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A B S T R A C T

Additive manufacturing technologies provide new opportunities for the manufacturing of components with
customisable geometries andmechanical properties. In particular, fused deposition modelling (FDM) allows
for customisable mechanical properties by controlling the void density and filament orientation. In this
work, a methodology is provided for the prediction of the mechanical properties and mesostructure of FDM
polymers. To this end, we propose a computational framework for the simulation of the printing process tak-
ing as input data specific manufacturing parameters and filament properties. A new two-stage thermal and
sintering model is developed to predict the bond formation process between filaments. The model predic-
tions are validated against original experimental data for acrylonitrile butadiene styrene (ABS) components
manufactured by FDM. A parametric study is finally presented to interpret the effects of different manu-
facturing parameters on the mechanical performance of ABS specimens. Overall, the proposed framework
offers new avenues for the design of 3D printed polymeric components with custom properties, directly in
terms of manufacturing settings.

© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Fused deposition modelling (FDM) is one of the most widely
used additive manufacturing techniques for rapid prototyping and
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composites components design due to its simplicity, high speed and
low cost [1]. FDMcomponents present inferiormechanical properties
comparedwithothertraditional techniquesduetotheporosityarising
fromtheprintingprocess. In addition, amarkedanisotropicbehaviour
is observed in FDM components, which is defined by the raster ori-
entation [1]. However, higher porosities can be an advantage in some
applications such as scaffold design in tissue engineering [1]. More-
over, FDM provides customisability of the mechanical properties by
controlling the voiddensity andfilament orientation. In addition, new
4D printing possibilities have been proposed to introduce functional
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responses in polymeric structures [2, 3]. Overall, FDM is a complex
process with a large number of parameters that influence the quality
and properties of the components [4].

At the macroscopic level, the structure of the FDM components
is composed of layers bonded together [5]. Each layer is composed
of polymeric filaments (rasters) partially bonded, and voids [5]. The
mechanical properties of FDM components are determined by the
material properties of the filaments, the void density and the fibre-
to-fibre bond strength. Void density and bond strength are, in turn,
determined by the bonding process between adjacent filaments that
take place during printing and, therefore, are influenced by the
printing and process parameters.

With the aim to understand the thermodynamics of the printing
process, some authors have modelled the bonding process during 3D
printing, obtaining the final geometry of the filaments as a function of
the printing parameters. Bonding is a process driven by the thermal
energy of the semi-molten material [5-7]. The formation and quality
of the bond depends on the neck growth, described by sintering, and
the molecular diffusion reached within it, see Fig. 1. Sintering is the
phenomenon involving the coalescence of particles and is driven by
two temperature-dependent properties: surface tension and viscos-
ity [8, 9]. To achieve a complete coalescence between filaments, it is
necessary to lower the viscosity sufficiently to enhance the flow of
the material. However, sometimes lower viscosities are not possible
without inducing thermal damage [10] and, therefore, the bonding
between filaments is not perfect, leading to the formation of voids
between rasters. In this regard, Bellehumeur et al. [5] and Sun et al. [7]
proposed a methodology to study the printing parameters influence
on the degree of bonding. To this end, both references combined a
thermalanalysisof theFDMprocess, fromwhich the temperaturepro-
file of the filamentswas predicted,with the sinteringmodel proposed
by Pokluda et al. [9].

In parallel to these efforts, several authors have proposed models
to predict the mechanical properties as a function of void ratio. Li et
al. [11] proposed a set of equations to determine the elastic constants
of FDM componentswhere the void ratio is estimated from analytical
expressions based on the cross-sectional geometry of the filaments.
Rodriguez et al. [12] developed a mathematical model to optimise
the mechanical performance of a component taking as input data the
geometry and void ratio. Althoughboth efforts provide potential tools
for the optimisation ofmechanical properties, previous experimental
measurements are needed as model inputs.

Fig. 1. Bond formation process through sintering: (1) surface contact; (2) neck
growth; (3) neck growth and molecular diffusion at the interface.

Parametric approaches for the identification of the mechani-
cal properties of FDM components have also been carried out. In
this regard, Sood and coworkers have developed empirical models
relating mechanical properties and printing parameters based on
central composite design [13, 14]. However, thesemodels do not link
mechanical properties with physical variables and are restricted to
specific printing parameters.

Therefore, models allowing for the simulation of the bonding pro-
cess during FDM printing are needed to provide estimations of the
structural and mechanical properties of the printed components.
In this work, a methodology is proposed for the prediction of the
mechanical properties of FDM polymers as a function of the void
density, raster orientation, and number of layers, taking as input data
manufacturing and material parameters, see Fig. 2.

Thiswork is structured as follows: Section 2 introduces amechan-
ical and mesostructural characterisation of FDM components as a
function of printing parameters, using acrylonitrile butadiene styrene
(ABS)material.Buildingontheseexperimentalobservations,Section3
introduces a two-stage thermo-structural model aimed at predicting
the final mesostructure of the filaments during the printing process.
Theoretical expressions for the prediction of the void density and
mechanical properties are described and validated in Section 4. This
methodology is then used for the prediction of the mesostructural
and mechanical properties of FDM components through end-to-end
simulations of the printing process in Section 5. Finally, the model is
leveraged to establish the influence of themanufacturing parameters
on the mechanical performance of FDM polymers.

2. Experimental characterisation of FDM polymers

Several authors have studied the influence of printing parameters
on the mechanical properties and void density of FDM components
[4, 10, 13, 15-21]. In particular, layer height and raster orientation
have been found of great importance [13, 19]. Higher elastic mod-
ulus and yield stress are observed for lower layer height [17]. This
improvement is accompanied by a decrease in the void density. Spec-
imens manufactured with a raster orientation of 0◦ (longitudinal)
with respect to the loading direction present the highest tensile
performance as the molecules tend to align along the stress axis
direction [20]. On the contrary, specimens manufactured with a
raster angle of 90◦ (transverse) present the lowest tensile perfor-
mance, since the loads are taken by the bond between filaments and
not by the filaments themselves [20].

In addition, the number of layers has also been identified as a key
parameter in the determination of the final mechanical properties.
A higher number of layers results in a higher temperature gradient
in the first layers. This leads to an increase in the diffusion process
between adjacent rasters, decreasing the void ratio and improving
the strength of the bond [13]. However, this can also lead to a greater
number of heating and cooling cycles and, therefore, can increase the
residual stress.

This section summarises the experimental program of this work,
whosemain goal is the interpretation of the influence of layer height,
raster orientation and number of layers on the mesostructural and
mechanical behaviour of FDM ABS. Further details on the material
andmanufacturing process of the specimens, as well as on the exper-
imental methods used, are provided in Supplementary Information
(Sections S1 and S2).

2.1. Void density and cross-sectional geometry dependencies on
manufacturing parameters

Two sets of specimens were tested: (i) two-layer specimens with
layer heights of 0.2 and 0.3 mm; (ii) 1.2 mm thickness specimens
with layer heights of 0.1, 0.2 and 0.3 mm. An analysis of the samples
was performed by means of micrographs of the cross-section using
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Fig. 2. Procedure to estimate structural and mechanical properties of FDM components.

a Scanning Electron Microscope. The resulting micrographs for the
second test are shown in Fig. 3 (the micrographs for the two-layer
specimens can be found in Supplementary Information, Fig. S1).

Although the material is extruded through a circular nozzle, dur-
ing the deposition, the flow of material is limited by the platform or
the previous layer deposited underneath and by the extruder above,
which also applies pressure during its movement (see Supplementary
Information, Fig. S2). The cross-section of a filament after the deposi-
tion can thus be modelled, as a first approximation, as two half-discs
and a rectangle. In this regard, the cross-sectional geometry ismainly
determined by the layer height and the line width (see Fig. 3c).

The void density of the different specimens was measured using
ImageJ software [22]. The void density is taken as the ratio of the
total area of voids to the cross-sectional area. Note that, since the
length of the filaments is the same as the voids’, the void density is
equivalent to porosity. In the case of the specimens with a thickness
of 1.2 mm, the measurements were made excluding approximately
0.4 mm of the specimen bottom thickness due to defects associ-
ated with 3D printer bed levelling, showing that the void density
increases with the layer height (see Supplementary Information, Table
S2). Although the void density of transverse specimens is greater,
these specimens are not completely aligned due to manufacturing
defects. This skewed mesostructure causes the appearance of small
voids at the contact point between the top and bottom fibres lead-
ing to a slight increase in void density. Moreover, comparing results
of the two-layer specimens to the specimens with a thickness of
1.2 mm, the values of void density are similar for each layer height.
As a conclusion, the void density is highly influenced by geometrical
printing parameters such as the layer height and line width.

2.2. Mechanical dependencies on manufacturing parameters

This section studies the influenceof layerheight, raster orientation
and number of layers on themechanical properties of FDM polymers.

To study the influenceof thenumberof layers, specimensmadeofone,
two and three layers were manufactured. The results can be found in
Supplementary Information (Table S3),where themaximumstress cor-
responds to the yield stress in the case of longitudinal specimens and
to the ultimate tensile strengths in the case of transverse specimens.

Longitudinal specimens show higher elastic modulus and max-
imum stress compared to transverse. Moreover, the comparison of
different layer heights shows that the elastic modulus andmaximum
stress decrease by up to 8% and 14%, respectively, when the layer
height increases from 0.1 mm to 0.2 mm. Furthermore, when the
layer height increases from 0.2 mm to 0.3 mm, the elastic modulus
andmaximum stress decrease by up to 6% and 4%, respectively. These
differences increase by up to 18% for transverse specimens. These
tendencies are explained by the mesostructural characterisation,
that shows an increase in void density with layer height. Similarly,
the elastic modulus and maximum stress decrease by up to 10% and
4% when a new layer is added, for longitudinal specimens. However,
an increase in the maximum stress by up to 25% is observed when
the number of layers increases for transverse specimens.

3. Modelling of bond formation between filaments

This section describes the coupled two-stagemodel used to simu-
late thebond formationbetweenfilamentsduring3Dprintingprocess
(see the dashed line box in Fig. 2). To this end, an algorithm is pro-
posed for the thermal model, based on the work by Costa et al. [23],
to predict the temperature evolution of the filaments depending on
the printing and material parameters. The predicted evolution of
temperature can then be used as input for a new sintering model
that describes the coalescence of adjacent filaments, providing the
mesostructural details of the final printed component. This model
extends thework by Pokluda et al. [9] and is governedby twomaterial
properties: temperature-dependent viscosity and surface tension.
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Fig. 3. Micrographs of the cross-sectional area of FDM structures with total thickness of 1.2 mm: (a) layer heights of 0.1 mm, (b) 0.2 mm and (c) 0.3 mm.

3.1. Thermal evolution during the 3D printing process

The temperature evolution of filaments during the 3D printing
process depends on thermal conditions such as environment, plat-
form and extrusion temperatures, as well as material properties and
printingparameters such as print speedor those that define the cross-
sectional area. In this regard, Thomas and Rodriguez [24] carried out
a 2D transient heat transfer analysis applied to a filament deposited
on a vertical stack. However, this model assumes a rectangular cross-
section and does not account for contacts between filaments. Other
authors have used the lumped-heat-capacitymethod to interpret the
cooling process of a single filament [5, 7] assuming that its diame-
ter is relatively small and, therefore, modelling the cooling process
as a 1D problem. Recently, Costa et al. [23] proposed a new analyt-
ical solution for the transient heat conduction during the printing
process in FDM techniques. The boundary conditions considered are
the contacts between filaments, between a filament and the support,
and the heat transfer with the environment. Thus, once the filament
is deposited, heat exchange occurs by convection with the environ-
ment and by conduction with the support and adjacent filaments.
Considering a filament segment of length dx, the resulting equation
can be rewritten as

qCA
∂Tr(x, t)

∂t
dx = −

(
hconvArconv(Tr(x, t) − TE) +

n∑
i=1

hiAri(Tr(x, t) − Tri(t))

)

(1)

where the axial heat conduction has been neglected due to the low
thermal conductivity ofmost polymers, the small cross-section of the
extruded filaments and the small thermal gradient along the axial
direction [25]. A more detailed description of this equation and its
derivation can be found in the work by Costa et al. [23]. In addition,
the definition of the variables used in Eq. (1) alongwith other relevant
model variables are summarised in Table 1.

The area of filament in contact with the filament r or with the
support can be expressed as a function of the fraction ki of the total
perimeter P as

Ari = Parikidx (2)

where i ∈ {1, . . . ,n} is each one of the contacts expressed in local
numbering as shown in Fig. 4.

Similarly, the area exposed to the environment can be expressed
by means of the total perimeter P as

Arconv = P

(
1 −

n∑
i=1

ariki

)
dx (3)

where the variable ari takes 1 if the filament segment r is in contact
with another filament segment or with the support, and 0 otherwise;
and n is the total number of physical contacts with other filaments.
For simplicity in this work, we assume that n ≤ 4. Taking Eq. (3)
and using the characteristic polynomial method [26], the analytical
solution for the time evolution of the filament temperature reads

Tr(x, t) = C1e

[
−Pb(ar1,...,arn)

qCA (t−tr(x))
]
+ Q(ar1, . . . , arn) (4)

where tr(x) is the time at which each filament segment is deposited,
the terms b(ar1, . . . , arn) and Q(ar1, . . . , arn) are functions that depend
on the existing contacts:

b(ar1, . . . , arn) = hconv

(
1 −

n∑
i=1

ariki

)
︸ ︷︷ ︸

K1

+
n∑

i=1

arihiki

︸ ︷︷ ︸
K2

(5)

Q(ar1, . . . , arn) =
hconv(1 − ∑n

i=1 ariki)TE +
∑n

i=1 arihikiTr i(t)
b(ar1, . . . , arn)

(6)

and the term C1 is defined as

C1 = Textr − Q(ar1, . . . , arn) (7)

where Textr is the extrusion temperature.
In the original work by Costa et al. [23], the algorithm imple-

mentation includes an iterative process to calculate the temperature
when two filaments are in contact. In this paper, the formulation is
rewritten in order to solve implicitly all temperatures at the same
time to avoid the iterative process. To this end, we take dx to spa-
tially discretise each filament in m segments. Here, Eq. (5) is divided
into two terms where the first term K1 defines the heat transfer by
convection with the environment per unit temperature, while the
second term K2 defines the heat transfer by conduction between
adjacent filament or support per unit temperature.

Combining Eqs. (4), (7) and (5), the evolution of filament temper-
ature can be expressed as

Tr(x, t) −
∑m

j=1 arjhjkjTr j(t)

K1 + K2

[
1 − eb(t−tr(x))

]
= Textreb(t−tr(x))

+
K1TE

K1 + K2

[
1 − eb(t−tr(x))

]
+

arsuppk1hsuppTsupp
K1 + K2

[
1 − eb(t−tr (x))

]
(8)

where b = −P(K1+K2)
qCA , Tsupp is the support temperature, hsupp is

the heat transfer coefficient between filament segment and support,
ksupp is the fraction of the perimeter in contact with the support, and
arsupp is a variable that takes 1 if there is contact between the filament
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Table 1
Nomenclature of the thermal model.

Nomenclature

Tr(x, t) Temperature at localisation x and time t of a given filament r (◦C)
Tri(t) Temperature of the filament or support i in contact with the filament r at time t (◦C)
TE Environment temperature (◦C)
Tsupp Support temperature (◦C)
Textr Extrusion temperature (◦C)
tr(x) Time at which filament segment x of the filament r is deposited (s)
P Perimeter of the cross-section (m)
A Cross-sectional area (m2)
Arconv Area exposed to the environment for filament r (m2)
Ari Area of contact i for filament r (m2)
dx Filament segment length (m)
hconv Convective heat transfer coefficient (W/m2◦C)
hi Heat transfer coefficient of contact i (W/m2◦C)
C Specific heat capacity (J/kg ◦C)
q Density (kg/m3)
n Number of physical contacts with adjacent filament segment or support

element and the support, and 0 otherwise. Ultimately, the expression
in its tensorial form reads as a linear system of the form

A •T = B (9)

where Amm and Bm1 are all the temperature-dependent and
-independent, respectively, terms of Eq. (8), and Tm1 is the
temperature at each point. Note that Eq. (9) is defined for each time
increment.

3.2. Thermodynamics of the sintering process

Sintering is defined as the coalescence of particles under the
action of surface tension [8, 9]. This process takes place at temper-
atures above glass transition Tg when the material is in a viscous
or rubbery state. However, experimental observations suggest that
most of the neck growth occurs during the first stage of the process,
at temperatures above a critical sintering temperature (about 200 ◦C
for ABS) [5, 6]. Thus, the evolution of the temperature plays a crucial
role in the determination of the final mesostructure and quality of
the printed components.

In the case of amorphous polymers, such as ABS, experimental
studies have led to the conclusion that the sintering mechanism is
essentially a Newtonian viscous flow where surface tension is the
main driving force [27]. In this regard, different analytical models
have been proposed in the literature to predict the rate of poly-
mer sintering [9, 28-30]. Pokluda et al. [9] developed an analytical
sintering model to describe the coalescence between two spherical
particles based on the work balance of surface tension and viscous
dissipation, where all other forces, including gravity, are neglected.
Although the model has been used to describe the sintering process

Fig. 4. Contact areas and heat flows of a single element.

during FDM processes [5, 7], this approach presents important limi-
tations related to the geometry of the filament cross-section. In this
paper, we propose a newmodel based on the methodology proposed
by Pokluda et al. [9] but considering realistic geometry based on
experimental observations (see Supplementary Information, Fig. S2).

Fig. 5 describes an idealised sintering process occurring during
FDM where the layer height H0 and length of each filament are
assumed constant during the process. At initial time t = 0, the
cross-section geometry is composed of two half-discs with a radius
equal to H0

2 and a rectangle with an initial width w0 (this width is
referred to as “line flat” in Fig.S2). At this point in time, there is only
one contact point between the two filaments. With the evolution of
the process, the centres of the contacting half-discs move towards
the initial contact point O, producing the intersection of both half-
discs, where h(t) is the angle of the intersection and y(t) is the radius
of the neck (see Fig. 5).

In addition, w(t) evolves with time so that conservation of mass
is satisfied during the sintering process. The complete mathematical
formulation of the sinteringmodel can be found in the Supplementary
Information (Section S3). The evolution of the angle of the intersec-
tion is obtained from a work balance of surface tension and viscous
dissipation, where all the other forces are neglected.

The work of surface tension is defined as

Ws = −C(Tr(x, t))
dS
dt

(10)

where C(Tr(x, t)) is the temperature-dependent coefficient of surface
tension and S the surface of the system. Therefore, the resulting work
of surface tension is obtained as

Ws = C(Tr(x, t))H0L0 (cos(2h) + 1)
dh
dt

(11)

On the other hand, considering a Newtonian fluid, the work of
viscous forces is expressed as

Wv =
∫∫∫

V
g(Tr(x, t))∇u̇ : (∇u̇+ ∇u̇T )dV (12)

where ∇u̇ is defined as the spatial gradient of the velocity vector
field, V is the volume of the system and g(Tr(x, t)) is the temperature-
dependent coefficient of viscosity.
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Fig. 5. Shape evolution during sintering.

Consequently, the dissipated energy reads

Wv = 4g(Tr(x, t))

(
p

(
H0

2

)2

+ H0w0

)

×L0

(
−H0

2 sin(h(t)) + H0
8 − H0 cos(2h(t))

8
H0
2 + w0

2

)2
d2h(t)
dt2

(13)

Finally, the evolution of h(t) is obtained by equating the work of sur-
face tension to the viscous dissipation. This derivation of h(t) assumes
that the variation of the angle of the intersection with time is always
positive, so that

dh(t)
dt

=
C(Tr(x, t))H0

4g(Tr(x, t))
2 cos (h(t))2(

p
(
H0
2

)2
+ H0w0

)(
− H0

2 sin(h(t))+
H0
8 − H0 cos(2h(t))

8
H0
2 +

w0
2

)2

(14)

where Tr(x, t) is the temperature of the filament that evolves with
time.

Once the evolution of sintering angle is known, the evolution of
the neck radius y(t) with time can be obtained as

y(t) =
H0

2
sin(h(t)) (15)

This model was numerically implemented in Matlab, where the
integration method Runge-Kutta-Fehlberg was used to solve the
differential Eq. (14).

3.3. Thermal-sintering coupling

In the original model proposed by Costa et al. [23], the perime-
ter of the filament cross-section as well as the contact fraction are
assumed constant during the printing process. However, these evolve
with the sintering process. Therefore, both thermal and sintering
models are fully coupled as follows: (i) the thermal part of the
model calculates the temperature of the filament segments Tr(x, t)
taking into account the contacts between them andwith the support;
(ii) this calculated temperature is used by the sintering part of the
model to compute the sintering necks between filament segments
y(t); (iii) the computed sintering necks are used to determine the
updated contacts between filaments and support kri(x, t) in the
thermal part of the model.

In this regard, we consider that when the deposition of a new
layer begins, the temperature of the previous layer is far below
the critical sintering temperature and, thus, the sintering process
between layers does not take place any longer. In other words and
according to Fig. 4, the sintering process can take place between each
filament segment and their contacts 2 and 4, while the process for
contacts 1 and 3 can be neglected. The different expressions for the
perimeter of the filament segment and the contact fraction evolution
can be found in Supplementary Information (Section S4).

However, as stated before, one simplification of the model may
consider the fraction contact perimeter as a constant, allowing to

significantly reduce computational costs. With the aim of evaluat-
ing the suitability of this simplification, we performed a comparative
study of the simulations provided by this approach and the results
provided by the full model. The comparison of both approaches can
be found in Supplementary Information (Section S5). The differences
between both are lower than 2% in terms of angle of intersec-
tion. Therefore, we assume this simplification hereafter to avoid
unnecessary high computational cost.

4. Modelling of the mesostructure of FDM components and
theoretical predictions of mechanical properties

The two-stage thermo-structural model presented in the previ-
ous section allows for the simulation of the bonding process as well
as for the prediction of the final geometry of the mesostructure. The
void density can be easily determined from the final geometry of
the filaments and their arrangement. These structural characteristics,
together with the properties of the material, determine the mechan-
ical performance of the final FDM component and, in particular, the
Young’s modulus and maximum stress reached. In this section, the
void density (i.e., porosity) and the resulting mechanical properties
are derived through analytical expressionsmaking use of the outputs
of the two-stage model.

4.1. Analytical modelling for void density estimation

The void density is defined as the ratio of the area of voids to
the cross-sectional area. Assuming that the sintering process is sym-
metric, only half of each adjacent filament is considered, see Fig. 6a,
where d = H0

2 cos(h(t)).
The void density can thus be calculated from experimental mea-

surements of the neck diameter and width as

qvoids =
H0

2 cos(h(t)) −
[
p
(
H0
2

)2 −
(
H0
2

)2
(2h(t) − sin(2h(t)))

]
H0w(t) + H0

2 cos(h(t))
(16)

A comparison between experimental results and analytical predic-
tion can be found in Supplementary Information (Section S6).

4.2. Analytical modelling for mechanical properties estimation

The main challenge in FDM is the determination of the influence
of the printing parameters on the mechanical properties. Numerous
semi-analytical and theoretical relationships have been proposed in
the literature to determine the dependence of mechanical properties
on porosity. These equations are usually classified into linear, power
or exponential mechanical properties-porosity relationships [31]. In
this subsection, phenomenological expressions for the Young’s mod-
ulus and maximum stress are proposed as a function of two struc-
tural parameters: the number of layers Z and the void density qvoids.
The choice of these analytical expressions was motivated by the fol-
lowing points. They first need to be consistent with the limit cases of
no voids and no polymeric material. In this regard, if qvoids is equal
to zero (perfect bonding), the values of Young’s modulus and maxi-
mum stressmust be the properties of the virginmaterial. Conversely,
if qvoids is equal to 1 (100%), i.e., no material, the values have to be
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Fig. 6. Final cross-section geometry of a filament.

zero. Secondly, as informed by the experimental results, a linear ten-
dency with the void density can be observed (defined by the printing
parameters) while an asymptotic tendency is expected as the num-
ber of layers increases. The proposed formulations are defined here
so as to fulfill these requirements while simplifying their analytical
form. According to these assumptions, analytical expressions for the
polymeric mechanical properties for longitudinal raster orientation
are chosen as

Elong = E01

(
e
[
(1−qvoids)

CE Z
]
− qvoids

)
+ E02 (1 − qvoids)

slong = s01

(
e

[
(1−qvoids)

C1s ZC2s
]

− qvoids

)
+ s02 (1 − qvoids) (17)

where E01, E02, s01 and s02 are material parameters related to
the Young’s modulus and maximum stress. These parameters are
constrained by the condition that Elong = E01e + E02 and
s long = s01e + s02, corresponding to the values specified in the
datasheet of the ABS filament respectively. The parameters CE and
C1s control the sensitivity of the mechanical properties with respect
to the number of layers, and need to be calibrated from experimen-
tal results. Finally, C2s = ±1 controls the sign of the asymptotic
tendency experimentally observed by the maximum stress with
the number of layers for each raster orientation. In addition, if the
number of layers tends to infinity, the mechanical properties are
Elong = (E01 + E02)(1 − qvoids) and s long = (s01 + s02)(1 − qvoids),
respectively.

Regarding the properties for transverse raster orientation, they
can be obtained as a multiple of the longitudinal ones by making use
of empirical factors f such that

Etrans = f1Elong
strans = f2slong (18)

The material parameters were calibrated (using the Matlab func-
tion fminsearch) against the experimental results of FDM ABS. The
optimised parameters are shown in Table 2.

5. Results and discussion

5.1. End-to-end simulations of the printing process

The methodology proposed in this work is used to predict the
final characteristics of FDM components (see Fig. 2). First, specific
material and printing parameters are taken as inputs for the thermo-
structuralmodel, in turn providing the temperature evolution of each
filament. Once the evolution of the filament temperature has been
obtained, this is taken as input to predict the neck growth between
filaments. At this stage, the void density can be predicted from the
final geometry of the filaments using the theoretical expression in
Eq. (16).

We provide in Supplementary Information (Table S7) the model
predictions of the void densities computed for the different configu-
rations used in thiswork. In addition, details on themodel parameters
used in these simulations are provided in Supplementary Information
(Section S7). Although the presentmodel is able to predict all the qual-
itative tendencies between printing parameters and resultant void
density, it still needs further development to faithfully reproduce the
full printing process. In this regard, the model proposed assumes a
symmetric shape and the same temperature distribution inside the
filament cross-section. Furthermore, the two-stage model does not
consider the pressure of the extruder during the material deposition
or the asymmetric temperature distribution inside the cross-section
of the filaments [10]. These effects result in an asymmetric shape of
the bond between filaments and a flattening on the top of filaments
(see Fig. 3). These specific aspects must be addressed in future work
to provide more accurate results.

Finally, the mechanical properties can be predicted from the void
density estimations and the mechanical properties of the virgin FDM
ABS. These results (model predictions) are compared against the
experimental data in Fig. 7 (results for a transverse raster orientation
are shown in Supplementary Information, Fig. S6). The model captures
the different trends as a function of the void density and layer height
with an error smaller than 14%. The only case of study with a larger
error than 14% is the prediction of the elastic modulus for the lon-
gitudinal three-0.1 mm-layer specimen. This result can be explained
by an overestimation of the void density.

Although the methodology proposed in this work has only been
applied to FDM ABS, the formulation of the model permits its
application to other thermoplastics. To do so, one would need to
identify first the material properties used as input data in the model
(according to Fig. 2): thermal properties, viscosity, surface tension

Table 2
Model parameters for theoretical modelling of mechanical properties.

CE C2sLong C2sTrans C1s E01 (MPa) E02 (MPa) s01 (MPa) s02 (MPa) f1 f2

23 1 −1 21 318 1497 6 31 0.94 0.45
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Fig. 7. Comparison between experimental mechanical properties (with error bars)
and predictions for longitudinal specimens.

and the mechanical properties of the virgin material. These mate-
rial properties along with printing parameters can be used as input
to provide the mesostructural features of the printed component.
To complete the framework and provide the final mechanical prop-
erties, characterisation tests on the specific material are needed to
calibrate the parameters of the analytical expressions.

This proposed methodology allows for the prediction of the het-
erogeneous porosity distribution within the printed component as a
result of thermal spatial gradients during themanufacturing process.
However, to reduce computational cost and without loss of general-
ity,wehave assumed a representative filament-to-filament condition
to provide a homogenised component porosity as a first approxima-
tion. This limitation can be overcome in future work by increased
computation efficiency, e.g., by parallelisation of the code.

5.2. Parametric study of the influence of printing and process
parameters

The methodology proposed in this work allows for the simulation
of the bonding process during printing and the estimation of void
density and mechanical performance of a specific FDM polymeric
component depending on the printing and process parameters. It is
consequently possible to find the optimal parameters to obtain a spe-
cific set of mechanical properties depending on the final application.
Note that if the choice of the printing parameters is not aligned with
the recommended working conditions, the temperature within the
filaments can, for example, rapidly decrease below the glass tran-
sition, interrupting the sintering process. This will result in a poor
angle of intersection suggesting a bad quality of the component. For
example, by decreasing the extrusion and environment temperature,
one can observe (both numerically and experimentally) a bad adhe-
sion between filaments leading to poor mechanical properties. Thus,

while the proposed model is not per se designed to identify the rec-
ommended working conditions, it can still offer insights into which
conditions should not be acceptable.

Thus, in order to show the potential of the methodology pro-
posed, a parametric study of the influence of printing and process
parameters on the mesostructural and mechanical properties of the
FDM ABS has been developed in this section. The reference parame-
ters are chosen to be the ones used in the previous subsection for a
longitudinal specimen with two layers with heights of 0.3 mm. The
results in terms and mechanical properties are shown in Fig. 8 (the
results in terms of void density can be found in the Supplementary
Information, Fig. S7).

Themodel results show that theparameterwith the greatest influ-
ence is the layer height, decreasing the void density bymore than 97%
when the layer height goes from 0.3 to 0.1 mm. In addition, higher
environmental or support temperature lead to lower void densities.
In this regard, note that for an environmental temperature of 90 ◦C,
near the support temperature (100 ◦C), the void density decreases
by up to 53%. Finally, when the printing speed is increased, the per-
centage of voids density slightly decreases. However, although the
manufacturing time and void density decrease, a loss of dimensional
accuracy is expected when the printing speed is increased.

As all the cases simulated have two layers, higher mechanical
properties are obtained for those with lower void density. Thus,
considering the reference layer height (0.3 mm), the elastic modulus
and themaximumstress both increase by 9% in average for a decrease
of layer height to 0.2 mm, and 33% in average for a decrease of layer
height to 0.1 mm. These tendencies are in qualitative agreement
with the experimental results (see Supplementary Information, Table
S3) where the elastic modulus and maximum stress increase by 3%
and 2%, respectively, when the layer height changes from 0.3 mm to
0.2 mm, and by 13% and 14% when the layer height changes from
0.3 mm to 0.1 mm. Moreover, following the same tendency observed

Fig. 8. Influence of printing and process parameters in the mechanical properties.
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for void density, the mechanical properties increase by up to 7% for
an increase of environmental temperature of 90 ◦C.

6. Conclusions

In this work, a newmodellingmethodologywas presented for the
prediction of the mechanical performance of FDM components. This
modelling tool makes use of manufacturing parameters and filament
properties and outputs themechanical properties andmesostructure
of the printed components.

First, an experimental characterisation was carried out to study
the influence of three printing parameters on the void density and
mechanical performance of ABS components: layer height, raster
orientation and number of layers. Higher elastic modulus and max-
imum stress are observed for lower layer heights and longitudinal
raster orientation. This improvement is accompanied by a decrease
in the void density. Moreover, increasing the number of layers leads
to lower mechanical properties, with the exception of the maximum
tension for transverse components.

A new implementation of the thermal model developed by Costa
et al. [23] was presented to predict the temperature evolution of
filaments. In addition, a new sintering model was developed by
consideringafilamentgeometrybasedonexperimental observations.
The two-stage model allows for the estimation of the final cross-
sectional geometry of filaments.

Moreover, theoretical expressions were developed to predict the
void density andmechanical properties taking as inputs manufactur-
ingparameters, filamentproperties andoutputs fromthe thermal and
sintering models. The model predictions reproduce the tendencies
observed in experimental results.

Finally, a parametric study was conducted to illustrate the poten-
tial of the proposed model for the optimisation of FDM components.
This study points to the layer height and environment temperature
as the most relevance manufacturing parameters.
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