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Abstract
Polymeric matrix composites (PMCs) have gained increasing relevance in different industrial applications and their employ-
ment results to be a necessity in the production of lightweight structures. The manufacturing solutions, which allow to 
properly shape PMC panels, need molds for shaping the material reducing the process flexibility. In this context, the single 
point incremental forming (SPIF) could be a valuable process solution if properly customized to the PMC properties. Herein, 
a possible process variant is introduced and its capability in forming long fiber–reinforced thermoplastics was evaluated. 
To achieve this aim, a numerical model was implemented focusing the attention, first, on the material properties that have 
to be considered for a proper model construction. The performed numerical simulations showed the applicability of SPIF 
to shape PMC sheets. Furthermore, the executed simulations pointed out the influences of some variables on the quality of 
the formed parts showing possible arising of defects, such as wrinkling and rippled surfaces, at different process conditions 
and providing a first proof of concept of the proposed working solution.
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1 Introduction

Modern manufacturing systems are characterized by the 
increasing demand of customized products and, therefore, by  
the request of flexible processes, which can allow the time 
to market reduction and a higher customer’s satisfaction.

The single point incremental forming (SPIF) is a pro-
cess in which flexibility has represented its main point of 
strength, today more than ever due to the current produc-
tion system, especially when small batches or prototypes 
have to be produced. The process does not require any dies 
to impress the desired shape to the sheet, but the controlled 
movement of a forming tool allows a local, continuous, and 
plastic deformation of the material [1]. SPIF was first car-
ried out for shaping metal sheets [2], but its application was 
then extended to other materials, like polymers [3] and com-
posites [4], due to the increasing necessity of a cost-efficient 
production of high-quality lightweight components. In fact, 
in some sectors, such as aerospace, automotive, biomedical, 

and rapid prototyping, these materials have gained great 
attention owing to their specific properties.

When polymers have to be processed, heat and pres-
sure are the main parameters to set if conventional tech-
niques are performed (i.e., thermoforming, injection, and 
blow molding), and mostly, the temperature, since its value 
influences the material flow (molten or rubbery state), as 
well as the transition phases and the material degradation. 
The first reported attempt of forming a polymer by SPIF 
is attributed to Franzen et al. [5]. The authors performed 
the process at room temperature on commercial polyvinyl-
chloride (PVC) sheets investigating the main parameters and 
the formability limits, and geometry accuracy of the shaped 
conical parts. The mechanisms that cause the failure modes 
were also identified. Furthermore, forming limit diagrams 
were built determining the material formability. Finally, the 
dimensional accuracy of the manufactured parts and the 
color variation of the processed polymer were evaluated, 
too [3]. Le et al. [6] and Silva et al. [7] performed SPIF, on 
polypropylene (PP) and PVC sheets, respectively, aiming to 
deeply investigate the influence of the main process parame-
ters and their interaction during the forming phase. Marques 
et al. [8] extended their experimental results on four differ-
ent thermoplastic polymers evaluating the formability limits, 
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identifying the failure modes, and explaining the stress state, 
which was mainly related to the tool radius. Davarpanah 
et al. [9] examined how some process parameters, specifi-
cally the step depth and the tool speed, affect the experimen-
tal results in terms of failure (tearing and wrinkles), pointing 
out that the greater the depth is, the greater the formability 
is. In addition, the monitoring of the forming forces allowed 
understanding when the transition from tearing to wrinkling 
occurs. Also, Bagudanch et al. [10] focused the attention 
on the forces which decrease during the process, when the 
rotational speed of the tool increases. The authors tried to 
predict forces by using a model used for metals, but accu-
rate results were not obtained. Finally, Conte et al. [11] and 
Ambrogio et al. [12] performed hot SPIF processing sheets 
of different thicknesses made of a polymer characterized by 
a glass transition temperature above the room temperature. 
Analyzing what already published, it is possible to state that 
experimental research was, therefore, performed, mainly.

Concerning the research activities based on finite element 
(FE) analyses, Sy and Nam [13] examined the deformation 
of PP sheets by numerical simulations, aiming at predict-
ing the springback and thickness variances. A numerical 
investigation was carried also out by Medina-Sanchez et al. 
[14] for predicting axial forces by using a FE method, which 
considers a hyperelastic-plastic constitutive equation, and a 
simple semi-analytical model that extends the known spe-
cific energy concept used in machining.

Simultaneously, researchers focused their attention also 
on reinforced polymeric matrices, in other words on poly-
mer matrix composites (PMCs), owing to their great per-
formances and their increasing application in several fields. 
SPIF, being a versatile and flexible process, well adapts to 
the downstream workability of composites, even though 
limited studies have been carried out considering the wide 
variety of composites and properties to consider. Fiorotto 
et al. [4] presented a preliminary study on the applicability 
of SPIF directly to composite materials. The main observed 
problems were related to the difficulty of deforming plasti-
cally the composite and to the removal of the resin from the 
sheet surface due to the action of the forming tool. There-
fore, the authors decided to use diaphragms made of two dif-
ferent materials for improving the formability, for correctly 
shaping the component, and for avoiding the development 
of wrinkles. Conte et al. [15] investigated the workability by 
SPIF of polyamide-6 (PA 6) reinforced with short glass fib-
ers. The process was carried out using an aluminum dummy 
sheet, which is in direct contact with the forming tool, and 
acts as a support to facilitate the composite shaping without 
ruining its surface. Furthermore, considering the preliminary 
studies carried out by the authors [16], a heating source was 
included in the equipment to allow the material deformation 
guaranteeing the process temperature monitoring. Material 
formability, thickness distribution, and part accuracy were 

analyzed, and the influence of the main process parameters, 
such as wall angle, step depth, and process temperature, was  
examined [17]. Davarpanah and Malhotra [18] focused on 
the feasibility of forming polymer-metal laminates by SPIF. 
Experiments allowed them to observe three failure modes, 
such as delamination, tearing, and polymeric surface galling. 
Al-Obaidi et al. [19] applied an innovative method based 
on SPIF assisted by a hot air heating for producing medical 
implants made of glass fiber–reinforced polymers (GFRPs). 
Specifically, the glass fibers were placed between two Tef-
lon layers and protected with two dummy metal sheets 
from the tool and from the heating generated by friction. 
The authors observed and analyzed cracks and voids and 
aimed at demonstrating that the matrix melting could be 
reduced, as well as the distortion of the final cone-shaped 
part. Torres et al. [20] experimented the formability of a 
composite material made of a biodegradable thermoplas-
tic matrix reinforced with short natural fibers introducing a 
heated fluid to facilitate the formability. Recently, Xiao et al. 
[21] developed a hybrid technique based on SPIF for shap-
ing carbon fiber–reinforced plastics (CFRP). A mild steel 
layer was applied over the CFRP acting as a dummy sheet 
for supporting the deformation of the underlying composite. 
Furthermore, a FE model based on mesoscale dimensions 
was built and the results compared with the experiments, 
demonstrating that the simulation can accurately predict the 
deformation.

The study of the scientific literature highlighted a lack of 
knowledge on the numerical analysis of SPIF when composites 
are processed and, furthermore, the research was performed 
mainly on polymeric matrices reinforced by short fibers. The 
authors aimed at filling up this gap by formulating a numerical 
model, which can be useful in the analysis of SPIF on PMC, if 
long fibers are utilized as reinforcement in a thermoplastic resin. 
Specifically, once defined the model and discussed its character-
istics, the feasibility of SPIF on long fiber–reinforced thermo-
plastics was analyzed, numerically. The model was built con-
sidering the experimental idea proposed by [20], who included 
a fluid in the working zone for a uniform distribution of the heat 
on the processed material. Moreover, the authors of this work 
took also into account the equipment’s scheme they presented 
in [22]. Herein, the pressure of a fluid was controlled inside 
a hermetic chamber employing an expansion tank and relief 
valves to allow PMC and dummy sheet to be in contact during 
the forming phase. It is worth pointing out the importance and 
the role attributed to the dummy sheet for the process dynamics, 
in addition to what first highlighted by Fiorotto et al. [4], since 
this metallic diaphragm permits the composite blank to be not 
clamped to the SPIF frame, allowing its formability despite this 
is reinforced by long fibers. The proposed idea does not affect 
the process flexibility that is the main advantage of SPIF, if this 
process is compared to the traditional stamping of sheet. Indeed, 
the higher process costs, related to the equipment’s components 

1204 The International Journal of Advanced Manufacturing Technology (2022) 123:1203–1214



1 3

and to the wasted metallic sheet, can be justified considering 
that components made of long fiber–reinforced composites are 
produced.

2  Numerical model

2.1  Material implementation and configuration 
of the PMC sheets

The FE model was developed starting from a proper material 
model to be implemented for the definition of the virtual com-
posite sheet. This sheet is made of GFRP. The PP, whose form-
ing temperature is around 220 °C, was chosen as the matrix, 
considering its hygroscopic characteristics for a next experi-
mental validation of the proposed process configuration. Long 
E-glass fibers, not stitched in the prepreg laminas, are the type 
of reinforcement. The volume fraction of the fibers in each 
lamina is 60%. The virtual composite sheet was built consid-
ering an overlapping of laminas, moving from unidirectional 
to quasi-isotropic conditions. The investigated configurations 
are described in Table 1.

The mechanical properties of the lamina at the working 
temperature are reported in Table 2.

Laminas are set considering their linear elastic properties 
and implementing the Hashin’s damage model [24] to study 
the matrix and\or fiber failures. This is a quadratic stress-based 
failure model able to predict four different damage initiation 
mechanisms, which involve fiber tension, fiber compression, 
matrix tension, and matrix compression by means of four dif-
ferent quadratic relations [25]:
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 are components of the effective 
stress tensor [ ̂�] , while XT , XC , YT , YC , SL , and ST denote 
the longitudinal tensile strength, the longitudinal compres-
sive strength, the transverse tensile strength, the transverse 
compressive strength, the longitudinal shear strength, and 
the transverse shear strength respectively. When one of 
these relations meets a value of 1.0, or higher, the respec-
tive failure mode occurs. The Hashin’s damage evolution 
was defined by setting the fiber tensile/compressive fracture 
energy and the matrix tensile/compressive fracture energy 
to capture the behavior of the material after one or more 
damage initiation criteria [26]. The parameters of the con-
stitutive damage model of the lamina were set according to 
[27]. However, since these parameters are available at room 
temperature, and considering that the virtual working tem-
perature is 220 °C, the Saafi’s model [28] was implemented 
to scale them, proportionally, considering the reduction fac-
tors kf  and kE , respectively, for the strength properties and 
for the elastic moduli:

By doing so, the damage initialization and evolution were 
also considered in the analysis. The dummy sheet employed 
as a cover is a 2-mm-thick aluminum alloy (AA-6056). The 
plasticity behavior of the AA-6056 sheet was modelled 
according to the Johnson-Cook formulation:

with the material parameters, reported in Table 3, that were 
taken from [29].
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Table 1  Configuration of GFRP panels

Laminate sequences Diameter (mm) Lamina 
thickness 
(mm)

Laminate 
thickness 
(mm)

[0/0/0/0]s 160 0.25 2
[0/45/-45/90]s 160 0.25 2
[0/90/0/90]s 160 0.25 2

Table 2  Mechanical properties of the utilized prepreg [23]

Parameters 220 °C E11 E22 μ12 G12 G23
Value 2.5 GPa 0.5 MPa 0.35 0.2 MPa 0.2 MPa

Table 3  Johnson-Cook parameters for the AA-6056 [29]

A (MPa) B (MPa) n C m Tmelt (°C)

335 158 0.2143 0.0275 0.377 580
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2.2  Numerical model of the process

The finite element model of the proposed SPIF process  
was performed by the FE commercial code Abaqus/CAE. 
Figure 1 shows the assembly cross-section of the FE model 
based on the process strategy previously described.

In detail, the rotating forming tool, modelled as a rigid 
body, is in contact with a squared aluminum blank char-
acterized by a 200 mm side and fixed in the periphery 
on a steel frame modelled as a rigid body. A Coulomb’s 
friction coefficient of 0.1 was considered between the tool 
and the metallic sheet [30]. The outer edge of the GFRP 
panel beneath the metallic blanks is fixed along the ver-
tical direction and subjected to the hydrostatic pressure 
simulating the presence of a pressurized fluid. A constant 
pressure was applied under the GFRP plate, as shown in 
Fig. 2. A frictionless approach was used between the two 
sheets, which were modelled as deformable bodies using 
shell elements (S4R). The Simpson’s integration rule 
with 5 integration points was modelled along the thick-
ness direction, and about 5000 elements for the aluminum 
diaphragm and 6500 elements for the GFRP sheet were 
employed. An explicit solver with time and mass scaling 
was utilized to speed up the simulation time. Specifically, 
a semi-automatic mass scaling was implemented with a 
target time increment equal to 2e-6 s. The toolpath was 
defined by three tabular amplitudes while the total simula-
tion time was imposed equal to 6 s.

2.3  Investigated process variables

A truncated cone was numerically formed. The cone is char-
acterized by a slope angle of 30°, a final height of 25 mm, 
and a base diameter of 100 mm. The effects on the quality 
of the formed parts, focusing the attention on surface qual-
ity, shape accuracy, and/or local thinning of the sheet, were 
evaluated by changing the following:

1. The configurations of the GFRP panels as previously 
reported in Table 1.

2. The value of the pressure on the back face of the GFRP 
panels. Constant values from 0.01 to 0.2 MPa during the 
whole forming phase were evaluated.

3. The initial shape of the GFRP panels to be formed.
4. The path direction of the forming tool. Specifically, 

the strategy by using clockwise and counterclockwise 
movement of the forming tool between two subsequent 
coils for the entire trajectory path was compared to the 
traditional strategy, which is characterized by the same 
direction of the tool movement for the whole process.

3  Results of the FE simulations

This section deals with the analysis of the numerical results 
obtained by the performed simulations on the described 
SPIF process. Specifically, the three different configurations 

Fig. 1  Cross-section view of the 
FE model

Tool

Rigid support

Aluminium blank

GFRP blank

Fig. 2  Boundary conditions and loads of the FE model
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of the GFRP panels were evaluated in terms of formability, 
thickness distribution, and shape accuracy. Subsequently, the 
influences of back pressure in terms of magnitude and appli-
cation methodology, initial shape of the panels to be formed, 
and tool’s movement direction were investigated on the most 
challenging configuration that, considering the formability 
defects, was the quasi-isotropic conditions of the panel.

3.1  Analysis on the sheet configurations

Figure 3a reports the back side of the GFRP sheets for the 
three investigated configurations. These analyses were per-
formed setting a low back pressure of 0.01 MPa. The traced 
circumference represents the ideal shape of a section of 
the truncated cone if a homogeneous sheet movement is 

Fig. 3  Comparison of a thickness distribution and b shape accuracy for an imposed back pressure of 0.01 MPa for the three panel configurations
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achieved during the forming phase. Representations of the 
surface quality and of the thickness distribution for each 
configuration were also illustrated. The influence of the dif-
ferent properties of the formed sheets is evident considering 
the shape, the surface, and the thinning of the conical part. 
Specifically, starting from the unidirectional configuration 
[0,0,0,0]s, the anisotropic properties of the sheet result in a 
non-homogeneous sheet movement. Indeed, the long fibers, 
aligned along the x-axis, provide higher strength to the sheet 
along this direction. This results in a more relevant sheet 
movement along the y-axis obtaining an elliptical shape of 
the formed section. The thinning of the sheet for this configu-
ration results to be restrained along the side of the truncated 
conical shape and slightly notable just on its top, where a 
maximum true strain of around 0.15 (absolute value) was 
observed. Concerning the sheet movement, the same behav-
ior can be observed for the configuration [0,90,0,90]s. But, in 
this case, the sheet’s diagonal lines are the weakest directions 
toward which the material moves more. The outcome is a 
rounded squared section. The quasi-isotropic configuration, 
i.e., [0,45,-45,90]s, is, instead, characterized by an uniform 
deformation along the main directions preserving the circu-
lar shape of the section as the imposed tool trajectory. For 
these last two configurations, the panel was shaped without 
affecting the initial thickness of the sheet (Fig. 3a). Regard-
ing the surface defects, for the quasi-isotropic configura-
tion, the arising of wrinkling appears along the conical side 
with an out-of-plane deformation that has to be taken into  
account. This phenomenon, instead, was not observed for 
the first two configurations, where preferential directions of 
the material movement on the sheet plane prevent the out-
of-plane repositioning. For these first two cases, the non- 
homogeneous deformations result in a surface rippling, which  
is a less evident phenomenon (Fig. 3a). Finally, looking at 
the obtained formability for each configuration, this out-
come was evaluated observing the GFRP sheet adhesion to 
the dummy aluminum side. In Fig. 3b, the cross-section pro-
files, extracted from the composite and metallic sheet, were 
overlapped, removing their thickness presence for the whole 
investigated configurations. These profiles were related to 
the ideal profile of the truncated cone, which is considered 
reference in relation to the imposed tool path. A consistent 
superimposition for each configuration was observed result-
ing in the conclusion that the low back pressure, i.e., 0.01 
MPa, provides a proper support to allow the adhesion of the 
composite to the metal. This can be justified considering the 
very low mechanical GFRP properties at the imposed work-
ing temperature, as previously reported in Table 2.

3.2  Analysis on the effect of the back pressure

The hydrostatic pressure on the back side of the GFRP 
was increased to verify if its value could affect the defects 

highlighted in the previous section, i.e., rippled surfaces 
and wrinkling depending on the investigated cases. The 
maximum value of the pressure that can be set depends on 
the strength of the metallic sheet, whose nominal shape, 
function of the imposed tool trajectory, does not have to 
be affected by the back pressure. Four different levels of 
internal pressure were considered, i.e., 0.01, 0.05, 0.10, 
and 0.20 MPa, starting from the analysis of the rippled 
surfaces observed for the configurations [0,0,0,0]s and 
[0,90,0,90]s. This phenomenon was reduced significantly 
just passing from 0.01 to 0.05 MPa, as observable in 
Fig. 4a, where the panel configuration [0,90,0,90]s was 
displayed as reference. This result shows the healthy 
impact of the increment of the back pressure for the sof-
tening of this defect. However, investigating the higher-
pressure levels, i.e., 0.10 and 0.20 MPa, a process limi-
tation was observed (Fig. 4a). Indeed, at these pressure 
values, the imposed force on the bottom side of the sheets 
overcomes the strength of the metallic dummy sheets 
and, consequently, the inaccuracies on the final product 
shapes, if these are compared to the ideal profile, increase  
(Fig. 4b).

The wrinkling defects, instead, appeared more compli-
cated to be solved by just increasing the back pressure, as 
depicted in Fig. 5a. Indeed, the numerical evidence shows 
that the increment of the pressure results in the formation 
of a reduced number of wrinkles on the conical surface, 
but these defects are more evident and relevant. In other 
words, a higher hydrostatic pressure on the backside of 
the quasi-isotropic GFRP sheet focused the out-of-plane 
material movement in localized areas, where the material 
in excess is accumulated. Once the wrinkles arise, just 
the increment of the pressure cannot solve the problem as 
numerically proved arriving to set a pressure of 0.2 MPa, 
which is the maximum one tested. Furthermore, at this 
value, the obtainable shape of the metallic sheet results to 
be affected, significantly, with respect to the ideal profile, 
owing to the sheet movement along the z direction for the 
elevated back pressure, as highlighted in Fig. 5b.

According to the reported numerical evidences, the 
discussed SPIF strategy allows achieving sound truncated 
cones easier if some directions on the plane of the long 
fiber–reinforced polymeric sheets are characterized by 
reduced strength to permit a non-homogeneous material 
deformation. In other words, this means that not quasi-
isotropic sheets are more suitable to be formed by the pro-
posed strategy.

Fig. 4  Comparison of a the rippled surfaces and thickness distribu-
tion and b the achieved shapes of the formed parts for an imposed 
back pressure of 0.01, 0.05, 0.10, and 0.20 MPa for the configuration 
[0,90,0,90]s

◂
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Fig. 5  Comparison of a the wrinkled surfaces and thickness distribution and b the achieved shape of the formed parts for an imposed back pres-
sure of 0.01, 0.05, 0.1, and 0.2 MPa for the configuration [0,45,-45,90]s
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3.3  Wrinkling development owing to specific 
process conditions for the [0,45,‑45,90]s panel

The wrinkling phenomenon for the quasi-isotropic sheet was 
further numerically investigated. First of all, a conventional 

pressure forming sequence for composite materials was ana-
lyzed shaping the panel by an imposed constant pressure of 
0.1 MPa on an already formed mold (Fig. 6).

This analysis showed that the out-of-plane material 
movement is a process characteristic that takes place even 

Fig. 6  Comparison of a the wrinkled surfaces and thickness distribution and b the achieved shape of a composite panel incrementally or conven-
tionally formed by a constant pressure of 0.1 MPa for the configuration [0,45,-45,90]s

Fig. 7  a Initial shape of the sheared GFRP sheet and b the imposed clockwise and counterclockwise path

1211The International Journal of Advanced Manufacturing Technology (2022) 123:1203–1214
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for the conventional forming of quasi-isotropic composite 
panels, even if wrinkles are less evident and assembled. 
The incremental forming strategy, therefore, affects some-
how the wrinkling phenomenon. For this reason, process 
changes were introduced to modify the history of the incre-
mental deformation aiming at an attenuation of the mate-
rial out-of-plane movements. Two different approaches 
were analyzed. Specifically, first, the sheet to be formed 
was sheared to reduce its strength in specific directions. 
The horizontal and the vertical directions were chosen to 
test the influence of this solution (Fig. 7a). In a second 
strategy, the movement of the forming tool was changed 
from clockwise to counterclockwise and vice versa pass-
ing from one coil to the next one for the entire incremental 

forming path (Fig. 7b). This change was proposed because 
it affects the stress distribution inside the formed sheet 
compared to the constant tool direction for the whole pro-
cess as already proved in processing polymeric sheets by 
SPIF, where the clockwise and counterclockwise coil path 
was employed to reduce twisting of the formed parts [31].

The backsides of the composite sheets incrementally 
formed with a constant hydrostatic pressure of 0.1 MPa 
and by using the discussed process changes were reported 
in Fig. 8, where the comparison with the first virtual pro-
cessed part using the standard conditions and the same 
pressure was provided as reference.

The modification of the initial shape of the sheet 
resulted in an alteration of the wrinkles considering both 

Fig. 8  a Wrinkling development and b shape accuracy of the quasi-isotropic configuration [0,45,-45,90]s using (1) standard process conditions, 
(2) a sheared panel, and (3) clockwise and counterclockwise tool paths for a constant hydrostatic pressure of 0.1 MPa
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number and dimensions, while the change in the forming 
tool direction seems not affecting this phenomenon. Nev-
ertheless, the reported variables deserve accurate studies 
in a perspective of the SPIF optimization for its employ-
ment in forming long fiber–reinforced polymers.

4  Conclusion

The feasibility of employing SPIF to process long fiber– 
reinforced polymeric sheets was evaluated by a numerical 
model based on specific process characteristics, considering 
that long fibers cannot be stretched during the forming phase 
due to their brittle behavior. A material model was imple-
mented to be able to consider matrix and\or fiber failures at 
the imposed working temperatures. The developed numeri-
cal tool was employed to test some variables, which could 
affect the process dynamics considering both a typical com-
posite material peculiarity, i.e., the laminas configuration, 
moving from unidirectional to quasi-isotropic conditions, 
and process conditions, i.e., the value of the back pressure, 
the direction of the forming tool, and the initial shape of the 
formed sheet.

Back pressure, around 0.01 MPa, guaranteed the adhe-
sion of the composite to the dummy metallic sheet follow-
ing the nominal shape and guaranteeing the components’ 
shape accuracy obtainable by the process. Furthermore, 
the thickness distributions of the truncated cones resulted 
to be not affected by the SPIF being the composite blank 
not clamped and shapable without its stretching. Typical 
defects arising during the forming of composite laminates 
were, instead, observed, such as wrinkling and not uni-
form deformation of the sheets. Specifically, the arising 
of wrinkling, ascribable to an out-of-plane sheet deforma-
tion, was observed for the quasi-isotropic condition for 
which the material repositioning cannot exploit prefer-
ential movement directions. Moving to the non-isotropic 
sheets, surface rippling was instead detected. Increasing 
the hydrostatic pressure on the back side of the GFRP, up 
to the maximum allowable values related to the strength 
of the metallic dummy sheet, for restriction due to the 
obtainable accuracy of the product’s shape, permitted rip-
pling defects to be mitigated while it affects slightly the 
out-of-plane material movements. Therefore, the numeri-
cal analyses evidenced how SPIF strategy allows achieving 
sound shapes easier if some directions on the plane of the 
long fiber–reinforced polymeric sheets are characterized 
by reduced strength to allow a non-homogeneous material 
deformation.

The wrinkling evolutions was investigated to specific 
working conditions, such as initial shape of the compos-
ite sheet to be formed and direction of the formed tool’s 
path showing the potentiality of the proposed numerical 

model, which needs to be experimentally validated before 
being used in the optimization phase of this process, that 
could result to be an effective flexible process solution to 
process long fiber–reinforced polymers.
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