next toolpath
point to be reached and x(t) the current nozzle position. If the distance travelled by
the nozzle in a time step ∆t is larger than the distance between the next toolpath
point and the current nozzle position:

vp∆t > dk = ∥xk − x(t)∥, (28)

then, the nozzle would overshoot the target point. To prevent this, the current time
step is reduced to:

∆tcut =
dk
vp
, (29)

so that the nozzle reaches xk exactly. Once the point is reached, the simulation
resumes using the original base time step ∆t.

This temporarily time-step reduction ensures that each toolpath point is reached
accurately, thereby eliminating cumulative spatial errors without requiring a glob-
ally smaller time step and thus preserving computational efficiency. Moreover, this
approach improves the robustness of the overall procedure, as it allows the algo-
rithm to better accommodate deviations from the target toolpath spacing that may
arise from the arc-length resampling procedure, particularly in the vicinity of sharp
corners.

5. Results. This section is divided into two parts. The first part presents a ded-
icated validation of the proposed numerical framework for 3D printing simulation.
Although its predictive capabilities were previously demonstrated for different print-
ing parameters in [31] and for different material properties in [34], the present imple-
mentation introduces substantial modifications to the solution strategy. In partic-
ular, the finite element solver adopted here employs an implicit time discretization
scheme, resulting in a stabilized, fully monolithic system. This approach ensures
stable solutions for significantly larger time steps than those achievable with the
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explicit solvers adopted in [31, 34], thereby enabling larger-scale simulations and
the assessment not only of extrudability, but also of buildability.

The second part focuses on the numerical simulation of 3D printing processes
involving complex, hollow, parametric geometries, including overhangs and intri-
cate shapes, in order to demonstrate the capability of the framework to accurately
address more advanced and realistic applications.

5.1. Validation: three layers wall. To validate the numerical model, the print-
ing of three superimposed rectilinear layers, each 300mm in length, is reproduced.
The material and printing parameters are taken from [44]. Specifically, a cementi-
tious mortar characterized by density ρ = 2100 kg/m3, yield stress τ0 = 630 Pa and
plastic viscosity µ = 7.5 Pa · s is considered. The printing parameters are: nozzle
diameter ϕn = 25mm, nozzle height hn = 12.5mm, printing velocity vp = 30mm/s,
and flow velocity uf = 33.6mm/s. At the end of each layer, the nozzle is raised
by ∆z = 12.5mm without interrupting the printing process, thereby generating a
single continuous filament wall.

Figure 5 compares the extracted numerical cross-sections with the experimental
results reported in [44]. A very good agreement is observed in all cases, with the
numerical profiles closely overlapping the experimental ones, both for the single-
layer configuration and for the multi-layer case. This confirms the accuracy of the
model in reproducing deposition on a rigid substrate as well as interlayer contact.
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Figure 5. Comparison of the cross-sections obtained from the
print of one (A), two (B) and three (C) layers for the present work
with the experimental data (EXP) from [44].

5.2. Complex parametric objects. This section addresses the simulation of
complex, parametric, multi-layer objects. Three case studies are considered, con-
ceived either as column segments or as generic structural components. These ex-
amples are representative of the intricate geometries typically encountered in the
practical 3D printing of structural or decorative elements using clay or cementitious
materials. The procedures used to generate their geometries and the corresponding
toolpaths by means of external software are described in detail in the following. Suc-
cessively, when imported in the simulation environment as G-codes the toolpaths are
automatically treated using the techniques introduced earlier, before starting nu-
merical simulations. The numerical analyses have the objective of assessing printing
stability and of predicting the geometric conformity of the final printed objects.
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5.2.1. Geometry design and toolpath planning. The three-dimensional geometry of
the three objects, as well as the rationale underlying their conceptualization, are
detailed below with reference to Figure 6.

(a) Square object plan

(b) Elliptic object plan (c) Wavy object plan and section

Figure 6. Geometrical parameters regulating the shape of the
three objects.

1. Square object. The first object features a square planar base with side length
L = 100mm and rounded corners defined by curvilinear arcs of radius r1 =
6mm, as shown in Figure 6-A. The planar base is used to generate the three-
dimensional geometry by means of vertical translations and in-plane rotations.
Particularly, the rotation angle varies linearly with the height according to:

θ(z) = ψ1z, with ψ1 = 1◦/mm.

2. Elliptic object. The second object presents an elliptical planar base, illustrated
in Figure 6-B, characterized by a major axis D1 = 120mm and a minor axis
D2 = 60mm. The base is translated vertically while being simultaneously
rotated according to

θ(z) = ψ2z, with ψ2 = 1◦/mm.
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3. Wavy object. The third object features a more complex planar base, initially
defined as a circle of radius R0 = 43mm, perturbed by small periodic un-
dulations of amplitude r0 = 3mm, as shown in Figure 6-C. During vertical
translation, the base undergoes an in-plane expansion and contraction:

R(z) ≃ R0

[
0.22 sin

(
z

1.88R0

)
+ 1

]
,

which modulates the overall shape of the object. Simultaneously, the base is
also rotated according to:

θ(z) = ψ3z, with ψ3 = 0.64◦/mm.

The three objects are constructed to the total height of H = 140mm. The ver-
tical offset between successive layers is set to ∆z = 7mm, resulting in a total of 20
layers. In practice, the CAD geometries are developed in Rhino 3D using Grasshop-
per, leveraging the platform’s strengths in parametric design. These software also
facilitate slicing and toolpath generation, which are subsequently provided to the
numerical model in the form of G-code. Figures 7-A, B, C show the final CAD ge-
ometries obtained for the three objects, assuming idealized circular filament layers
with a diameter equal to the vertical offset ∆z. The corresponding sliced toolpaths
are illustrated in Figures 7-D, E, F.

(a) (b) (c)

(d) (e) (f)

Figure 7. Three-dimensional CAD geometries (A–C) and corre-
sponding sliced toolpaths (D–F).
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5.2.2. Process parameters and material properties. The nozzle is assumed to be cir-
cular, with a diameter of ϕn = 10mm. Its initial distance from the rigid plane is set
to hn = 7mm, and it is subsequently raised by a vertical increment of ∆z = 7mm af-
ter the deposition of each layer. The printing parameters are preliminary calibrated
through single-layer simulations to obtain a target layer height of approximately
h ≃ 7mm. This is realized by setting the printing velocity to vp = 60.4mm/s and
the flow velocity to uf = 80mm/s. Overall, a layer-pressing printing strategy is
achieved.

The material properties correspond to those of a generic yield-stress fluid obeying
the Bingham constitutive law, representative for example of cementitious materi-
als. The density is set to ρ = 2200 kg/m3 and the plastic viscosity to µ = 10Pa · s;
both quantities are kept constant throughout the study. In contrast, different val-
ues of the initial yield stress, namely τ0,i = 1500, 3000, 6000, and 12000Pa, are
investigated, together with different values of the thixotropic parameter Athix =
10, 15, 20, and 40Pa/s, as showcased in Table 1. The selected materials span a
progression from low buildability (M1) to highly buildable systems (M4), reflect-
ing typical rheological behaviour of cement-based materials, where yield stress and
structural build-up rate are generally correlated due to particle flocculation and
early hydration [36]. This setup therefore enables a systematic analysis of the joint
influence of static yield stress and its time-dependent evolution on printing stability
and geometric conformity.

Table 1. Definition of material sets used in the simulations.

Material ρ [kg/m3] µ [Pa·s] τ0,i [Pa] Athix [Pa/s]

M1 2200 10 1500 10
M2 2200 10 3000 15
M3 2200 10 6000 20
M4 2200 10 12000 40

5.2.3. Virtual printing simulations. Regarding the numerical setup, all simulations
employed a quasi-uniform mesh size of characteristic length h ≃ 1.57mm, resulting
in approximately 2×105 nodes and about 1×106 elements by the end of the printing
process. Despite being executed in parallel, the simulations slowed significantly
toward the final stages due to the growing computational domain. This is expected,
since the number of degrees of freedom increases progressively with the continuous
inflow of new material and the cost of the direct solver scales superlinearly with
system size [24]. Consequently, individual simulations required up to several days
to complete.

For each geometry - square, elliptic, and wavy - four simulations were performed
to reproduce the virtual printing process under different combinations of material
properties. The total printing time depends on the geometry and it is equal to
129.04 s for the square object, 96.24 s for the elliptic object, and 94.28 s for the
wavy object.

A constant time step of ∆t = 0.01 s was adopted in all simulations. Accordingly,
the G-code generated by the custom Grasshopper slicer was resampled with the
approach proposed in Section 4.4 to ensure a spatial resolution of the nozzle motion
compatible with the kinematic constraint in (24). At each time step, the nozzle
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position is updated based on the prescribed velocity vector (21), ensuring consistent
toolpath tracking, while the inflow boundary conditions are enforced within the
ALE framework [31]. The time-step cutting procedure of Section 4.5 was also
automatically applied during the simulations to prevent overshooting of toolpath
points while maintaining computational efficiency.

Initially we report and comment results for material M4, for which the best
performances were observed. Figures 8, 9, and 10 illustrate snapshots from the
virtual printing process of the three objects with this material. During the initial
stages of printing (panels A–C), a common behaviour is observed regardless of
the objects geometry: the dominant, and practically the only significant, source
of stress arises from the extrusion and layer deposition processes. Owing to the
layer-pressing strategy, the flow of material from the nozzle generates high pressure
concentrations and plastic deformations in the surrounding material, leading to
yielding of the substrate layer and localized stress concentrations in its vicinity.
Due to their highly localized nature, these stresses have a limited impact on the
overall structural stability at this stage, although they contribute to shaping the
layer geometry. As the number of deposited layers increases (panels D–F), geometry-
dependent stress patterns begin to emerge, which need to be analysed separately.

In particular, for the square-base object Figures 8-D, E, F show that significant
stresses progressively develop along four helical bands wrapping around the object,
located approximately at the midspan of each side. Despite the high yield stress of
the material, both the stresses and the associated deformations increase and become
especially pronounced during the deposition of the final layers. This suggests that
the object may approach an unstable state if additional layers were to be printed.

For the elliptic geometry, as printing progresses, stresses tend to concentrate in
regions where the geometry exhibits marked changes in concavity, generally below
overhangs, as shown in Figures 9-D, E, F. Although these stresses, combined with
those induced by the extrusion process, induce some non-negligible deformations,
the structure remains stable throughout the printing process and it is able to pre-
serve the overall shape, owing to the high yield stress of the material.

Finally, in the case of the wavy object, stresses progressively concentrate along
multiple narrow helical bands wrapping around the object, particularly near the
re-entrant regions of the undulations (Figures 10-D, E, F). These stresses result
in increasingly pronounced deformations as printing progresses, nevertheless, this
structure appears overall more stable than the previously analysed objects. This is
likely because the undulated deposition of the layers enhances the stiffness of the
walls, jointly with the fact that the object has a tapered shape which narrows with
increasing height.

Figure 11 shows the final shapes of the three objects obtained under the best
printing material M4, along with the static yield stress distribution in the material
at rest. As can be seen, the numerical model is able to continuously capture the
evolution of the mechanical properties in the deposited layers, providing a process-
dependent and realistic representation of the mechanical response of the printed
objects.

5.2.4. Buildability and geometrical conformity predictions. A preliminary simula-
tion was carried out to evaluate the exact geometrical shape of the extruded fila-
ment using the printing and material parameters specified above. It is worth noting
that, for the extrusion of a single layer on a rigid substrate, using either the low-
est (τ0 = 1500 Pa) or the highest (τ0 = 12000 Pa) yield stress values considered
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(a) t = 3.18 s (b) t = 28.35 s

(c) t = 53.52 s (d) t = 78.69 s

(e) t = 103.87 s (f) t = 128.80 s

Figure 8. Virtual printing process of the square object, showing
the von Mises stress distribution.

in this study has a negligible effect on the final layer shape. Both values exceed
the minimum yield stress required for the material to maintain its shape under
gravity-induced stresses [34]. Consequently, also the time-dependent evolution of
the yield stress can be safely neglected in the single-layer simulation. In contrast,
for the multi-layer 3D printing simulations, the combined effect of static yield stress
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(a) t = 2.41 s (b) t = 21.23 s

(c) t = 40.04 s (d) t = 61.27 s

(e) t = 80.08 s (f) t = 94.31 s

Figure 9. Virtual printing process of the elliptic object, showing
the von Mises stress distribution.

and thixotropic behaviour becomes critical and it is expected to strongly influence
buildability.

Results provided the full 3D geometrical shape of the first layer, from which it
was possible to extract general information such as layer width w ≃ 15 mm and
layer height h ≃ 7 mm, as well as the full outline of the cross-sectional profile. The
latter can be utilized to construct what we will refer to as the reference geometry of
the three objects. The reference geometry represents the 3D shape that the object
would have if the material, immediately after deposition, experienced no further
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(a) t = 2.84 s (b) t = 21.03 s

(c) t = 38.99 s (d) t = 57.42 s

(e) t = 75.61 s (f) t = 93.81 s

Figure 10. Virtual printing process of the wavy object.

deformation under the weight of subsequent layers. Practically, this undeformed
geometry corresponds to a situation in which all layers have the same cross-section.
While this scenario is not achievable in practice, it serves as a valuable benchmark
for comparing deviations of the virtually printed geometries with respect to the
targeted shapes. This allows for the evaluation of the effects of material properties
on the overall deformation and stability of the printed object.

To create the reference geometry in Rhino 3D + Grasshopper, the filament
cross-sectional outline from the preliminary analysis is imported as a closed curve,
translated to align its centroid with the toolpath’s start, and by means of a sweep
operation, extruded along the toolpath itself (Figure 12-A, B). The reference ge-
ometries obtained for the three objects are represented in Figure 12-C, D, E also
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(a) Square object

(b) Elliptic object

(c) Wavy object

Figure 11. Static yield stress distribution at the end of the print-
ing process in the square, elliptic, and wavy objects.

indicating the position in which the section, to be used for the comparison with the
virtually printed objects, is extracted.

Figures 13 present a quantitative comparison between the reference cross-sections
and those obtained from the virtual printing processes for the square, elliptic, and
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(a) Single layer PFEM simulation (b) Sweep

operation

(c) Square

object

(d) Ellip-

tic object

(e) Wavy

object

Figure 12. Construction of the reference geometry for the elliptic
object (A, B). Subsequent extraction of the mid cross-sections for
the three resulting reference geometries (D–F).

wavy objects, respectively, using the different combinations of material parame-
ters defined earlier. Across all geometries, material performance plays a decisive
role in the stability of the printed objects. Low initial static yield stress and
slow thixotropic build-up result in pronounced early-stage deformations, whereas
increasing both parameters progressively enhances structural integrity and geomet-
ric fidelity.

For the lowest-performance material (M1), all objects experience rapid loss of
stability. The square object (Figure 13-A) collapses around the 14th layer. The
elliptic object (Figure 13-B) even sooner, losing stability and collapsing inward at
the 10th. The wavy object (Figure 13-C) tolerates deformation for a longer time
but still undergoes severe base folding and loss of shape by the 18th layer. Over-
all, this material is clearly inadequate for 3D printing regardless the considered
geometry.
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Figure 13. Comparison between reference and numerical cross-
sections for the three objects when printed with different materials.
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When the yield stress and structural build-up rate are increased to the values
of material M2, a modest improvement in buildability is observed. The square
object can be fully printed, but exhibits pronounced deformations (Figure 13-D),
and the final height underestimates the target one by approximately 8.6%. The
elliptic object sustains more layers than before, but collapses during the 18th layer
(Figure 13-E). Finally, the wavy object can be printed in full with material M2,
though also with noticeable deviations from the target geometry (Figure 13-F),
resulting in a relative height error of 1.5%.

A further increase in yield stress and structural build-up rate, as in material M3,
enables completion of the printing process for all geometries, although appreciable
deformation persists. The square object exhibits lateral displacements comparable
to the layer width (Figure 13-G) and a vertical height error of 3.57%, highlighting
how the overhangs introduced by twisting increase the difficulty of the process.
The elliptic object remains prone to inward bending, resulting in a visibly distorted
cross-section (Figure 13-H) and a vertical error of 1.89%. By contrast, the wavy
object shows good agreement with the target geometry (Figure 13-I), with only
limited residual vertical deformation of 0.61%, confirming its higher tolerance to
moderate material performance.

The highest-performance material (M4) yields the best overall results across all
objects, with printing successfully completed in every case. The square object,
however, still exhibits significant lateral displacements, comparable to the nozzle
width (Figure 13-J), and a vertical height error of 2.29 %, indicating that this
geometry remains challenging even under favourable rheological conditions. The
elliptic object shows improved performance, with a relative height error of 0.71 %,
although minor inward deformation is still observed (Figure 13-K). The wavy object
displays excellent agreement with the target geometry, with minimal distortions at
curvature transitions (Figure 13-L) and a total relative height error of 0.5 %.

Results are reported in Table 2 in terms of the number of layers at collapse (n)
or, in cases where all 20 layers are successfully printed, as the relative height error
(expressed as a percentage):

e
(%)
h =

href − hsim
href

× 100, (30)

where href = n ∗ h = 20 ∗ 7mm = 140mm is the target reference height, and hsim
is the total height of the simulated object after deposition of the final layer. While
the number of layers at collapse provides an indicator of buildability, the relative
height error offers a quantitative measure of the geometric conformity of the fully
printed object with respect to the intended design configuration.

Table 2. Virtual printing results for each material and geometry.
Reported values are the number of layers at collapse (n) and for
fully printed objects (n = 20), the relative height error eh (%).

Material Square Elliptic Wavy

M1 14 (-) 10 (-) 18 (-)
M2 20 (8.6%) 18 (-) 20 (1.50%)
M3 20 (3.57%) 20 (1.89%) 20 (0.61%)
M4 20 (2.29%) 20 (0.71%) 20 (0.50%)
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Overall, these results demonstrate that increasing the static yield stress and
the thixotropic build-up rate systematically enhances buildability. However, the re-
quired level of material performance is strongly modulated by geometric complexity.
A concise summary of buildability limits and geometric conformity as functions of
the static yield stress is reported in Table 3 for the different geometries. The ta-
ble also includes numerically derived indications for optimal support placement to
further improve geometric accuracy, as discussed in detail below.

Table 3. Summary of virtual printing results for different material
properties across the complex objects.

Square Elliptic Wavy

Stability threshold τ0 ≥ 6000 Pa τ0 ≥ 6000 Pa τ0 ≥ 3000 Pa
Geometrical conformity never acceptable τ0 ≥ 12000 Pa τ0 ≥ 6000 Pa
Sand support inside and outside mainly inside only outside

While the wavy object can be successfully printed with the intermediate material,
the square and elliptic objects require substantially higher rheological properties to
ensure both stability and acceptable geometric accuracy. Achieving such condi-
tions may be challenging in practice, thereby motivating the adoption of auxiliary
strategies.

One approach is to tailor the ink formulation in order to accelerate the fluid-
to-solid phase transition. For cementitious materials, this can be accomplished
by injecting accelerators or other chemical admixtures immediately upstream of
the nozzle, as implemented in so-called two-component (2K) printing systems [47].
Polymeric materials are generally less affected by these constraints, as their ther-
mally driven phase transition is typically much faster.

When modifying the material composition or setting kinetics is not feasible - as
in the case of clays or cementitious materials printed using one-component (1K)
systems - an alternative solution is the use of internal and/or external support
strategies to enable stable printing of more demanding geometries. For cement- or
clay-based materials, this commonly involves filling or surrounding the object with
sand during printing. In this context, numerical analysis is particularly valuable,
as it enables the identification of where support is most effective for each geometry.
The resulting recommendations on optimal support placement, derived from the
numerical simulations, are summarized in Table 3 and can substantially improve
final print quality while relaxing the requirements on the static yield stress.

6. Conclusions. This study demonstrates how high-fidelity, fluid-based simula-
tions can be extended to complex, multi-layer 3D printing processes, including
geometries with overhangs, twists, and height-varying cross-sections. Using the
Particle Finite Element Method (PFEM), both extrusion and layer deposition are
fully resolved without simplifying assumptions, enabling accurate representation of
near-nozzle effects such as local pressure increases and yielding, and thereby pro-
viding high-fidelity predictions of geometric conformity and buildability.

Faithful reproduction of intricate toolpaths in this advanced framework is non-
trivial. We therefore investigated the effects of toolpath discretization and time-step
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size on nozzle motion and developed two novel G-code optimization strategies - arc-
length resampling and adaptive time step cutting - which ensure precise and efficient
nozzle motion resolution, without globally reducing the simulation time step.

The approach was applied for modelling of complex parametric geometries, gener-
ated in Rhino 3D + Grasshopper and exported via G-code to the FEM environment.
Simulations were performed for progressively increasing material performance, re-
vealing how material behaviour and geometry jointly govern stability and shape
fidelity, while also enabling informed decisions on ink formulation and the use of
supports.

Overall, the framework retains its flexibility across a broad range of material
classes - from polymers to clays and cementitious inks - and can be further extended
to thermo-mechanical simulations, enabling high-fidelity modeling of thermoplastic
or glass-based extrusion processes.
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[38] F. Salazar, J. Irazábal, A. Larese and E. Oñate, Numerical modelling of landslide-generated

waves with the particle finite element method (PFEM) and a non-Newtonian flow model, Int.
J. Numer. Anal. Meth. Geomech., 40 (2016), 809-826.

[39] A. A. Samy, A. Golbang, E. Harkin-Jones, E. Archer, D. Tormey and A. McIlhagger, Finite

element analysis of residual stress and warpage in a 3D printed semi-crystalline polymer:
Effect of ambient temperature and nozzle speed, J. Manuf. Process., 70 (2021), 389-399.
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