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Abstract: Industrial engineering applications often require manufacturing large components in
composite materials to obtain light structures; however, moulds are expensive, especially when
manufacturing a limited batch of parts. On the one hand, when traditional approaches are carried
out, moulds are milled from large slabs or laminated with composite materials on a model of the part
to produce. In this case, the realisation of a mould leads to adding time-consuming operations to the
manufacturing process. On the other hand, if a fully additively manufactured approach is chosen,
the manufacturing time increases exponentially and does not match the market’s requirements. This
research proposes a methodology to improve the production efficiency of large moulds using a hybrid
technology by combining additive manufacturing and milling tools. A block of soft material such as
foam is milled, and then the printing head of an additive manufacturing machine deposits several
layers of plastic material or modelling clay using conformal three-dimensional paths. Finally, the mill
can polish the surface, thus obtaining a mould of large dimensions quickly, with reduced cost and
without needing trained personnel and handcraft polishing. A software tool has been developed to
modify the G-code read by an additive manufacturing machine to obtain material deposition over
the soft mould. The authors forced conventional machining instructions to match those of an AM
machine. Thus, additive deposition of new material uses 3D conformal trajectories typical of CNC
machines. Consequently, communication between two very different instruments using the same
language is possible. At first, the code was tested on a modified Fused Filament Fabrication machine
whose firmware has been adapted to manage a milling tool and a printing head. Then, the software
was tested on a large machine suitable for producing moulds for the large parts typical of marine and
aerospace engineering. The research demonstrates that AM technologies can integrate conventional
machinery to support the composite materials industry when large parts are required.

Keywords: additive manufacturing; hybrid manufacturing; G-code; Fused Filament Fabrication;
mould; marine engineering; aerospace engineering

1. Introduction

Large-scale moulds are typically required in marine and aerospace engineering to
produce structural parts in composite materials. For large-scale items, a primitive model,
usually handcrafted by trained technicians or obtained through CNC operations, is used to
create a unique female mould: the model is covered in wax, using a gel coat which gives
a polished surface, and the lamination process starts. Layers of composite materials with
increasing areal weight are deposed on the model to obtain a rigid and strong structure.
Then, an external layer of gel coat resin is applied over the parts in composite material
to waterproof the final product, aid in mould ejection, ensure the aesthetic appearance,
and provide colouring. The part can be eventually cured in an autoclave to obtain high
breaking stresses, or the composite can be polymerised at room temperature. The mould
and model accuracies are constrained by the artisan worker’s skill and experience, which
can vary significantly across the sector. Typical raw materials machined for moulds and
male models are medium density plastic and UREOL.
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Obtaining suitable moulds requires trained personnel and accurate polishing, and
nowadays, in the marine sector, the average workforce required is around 10 h for one
squared meter of mould to carry out surface smoothing [1]. When a traditional approach
is followed, numerous steps are required to create a part in composite material, includ-
ing the need for writing a G-code [2] program using Computer-Aided Manufacturing
(CAM) software.

The industrial community is therefore asking scientific research for new strategies
in developing machines that can perform several tasks to reduce human interaction and
speed up quality-related processes [3]. It is also worth noting that the use of epoxy or
polyester resins poses a threat to the safety of the operators due to toxicity problems. Using
a face mask with filters may reduce comfort during the summer or in case of prolonged
use. Moreover, environmental factors push towards reducing waste of resins and fabric,
which can be quite hard to recycle with current technologies and can severely harm nature
if not correctly disposed of. Therefore, the automatisation of mould production assumes
a high relevance for the marine and aerospace sectors: this is especially true for marine
engineering, where polyester resins are used, which are more toxic than the epoxy ones
used in aerospace. In this context, Additive Manufacturing (AM) technology can help to
produce moulds more reliably while lowering the cost of tooling and production time [4].

Additive Manufacturing (AM) has seen a significant rise in popularity over the past
20 years due to its evident industrial benefits, becoming more popular in academia and
science [5]. AM techniques represent a broad group of procedures in which new material is
deposited, joined, or solidified, frequently layer by layer, under computer control. Design
flexibility, a shorter design-to-manufacturing cycle, the ability to generate complicated
designs without being constrained by limitations in the manufacturing process (such as
undercuts, squared holes and pockets, variable density, and trabecular structures), the
elimination of joints and connections, and the decrease in wasteful raw material usage are
only a few of the benefits of AM. Researchers have developed methods for component
production using AM technology, particularly for small batches or prototypes [6]. Among
different industrial applications that have shown rising appeal in AM, the naval industry’s
attention to AM technology has also recently increased. In particular, it enables the creation
of models and moulds to assist the manufacturing of composite material items with an
excellent level of finish and accuracy for large-scale components with an exceptional level
of detail, such as boats [7,8].

For example, 3D-printed moulds have been used to create polyurethane foam compo-
nents for the marine and automotive industries [9,10]. The source [9] describes 3D-printed
ABS material moulds manufactured using the FFF technology to produce polyurethane
automotive components. For effective foam demolding, the surface roughness of the mould
has received special consideration, where chemical polishing has been checked using a
pull-off test demonstrating that AM techniques can be effectively used to make moulds.
The paper [10] introduces the Foam Additive Manufacturing (FAM) technique based on the
direct production of naval components, such as large-scale moulds, and explores the use of
foam-printed material to produce a hull mould. The stages of the FAM technology-based
process, which employs a layered material deposition strategy, are covered, as well as the
progression from the CAD models to the robot programming.

However, surface finish quality, part accuracy, material limitations, residual stress-
causing deformation, and velocity are drawbacks of AM compared to traditional processes,
such as Computer Numerically Controlled (CNC) machining [11] based on chip removal.
Particularly for Fused Filament Fabrication (FFF), component orientation on the plat-
form and path planning affect mechanical properties (such as tensile strength, elastic
modulus, and compressive strength) [12]. Surface finishing is a painstakingly manual post-
process in FFF, but it can be planned as part of the automated manufacturing process in
CNC machining.

CNC machining is a subtractive manufacturing method that uses tools to remove
materials from slabs to create the desired shape. It allows for the precise and accurate
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production of complex shapes. Compared to AM machines, CNC machines are more
expensive, thus entailing a more significant upfront investment, and trained operators are
required to operate the machine. However, when dealing with large production volumes
of components, costs decrease in a significant way [13].

The complementary nature of these two technologies can be noticed when the strength
and weaknesses of AM and CNC machining are compared. Although both technologies
use a tool that follows a path specified in a G-code file [14], CNC milling and AM are
independent technologies with distinctly separate logic that are challenging to merge.
Indeed, new material is added in the AM to obtain the final shape, while raw material is
removed from a slab in the CNC process. However, the G-code file listing the machine’s
instructions to obtain the intended shape can be considered the common attribute between
these two different technologies.

Thus, the research community concentrated on the hybrid manufacturing approach
to boost production efficiency, which allows both additive and subtractive processes to
coexist [15–17]. For example, the literature has typically combined AM and machining
procedures to obtain small details on large-scale components [18,19] or improve part accu-
racy [20]. Moreover, as described in this research, it is possible to apply AM to the creation
of moulds. The customizability [21], reduction of waste materials, and geometric flexibil-
ity [22] offered by AM technology are valuable points of strength that can be exploited in
conjunction with conventional techniques for mould manufacturing.

To contribute towards new manufacturing strategies with minimal human interven-
tion in mould fabrication, this research proposes a methodology for conformal material
deposition to improve the current technology and support the transition to more effective
and environmentally friendly production processes. Developing a reliable machine inte-
grating AM and milling has the potential to produce moulds directly without a primitive
model: in this way, manufacturing costs can be reduced, and human intervention can be
reduced, while preserving operator’s health.

This paper describes a hybridisation between AM machines based on the FFF tech-
nique and G-code used in CNC machines to manufacture 3D moulds allowing the confor-
mal deposition of material. The conceptual methodology has been preliminarily tested on
a small commercial FFF machine customised for the sake of this research to manufacture
two test parts. The Do It Yourself (DIY) design of a hybrid manufacturing machine is not
new in the scientific community [23], but its application to manufacturing high-precision
moulds has not been described in detail. Based on the outcome of this research, the method-
ology herein developed is feasible and has been applied to a large material deposition AM
machine. This device has been developed to support the manufacturing of large moulds
for composite material lamination. The case study perfectly fits the real-life context where
mould production’s time and economic impact on the final product can be high, especially
for small lots. Often in aerospace and marine engineering, small lots are produced, and in
some cases, quite a few products are manufactured.

The novelty of this research lies in developing a methodology that combines a 3D
conformal FFF, rarely explored before, for the production of moulds in combination with
traditional machining. It is worth noting that 3D paths for FFF machines are rarely explored
in literature, as the reference [24] confirms, but they can improve the manufacturing process
with high potential. To achieve conformal FFF, the authors simplified an existing CAM
post-processor to force traditional machining instructions to resemble those of an AM
machine. This processing makes it feasible to use 3D trajectories, typically only available
to CNC machines, to communicate between two different philosophies using a single
language. This idea consists of a traditional machine that includes an AM aspect with
the ground-breaking capacity to make moulds without manufacturing a primitive model,
managed by codes allowing the conformal deposition of fused/melted material. Thus, it
reduces the model’s cost and makes this technology appealing for small productions.

The paper is structured as follows. After this introduction, the paper in Section 2
presents in detail the methodology proposed in this research. Section 3 describes the tests
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on an FFF machine customised to test the procedure developed and obtain the conformal
deposition of layered materials in 3D. Furthermore, Section 4 includes comments on
the tests carried out, both software and hardware. Finally, Section 5 ends the paper by
discussing the proposed methodology’s main achievements and future developments.

2. Materials and Method

The methodology proposed in this study is based on dividing the different phases of
manufacturing a typical large-scale mould into different materials with which a different
machining process is associated. After the CNC milling of the supporting structure, the
additive phase can be seen as a virtual CNC machining with the extruder’s size equal
to a virtual tool used for surface finish machining. Thus, a single G-code and a single
machine can be used to manufacture the structure, increasing the efficiency of the overall
manufacturing workflow. The milled core of PVC (PolyVinyl Chloride) or polystyrene acts
as a support for the additive deposition of the external coating. Therefore, the use of support
material, typical of the FFF process, can be avoided entirely, minimising post-process
actions of operators to remove unneeded material and optimising material deposition in a
conformal way, meaning that fused material continuity is assured.

Different parts and moulds could be manufactured directly with a single hybrid
machine. For example, a core of expanded PVC, milled with a traditional process, can
support the additively manufactured coating deposition with PLA, PETG, or clays for large
structures. Expanded PVC foam board is a lightweight, rigid PVC sheet used for various
applications, including marine structures [25], interior design, thermoforming, prototypes,
model making, and much more. It can be easily machined with the low power needed. A
schematic representation of the structures obtained with the proposed methodology can be
seen in Figure 1.
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Figure 1. Schematic representation of hybrid structures that can be manufactured using the proposed
methodology: (a) Standard mould with a core and external clay; (b) Sandwich structure with external
coatings and a dense core; (c) Standard mould with CF (Carbon Fiber) or FG (Fiber Glass) deposition
over the mould.
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Furthermore, the machine manages the component’s surface polish, thus reducing
human intervention. Before starting with the lamination of the layers of composite material
which will build up the parts, skilled operators are only required to examine the mould’s
dimensions and quality in the final step. Indeed, a typical hybrid manufacturing machine
is equipped with the two following tools: a spindle with interchangeable milling tools for
roughing, finishing, and polishing; an extruder nozzle for extruding clay or filament.

The hybrid processing method described in this research is based on milling a slab
of raw material during the early stage after the 3D digital model is available. The same
machine then facilitates the additive deposit of the coating on the support’s exterior surface
along 3D paths computed by the proposed methodology. For the sake of clarity, a graphical
representation of the general workflow proposed in this research is shown in Figure 2.
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Figure 2. Graphical representation of the hybrid manufacturing framework described in this research.

The G-code is an example of a machine-readable language based on a series of tasks to
be carried out. It includes the path’s definition and the settings required for the machine:
how quickly to move, along what trajectory to take in the available space, and many
other settings. The G-code file can be automatically compiled using CAM software for the
traditional processes and slicing software for the AM machines.

While Computer-Aided Design (CAD) software is used to design products, CAM
software packages enable users to obtain processing cycles that begin with raw materials
slabs and end with the manufactured CAD-designed object. The CNC machine’s different
settings, such as the feed rates, cutting speeds, and other cutting parameters, are converted
by CAMs into G-codes before the machine starts running.

In the design of the hybrid manufacturing machine, particular attention should be
given to the geometry restrictions related to potential collisions between the extruder head
and walls of machined mould in concave parts. In this research, an optimal design of
endstop positions and relative distance between the additive and subtractive tools avoid
dangerous impacts.

Moreover, it is essential to pay attention to the frame of reference of the coordinates in
the G-code instructions when utilising a single G-code to control several tools that are not in
the exact location of the machine. Finding the relative distance between the subtractive tool
head and the extruder requires special consideration (Figure 3). The following instructions
are used to add this data to the G-code:

G0 Xnnn Ynnn

G92 X0 Y0 Znnn

where nnn is the distance between the tools’ positions in mms along the three axes.
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A typical structure/mould manufactured using the proposed methodology consists of
an assembly given by a core and one or more external coatings, as seen in Figure 1. Using
the composite structure shown in Figure 1a as a reference and according to the flowchart
shown in Figure 2, the user will first create the digital model of the internal core of foam
material (e.g., expanded PVC) with a curved upper surface skin body. The next stage
involves the digital model of an external shell of a few millimetres, which is necessary to
produce the external coating layers using AM techniques along novel conformal paths.
The separate digital bodies are then correctly positioned in an assembly file and must be
exported as separate files from CAD software. By doing this, the separate models may be
loaded into CAM software with the appropriate relative distances and frames of reference.

Traditional FFF uses a Layered Manufacturing (LM) method that reflects a noticeable
stair-step effect (Figure 4a). This phenomenon might be especially problematic when mak-
ing moulds for high-performance applications such as aerospace, marine, or automotive
industries, where highly smooth external surfaces are required for aerodynamic/fluid-
dynamic/structural purposes. A conformal 3D spatial deposition of fused material can
represent a crucial strategy to enhance the manufacturing of the external coating of moulds.
Instead of planar paths, the filaments are deposited along curved (basically non-horizontal)
routes, which suggests an entirely new building strategy for FFF (Figure 4b).
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Curvilinear (non-horizontal) material deposition has been discussed in earlier scientific
works about AM [26,27]. However, to the best of the authors’ knowledge, modifying a
milling 3-axis G-code instruction for usage with an AM machine has not been adequately
addressed in the scientific community.

In particular, the proposed methodology uses as input a G-code file obtained with a
modified “CncMasters-Metric” post-processor [28] of CAM software and uses a virtual
tool of the same diameter as the nozzle of the hybrid machine that mimics a finishing
process. The “CncMasters-Metric” post-processor for a 3-axis machine has been chosen for
the project’s aim because the G-code layout is very similar to the AM layout. The 3D CAD
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models are converted through CAM software into G-code instructions using the modified
post-processor according to the user’s needs.

The authors concentrated on integrating conformal 3D curved paths for AM in addition
to eliminating the support material in conventional Fused Filament Fabrication (FFF)
procedures. Indeed, a traditional FFF machine only moves the Z axis when there is a layer
change and moves the X and Y axes simultaneously. This approach is critical when good
strengths are required because high anisotropy affects the final object [29]. Therefore, this
research aims to build a 3-axis hybrid machine to cope with the drawbacks of the typical
2.5D material deposition, such as the high stair-step effect, the need for support material,
high surface roughness, and strong anisotropy.

Similarly to what is performed in bioengineering [30–32], a conformal FFF allows the
direct construction of intrinsically curved 3D surfaces during the material deposition phase.
This 3D freeform printing process involves a secondary supporting material. Freeform
printing paths derived from customised G-codes conform precisely to the surface profile of
the supporting material.

A surface finishing machining G-code can be utilised as a template to achieve this goal.
Indeed, the surface finishing is a fully 3-axis operation, requiring the machine’s three axes
to move simultaneously. However, it is crucial to alter the typical CNC G-code layout to
contain the E letter for every single coordinate’s value after each line of code to make the
3-axis code suitable for AM rather than chip removal. The E letter is the standard in AM for
the control of the extrusion process and expresses the amount of extruded material during
the movement of the hot-end. The following subsection describes the methodology used to
achieve such a customised G-code.

2.1. Spatial Material Deposition

The milling process in the G-code file is used as input for the proposed methodology.
It can be seen as a surface finishing that removes a constant height of raw material from a
slab with movements along three axes. The removed material’s height should equal the
desired layer height of the deposed external coating. A visual flowchart (Figure 5) describes
the methodology step by step to make it reproducible in future studies.

As shown by the flowchart, a custom-made code can read the input CNC G-code file
to read and save the spatial coordinates of points belonging to the tool path. In parallel, the
code opens a new G-code file in writing mode. The user is asked to input some values about
the extrusion process: the desired number of layers of external coating, the layer height, the
extrusion temperature, the extrusion speed, and so on. These values are reported following
the ISO G-code language for the AM process. Then, for two consecutive points of the path
(i.e., point 0 and point 1 of coordinates (x0, y0, z0) and (x1, y1, z1) respectively), the code
is capable of evaluating the length of the path 01 covered by the tool by comparing their
coordinates along the three main axes:

∆x = |x0 − x1|

∆y = |y0 − y1| (1)

∆z = |z0 − z1|

01 =
√

∆x2 + ∆y2 + ∆z2

Then, the tool displacement is multiplied by a factor called ‘extrusion multiplier’ (extw)
to evaluate the amount of extruded material for each row of the G-code. This factor is
essential to achieve a filament line width of the manufactured object that should be equal
to the desired one. The value of extw can be easily found experimentally manufacturing a
simple test benchmarking object.

Comparing the total amount of extruded material of a G-code evaluated by traditional
AM slicing software and the own-made G-code using an extw initial trial value, it is possible
to find the correct extrusion multiplier value.
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Once the amount of extruder material for each row is evaluated, the code writes in
output a new G-code with a typical FFF layout: G0 Xnnn Ynnn Znnn Ennn where nnn
represents a coordinate value. This operation is carried out for all movements of each layer.
When a layer change occurs, a retraction has been inserted before moving and executing
the new layer. This way, stringing is reduced, specifically when tiny plastic strings remain
on a 3D-printed item. This often happens when the extruder moves to a new spot and
plastic leak out of the nozzle.

Therefore, obtaining a 3D additive deposition of raw material is possible using a
simple code. However, CAM milling G-code must first be created to use a virtual tool
that mimics the extruder’s size for surface finish machining. The presence of a solid core
previously milled using the same machine provides physical support for the 3D deposition
of new material. Additionally, by altering the tool pass angle with respect to the slab’s
origins, it is possible to construct several surface finishing processes on the same surface
and produce a layered texture that crosses the nozzle’s motion directions.

2.2. Customised Desktop Hybrid Manufacturing Machine

A scaled-size prototype of a hybrid machine has been constructed to validate the
hybrid manufacturing approach suggested in the previous paragraph and assess its benefits
and drawbacks. A straightforward case study involving the creation of a small mould has
been considered.

A 3Drag FFF cartesian machine has been chosen to validate the proposed method-
ology [33]. The FFF machine has a 200 × 200 × 200 mm building volume, a nominal
resolution of 0.015 mm in the X and Y axes and 0.039 mm in Z, and a heated bed. However,
the latter characteristic is not vital for this research. Thus, the heated bed has been discon-
nected; indeed, large-scale hybrid manufacturing machines for mould fabrication do not
require a heated bed. The choice fell on this machine because kits are available online to
convert it from a 3D printer to a CNC machine.

The FFF machine has been modified to host a low-power drill/grinder with a power
of 130 W, a rotation speed of 10,000–33,000 rpm and a flexible shaft. Thus, a bracket has
been designed, printed with PLA material, and fixed to the X rail of the machine near
the extrusion head (Figure 6). The bracket is assembled with a butterfly screw anchor to
easily adjust the height of the spindle during the AM process to avoid dangerous collisions
because of the considerable exposed length of the spindle.
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The position of the CNC tool should comply with requirements such as:

• the spindle should not disturb the operations of the nozzle during 3D printing;
• univocal (X, Y) positioning of the tool during the entire manufacturing cycle;
• it should be removable if necessary;
• it should be as close as possible to the extrusion head not to waste a portion of the

working area.

Moreover, the end-stops of the hybrid manufacturing machine have been modified to
optimise the motion of the tools. Initially, the AM machine recognised the position closest
to the bed as the extruder Z home position, which can cause problems. Indeed, when
the hot end moves to the Z home, it could hit the core material or the structure that was
previously milled and not removed from the bed. The position of the end stop of the Z axis
has been changed by fixing it at the top; this framework design prevents possible conflicts
between the extruder head and walls in case of concave shapes. A support was designed to
host it and allow it to be fixed to the Z gantry. Accordingly, the machine firmware has been
updated with the “MarlinKimbra” version because it better meets the project’s needs.

The following section of the paper describes a practical application to validate the
methodology using a case study dealing with manufacturing two small parts to proxy the
actual fabrication of a mould and the lamination of CF efficiently.

First, a simple sandwich structure made of two 3D-printed external shells (one at the
bottom and one at the top) and a milled core of expanded PVC has been manufactured
according to the scheme shown in Figure 1b. The external shells were produced using a
traditional LM approach to verify the functionality of the hybrid desktop machine. PLA
has been chosen for the external shells because it does not necessarily require a heated
surface to stick on the printing bed, while an expanded PVC board has been selected for
the structure’s core.

The second test is used to validate the spatial material deposition methodology de-
scribed in Section 2.1. A down-scaled mould structure, similar to what is represented in
Figure 1c, has been manufactured. PLA mimics the CFRP deposition along 3D conformal
paths over the PVC milled board. Between these two materials, the deposition of some
layers of PolyVinyl Alcohol (PVA), a commercial filament soluble in water, aims to simulate
the release agent spread manually over the moulds. According to the needs of the described
case studies, Table 1 collects the printing settings used to extrude PVA and PLA for the
desktop FFF hybrid machine.

Table 1. Slicing printing settings used for both PLA and PVA filaments.

Parameter Unit PLA PVA

Layer Height mm 0.2 0.3
Initial Layer Height mm 0.22 0.35

Line Width mm 0.5 0.5
Wall Line Count - 2 2

Infill Density % 100 100
Printing Temperature ◦C 202 160

Build Plate Temperature ◦C - -
Flow % 100 100

Print Speed mm/s 50 50
Initial Layer Print Speed mm/s 25 25

Travel Speed mm/s 80 80
Retraction Distance mm 2 2

Fan Speed % 100 100
Regular Fan Speed at Height mm 0.2 0.3

Support Structure - None None

2.3. Large-Scale Hybrid Manufacturing Machine

The proposed methodology can be reproduced in large-scale hybrid manufacturing
machines, as demonstrated in the following paragraph. Indeed, the composite lamination
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on moulds manufactured following a conformal approach gives advantages in terms of
stiffness and strength of the mould itself. This is particularly true in the case of moulds
with remarkable dimensions, typical of marine, aerospace, or automotive applications.

Consequently, the software developed for the material deposition AM machine has
been tested on a large-scale AM–CNC machine capable of producing moulds up to 5 m.
This final test has been carried out to verify the possibility of using the proposed approach
on industrial machines. Indeed, the approach was applied to a large-scale CNC own-built
gantry machine with a 5 × 3 × 2 m working area to prove the practical implication of the
discussed methodology. A T-Max 657 extrusion machine from Graco company [34] has
been selected for this specific research. A large-size nozzle extrudes the Raku-Tool Cp 6070
modelling clay, and the outlet diameter is tuned depending on the material used in the
moulds’ manufacturing [35]. To provide the reader with some data, the range of nozzle
dimensions used to manufacture the large-scale sample test goes from 0.8 to 1.2 mm in
diameter for the tested materials. The machine is built around an IndraMotion MTX Micro
actuation system and is managed through the Bosch Rexroth human-machine interface
without any change in the hardware. The axes are moved by three brushless motors Indra
Dyn S QSK061; a customised PLC board manages the extruder.

The requirements for milling in terms of axis speed and stiffness are more significant
than those required in additive manufacturing mode. From the software point of view, a
re-compilation of the Bosch Rexroth control environment was necessary to read the new
hybrid G-code developed for the sake of this research: the human–machine interface was
not modified, but only the lines of the code in which the CNC machine control software
acquires the G-code.

An overall recap of the tests performed on the desktop and the large-scale machines is
shown in Figure 7, along with the materials used for each layer of the final mould.
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Figure 7. Schematic representation of the tests used to validate the proposed methodology for desktop
and large-scale hybrid manufacturing machines.

As the results will demonstrate, the methodology herein developed is feasible and can
be extended to sizeable 3D printing machines where the impact of the cost of the moulds on
the final products can be high, similar to what is described in [36]. Compared to traditional
mould manufacturing, the proposed approach uses AM and CNC tools to produce moulds
with a more efficient workflow; indeed, the integration of a conformal 3D spatial deposition
boosts the efficient coating deposition over the moulds.
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3. Results

In order to test the functionality of the hybrid desktop machine, a conventional
sandwich structure that consists of two 3D-printed outer skins (one at the bottom and one
at the top) and a machined interior of expanded PVC has been fabricated. The expanded
PVC has been chosen because of its ease of machining, even with low-power milling tools.
Figure 8 shows different stages of the manufacturing process. Once the first base shell is
manufactured, the CNC tool machines the core board (Figure 8a) using different milling
devices for different machining stages.
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Figure 8. Photographic reportage of different steps to build the prototype of a sandwich structure
using the DIY hybrid manufacturing machine: (a) rough milling of the PVC board; (b) surface
finishing of the PVC support; (c–e) different stages of material deposition using a layered approach;
(f) the final sandwich structure obtained with the hybrid machine.

During the production process, the CNC spindle is precautionarily raised to avoid
collisions between the spindle itself and the PVC board during the final AM process. Indeed,
this manual intervention does not affect the manufacturing process because the AM phase
is entirely independent from the spindle position. As a final step, a top shell made in
PLA has been extruded using a traditional layered manufacturing approach to validate
the functionality of the hybrid machine. In Figure 8f, it is possible to see that using an LM
approach, the quality of the external surface is poor; thus, a conformal FFF could enhance
the quality of the final models.
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During the manufacturing of this first test, manual intervention was required to spread
the epoxy resin over the lower PLA shell and correctly assemble the expanded PVC slab.
However, adding a nozzle for resin deposition and adding a new layer could bring a fully
automated process.

Once the proper machine’s functionality has been evaluated, a down-scaled mould
structure, similar to Figure 1c, has been manufactured. In particular, a 110 × 110 mm
expanded PVC board supports the entire structure. The PVC board is milled using an
end-mill and a ball-mill tool for surface finishing creating a double-curved shape, as seen
in Figure 9a. An assembly jig, made in PLA material, fixes the board’s position on the
machine during the manufacturing phase (Figure 9b).
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Once the PVC board has been obtained, the production process continues with the
deposition of an external skin over the milled support, according to the schematic structure
shown in Figure 1c. The mould is manufactured in this test, and the final part in FFF
is a layer of wax deposited between the mould and the part. This skin should be easily
detached from its mould, similar to how a Carbon Fiber (CF) laminate is detached from the
mould. Indeed, this case study aims to replicate the fabrication process of a structure that
could reproduce an actual manufacturing cycle and have practical implications. In order
to avoid deformations such as warping, which are typical of AM, it is necessary to use a
material that, when applied to the surface of the mould, allows the necessary adhesion
to keep the printed model in place while also allowing the part to be detached without
damaging the mould. The idea is to deposit some layers of soluble material, such as PVA,
and then manufacture the final laminate with the required material. PVA is often used in
dual nozzle FFF machines as a support material without requiring a heated bed, and it can
be easily discarded without damaging the external surfaces of the components [37].

The 3D FFF of coating and final laminate has been carried out as the last step. Thus, it
was necessary to create the virtual surface finish CAM machining previously. In particular,
four surface finishing operations have been prepared on the same surface in which the
only parameter that varies is the angle of the tool pass with respect to the piece’s origins,
according to the methodology described in the previous section. This way, a layered
texture can be created by crossing the directions in which the nozzle moves. Four milling
operations have been prepared with an angle of 0◦, 45◦, −45◦, and 90◦. For the specific case
study, the authors considered it reasonable to create two codes: one with two layers for
PVA (at 0◦ and 90◦) that mimic the release agent and one with four layers for PLA (at 0◦,
45◦, −45◦, and 90◦) that mimic the final laminate.

The 3D FFF deposition of PLA along different directions is visible in Figure 10a, while
the final laminate is visible in Figure 10b. At the end of the manufacturing process, the
assembly was immersed for a couple of hours in hot water. On the one hand, the final
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PLA laminate came off without issues, while on the other, the PVC mould has not been
damaged and is ready to be reused for other production cycles.
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The developed software has been used to manufacture a large-scale mould using
additive material deposition of modelling clay following spatial paths (Figure 11). Indeed,
filaments of a few millimetres in diameter, typical of traditional FFF technology, would
reflect an extremely long manufacturing time.
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The resulting moulds have been finished using two milling operations: first, a rough
milling operation is applied to remove exceeding material clay (Figure 12a); then, an
accurate finishing process is carried out to obtain the ready-to-be-used large-scale mould
(Figure 12b). This automatic machine was designed to carry out various operations on huge
components and to establish reliable support for the industrial production of numerous
parts made of composite material. An effective workflow is followed to complete several
workmanships, which begins with the creation of the mould support through material
removal using a standard CNC machine. The next phase is characterised by the AM process,
during which a material crust is deposited to prepare the surface for the creation of the
finished composite item. This manuscript describes the methodology up to the mould
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manufacturing and finishing but does not include additional information about the final
quality of the composite, which will be analysed in future research.
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Figure 12. Large-scale mould finishing: (a) rough milling to remove exceeding external clay;
(b) accurate milling for surface finishing.

Commercial CAM software packages can produce a G-code for milling operations
(including finishing). In the following, commercial slicer software has been used to make a
G-code suitable for a material deposition AM machine: settings have been set based on the
material to depose with the large hybrid machine additively. The slicing software requires
a CAD model of the zone to cover with additively deposed layers. As presented in Figure 5,
the G-code obtained through the slicer has been modified. Afterwards, it is appended to
the G-code obtained with the CAM software. A G-code pause command is added between
the two portions of the G-code to allow maintenance operations. The CNC machine reads
the final G-code, even if a part of it is obtained using the slicing software. All the G-codes
share the same machine reference point, and further finishing or coating operations can
be added.

4. Discussion

The previous section describes a practical application of the methodology proposed
in this research on a manufacturing machine to produce small prototypes of moulds and
sandwich structures.

In particular, by customising a desktop FFF system, it was possible to build and
validate a hybrid manufacturing framework capable of producing different types of objects
where both traditional and additive manufacturing processes coexist. A unique machine
with an extrusion head, typical of AM technology, and a standard milling tool, has been
used. The resulting prototypes demonstrate the possibility of further increasing the design-
to-manufacturing workflow by deleting some tedious steps that should be accomplished
manually by expert workers.

The traditional G-code structure of AM machines is based on the philosophy of a
2.5D deposition of new material, which limits the applicability of LM objects in structural
applications. Moreover, high surface roughness is a typical drawback of LM techniques;
thus, 2.5D deposition should be avoided in the manufacturing of moulds. The first sam-
ple we produced to validate the desktop hybrid machine functionality—described in
Section 2.2—confirms this challenging aspect. However, the G-code of FFF machines can
be easily modified to achieve a conformal material deposition, as demonstrated with the
FFF desktop machine case study. Therefore the proposed methodology uses a 3D spatial
material deposition along conformal paths by converting instructions typical of traditional
manufacturing processes into AM language, a methodology that has never been reported
in the literature before. Thus, several operations, such as external coating or release agent
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deposition, can be automated. A customised procedure coded in software is at the heart of
the methodology. The second sample test in the previous section validated the approach
with encouraging results. Indeed, the cumbersome stair-step effect, typical of LM, is com-
pletely removed. Moreover, the methodology demonstrates that the milled mould can be
easily reused for other manufacturing cycles without operator-dependent processes.

This approach can be easily reproduced and applied for different tasks, as Figure 1
suggests: sandwich structures, simple moulds, or moulds and AM CFRP (Carbon Fiber
Reinforced Plastic) lamination. New materials are developed for AM FFF machines, such as
carbon filament, metal wires, and nylon based wires, so several combinations of materials
for moulds and parts can be set.

The extension of the methodology from the test with the FFF machine to the larger
AM-CNC hybrid proved feasible. Indeed, results demonstrate that a precise material
deposition and a significant decrease in the human workload can be obtained. The goal of
this research has been successfully achieved by obtaining a well-machined, waxed, and
polished large-scale mould: a dramatic reduction of the need for human involvement
has been noticed. 3D spatial wax deposition seeks to create highly polished and smooth
surfaces while limiting the handcrafting of the mould by technicians and potential damage
to the external surfaces of the mould due to wrong machining operations.

In all applications in which external surface continuity is crucial, such as the mould of
hulls in marine and aerospace engineering, single-piece large-scale moulds could be easily
produced thanks to the proposed methodology.

5. Conclusions

Production of moulds suitable for obtaining parts for industrial engineering appli-
cations, such as aerospace, automotive, and marine, has several challenges. The mould
cost can significantly impact the price of the finished item when only a small batch of
components needs to be made. Moreover, the design-to-manufacturing workflow is highly
affected by human intervention and far from being replicable.

This study proposes a manufacturing methodology to use a single machine to mill
the mould’s core. This is obtained through a hybrid machine working using a novel
G-code representation. Indeed, the G-code obtained through slicing software packages
used for AM machines has been integrated into the G-code format used in Computerized
Numerical Control machines. In this way, the path of an extruder can be managed by
a CNC machine to additively deposit an external coating on moulds using efficient 3D
trajectories. After successfully validating the proposed methodology on a desktop FFF
machine, a large-scale mould was successfully machined, spread with wax, and polished
automatically, minimising the human intervention and fulfilling the aim of this research.
Conformal wax deposition aims to limit the mould handcrafting by trained technicians and
the possible damage on the external surfaces of the mould, and to achieve highly refined and
smooth surfaces.

Thanks to the proposed approach, single-piece large-scale moulds could be easily
manufactured in all applications where the external surface continuity is vital, such as the
mould of hulls in marine engineering, the chassis of a high-performance car, or the mould
on an entire wing or fuselage skin in aerospace engineering. Moreover, the production
process becomes reproducible after each cycle, and human intervention is limited.

The advantages and disadvantages of the algorithm designed to control the milling
and FFF operations and used in the case study involving the production of a tiny mould
are discussed. On the one hand, the proposed methodology can automate the entire manu-
facturing process of mould and clay deposition by combining AM and CNC peculiarities.
Compared to existing approaches in the literature, this research uses 3D conformal paths,
typical of CNC operations, to additively depose new clay layers on large-scale moulds
conformal to the external surface. Thanks to this approach, the overall surface quality,
structural strength and production capabilities are improved. Though, some challenges still
limit the approach’s applicability in a well-established manufacturing chain. Specifically,
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the preparation and conversion of the required set of G-codes to manufacture the structures
with angled deposition paths described in Section 2.2 require the operator’s intervention.
Moreover, the G-code implemented in this research should lead to a new standard adopted
by CNC producers and embedded in the software packages used for Human–Machine
Interfaces and machine actuation. In addition, structural changes are needed for CNC
machines to transform them into operative hybrid manufacturing devices: multi-material
nozzles, storage and feeding systems, and controls for materials’ deposition are some of
the most crucial devices to add.

The proposed technology has practical applications and may be used with large-scale
hybrid manufacturing frameworks where the influence of the moulds on the finished goods
might be significant. Therefore, this research could be significant for CNC/AM machine
producers and companies developing software packages.

The future developments of the proposed approach should inevitably focus on the
automation of the entire procedure: the 3D digital model design through CAD macros
integrated into commercial software up to the final ready-for-the-market object; the CAM
software possibility to read G-codes obtained through slicers used for AM machines; the
automated preparation of all the G-codes; the automatic change of the machine’s frame of
reference; and the setting up of the machine and foam slab connection with the machine
basement, just to list some possible future areas of development. Moreover, the proposed
hybrid manufacturing approach could be tested on large-scale machines, where many
tooling/extrusion heads could work simultaneously and in a coordinated way, to decrease
production time significantly.
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