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IHepiinyn

YKOTOG TNG TOPOVoHG SIMAMUATIKNG Epyaciog eivat 1 peAétn oyedioong o VEPOIKNG YNeLoKd
KaBodNyoOEVNG epYOLEIOUNYAVIG, 1 OTTOlo GLVOLALEL TNG Agttovpyia VO S-a&oViKoy KEVTIPOL
katepyaciog CNC pe éva 5-0Eo0vikOv TPIGOAGTATOV EKTUTTMTY], TOV O GTOYO EXEL TN KATOOKELT
Tepoyiov amd ToAVUEPT], EAAGTOUEPT] KOl EWOIKOV TOTOV cOVOETA VAIKA (Y. EVIGYVLUEVO VLA LE
tveg avOpoka) €181KNG TOAVTAOKOTNTOG, TO. OO0 AaTOVY TV eAdyLoTN peTénetta eneepyacia
Y10l VOL TPOKVYEL TEAIKO TPOTOV 6TO ELAYIGTO duVaTO Ypdvo. ['a v emiPePaimon Kot oAoKApmoT)
™G HeAdtng oyediaong, LAOTOlETOl OTATIKN Kot OLVOULKT oviAvorn pe v pébodo twv
TEMEPACUEVOV GTOXEIOV Y1l TNV PEATIOON TOV GYESNGTIKOV YOPOUKTNPIOTIK®OV NG dOUNG TNG
epyaretopnyovie. Emiong, katd ™ peAétn oyediaong avarnticoetal £vo, KOVOTOUO GUGTNLOL Yol
TNV ALTOUOTN OAAOYT KEPAADY TPIGOACTOTOV EKTVRTOTAOV. O HUNYOVIGUOS OVTOG ETITPETEL TV
TPOGUPUOYT| SLUPOP®V TUTTOV EEMONTNPOV TPIOIACTATMOV EKTLIMTMV GE TVTOTOUUEVOVS KOVOLG
gpyoreiov CNC (my. SK16, BT40). Kowotopio amoterel 10 yeyovog OTL yloo TV UETOQOPE
NAEKTPIKNG  evepyeiag (mapoyn) oty kepoln exktomwong (extruder, hotend, «Am) dev
YPNOLOTOOVVTOL KAAMILL Kot GUVOEGELS, OALG €151KOT dakTUALIOL OAiGONoNG. Me avtdv 10 TpdTO
EMTLYYAVOVTOL TANP®G OLTOUOTOTOMUEVES OAAAYEG epyoieimv o pio VPP yneokd
K000 YoV LEVT EPYOAELOUN VY.

H épevva mov d1e&dyOnke oto mapondve Oépoata Katd ™ ddpKeln TG ToPoVcHG SITAMUATIKNAG
gpyaciog mopovotaletal pe ™ Hopen 000 TPOTOTLIOV EPELYNTIKAV GpOpwv, To. omoia Exovv
voPAnOel mpog dnpocicvon oe diebvn EMGTNUOVIKA TEPLOOIKA, LE TITAOLG:

1. Design and analysis of a desktop multi-axis hybrid milling-filament extrusion CNC
machine tool for non-metallic materials

2. Material extrusion 3D printing system for hybrid CNC machines with automatically
changed standard tool holders
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Abstract

The aim of this thesis it to study the design of a hybrid Computerized Numerical Control machine
tool, which combines the operation of a 5-axis CNC machining center with a 5-axis 3D printer,
which aims at producing polymer, elastomer and special material parts (eg. carbon fiber reinforced
polymers) of special complexity, which require minimal subsequent post-processing to obtain the
final product in the shortest possible time. To complement the above, static and dynamic analysis
is achieved with the Finite Element Method to improve the design features of the machine tool
structure. Also, the development of an innovative system for the automatic tool change of 3D
printer heads is achieved. This mechanism allows various types of 3D printer extruders to be
delivered to standard CNC tool cones (eg SK16, BT40). Innovation lies in the fact that for the
transfer of electricity to the print head (extruder, hotend, etc) no cables and connections were used,
but special design slip rings. This achieves fully automated tool changes on a hybrid numerically
controlled machine tool.

Research that was conducted on the above, is presented in two scientific articles, which have been
submitted for publication in international scientific journals:

1. Design and analysis of a desktop multi-axis hybrid milling-filament extrusion CNC
machine tool for non-metallic materials

2. Material extrusion 3D printing system for hybrid CNC machines with automatically
changed standard tool holders

Keywords: 3D printing, hybrid computerized numerical control machine, additive and subtractive
material, hybrid technology, material extrusion, automatic tool change.
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Abstract

Additive Manufacturing has unlocked the ability to introduce new concepts for parts of very high
complexity to the industrial landscape, which could not be manufactured with traditional
manufacturing processes in a single or in a small number of steps. However, surface quality of 3D
printed parts and process repeatability are low to medium, at least in an industrial context. This
study proposes a new design of a fully automated multi-axis hybrid Additive and Subtractive
Computerized Numerical Control machine tool for non-metallic parts, which can overcome the
drawbacks of both Additive and Subtractive Numerical Manufacturing. It combines the operation
a 5-axis CNC machining center with a 5-axis extrusion 3D printer with automated tool head
change, which is able to make parts made of polymer and special 3D printing materials (eg. carbon
fiber reinforced filaments) of high complexity which require minimal post-processing to produce
the final product in the shortest possible time. The design process also includes static, dynamic
and harmonic response analysis with the Finite Elements Method, so as to improve design features
of the machine tool structure. Results are presented and commented on in terms of machine
efficiency to cope with applied loads during operation.

Keywords: 3D printing, CNC machining, additive and subtractive processes, finite element
analysis, harmonic response analysis

1. Introduction

The need for time and cost savings plays a crucial role in the development of any industrial
unit. In that direction, over the last two decades, the machine tool industry has started developing
hybrid manufacturing machine tools. The term Hybrid Manufacturing (HM), and respectively
Hybrid Machine Tools (HMT), refers to the combination of different manufacturing process in a
single work environment, preferably enclosed or otherwise restricted ([1],[2],[3]). For the purposes
of the present study, HMT are called the Computerized Numerical Control (CNC) machine tools,
whose functions are controlled by a control unit or a computer, and they are combining material
removal stages, known as Subtractive Manufacturing (SM), and material addition stages,
commonly addressed as 3D printing or, more formally, Additive Manufacturing (AM) for the
manufacture of components in a sequential or a parallel manner ([4],[5],[6]).

While most components can be made by either one of these two methods (SM or AM), modern
manufacturing needs has driven machine tool manufacturers to evolve the existing machine tools,
combining these machining methods in order to reduce production time, energy consumption, as
well as material waste, with the ultimate goal of reducing total production cost per unit without
sacrificing part quality. This is achieved by replacing the rough machining stage with material
deposition, thus minimizing material usage and cutting tool wear, therefore cutting energy and



cost. Besides, with the extended introduction of Topology Optimization and Generic Design
techniques for component weight minimization, as in the ones for the aircraft, aerospace and
transportation applications, the use of hybrid manufacturing methods is inevitably irreplaceable
([71.[41.I8D.

As with any mechanism with moving or rotating parts, vibrations are caused during the
operation of the tools on a machine tool. These vibrations must be calculated and addressed
properly ideally from the machine design stage, as they can cause deformations of the machine
structure leading to part failure or even, in extreme case, to machine tool failure. Vibration can be
described as a set of mode parameters, including natural frequency, operation pattern and damping.
Natural frequency is an important component of the resonance effect. If the external excitation
frequency is the same as that of the structure, it can cause permanent deformations ([9],[10]). In
literature, three types of dynamic structural analysis techniques are known, (a) the distributed mass
beam method, (b) the irradiated fixed beam method, and (c) the finite element method (FEM).
FEM is one of the most useful tools for simulating physical models from very simple to very
complex ones, and in most cases, such as the one analysed in this study, it is considered appropriate
and efficient enough. Analyses’ accuracy performed on CAE software depends mainly on the
structure and the quality of the mesh. In this work, the dynamic characteristics of machine tools
were studied using the FEM, as it incorporates material properties, geometric properties and
boundary conditions were considered.

The aim of this study is to design a novel hybrid numerically controlled machine tool, which
combines a 5-axis CNC machine center with a 5-axis 3D printer for the production of industrial
grade high complexity parts made of polymers, elastomers and special type composites (eg. carbon
fiber reinforced filament) that require minimal finishing by hand to obtain the final product in the
shortest possible time. Static and dynamic analysis were iteratively used in the design process, thus
providing knowledge in improving design features and predicting machine tool behavior under
specific loads.

2. State of the art

Hybrid Manufacturing (HM) is an industry recognized term for combining at least two
processing classes or at least two subcategories of the same processing class automatically without
human intervention between processing phases. The prevailing term is ‘hybrid manufacturing’, as
explained by Rajurkar et al. [11]. This description was somewhat vague due to the fact that the
combination of two or more material removal processes is necessary in most machined parts.
Kozak and Rajurkar [12] decided to adjust the definition, in the sense that performance
characteristics of hybrid processing need to be significantly different than those of individual
procedures when performed separately. In 2001, Aspinwall et al. [13] introduced the term “assisted
machining” which defines HMT that combine two or more material removal processes, which are
applied independently in the same machine, further reinforcing the definition of HM.

In the early 2010s [14], the realization that the term HM should be used in a broader sense to
include processes other than machining led some authors to relate HM to any combination of
processes, which involve various forms of deformation energy, that are used simultaneously in the
same processing zone.

Fessler et al. [15] and Klocke and Wirtz [16] combined an older type of Laser Directed Energy
Deposition (L-DED or, simpler, DED) system consisting of a laser with a coupled powder feed
system (a device widely used for laser coating at the time) with a high-speed milling machine for
performing material removal operations after intermediate metal deposition stages. Nevertheless,
research about HM in the sense of alternating additive and material removal stages began to expand
and consolidate only in the mid-2000s through the adaptation of either Metal Additive



Manufacturing (MAM) or material removal operations. Kerschbaumer and Ernst [17], for
example, reviewed previous concepts and provided further insights into tool path generation, laser
power source performance, and powder feed adaptation strategies. Sreenathbabu et al. [18]
incorporated Gas Metal Arc Directed Energy Deposition (GMA-DED) into a CNC milling system
for machining irregular layers in a more precise planar shape. Song et al. [19] assembled two Gas
Metal Arc (GMA) lenses and a laser on a milling machine to obtain a hybrid multitasking system
capable of providing a more accurate and selective metal deposition through an automated tool
switching mechanism.

In the same line of hybrid multitasking systems, Kovacevic and Valant [20] patented a six-axis
robotic system for the manufacture of metal components with plasma and laser-based deposition
capabilities. Xinhong et al. [21] developed a system that combines the AM by Plasma Arc Direct
Energy Deposition (PA-DED) and SM by milling to fabricate a built-in double air propeller made
of a super nickel alloy.

The aforementioned and further test cases prompted the machine tool industry to develop and
commercialize the first hybrid AM/SM systems in early 2010s. Thus, some of the traditional CNC
manufacturers have introduced HMT models based on the DED technology for the AM operations.
For example, DMG Mori introduced the LASERTEC 65 3D Hybrid model, Mazak the
INTEGREX i-400AM, Okuma the MULTUS U laser EX model, Hermle the C-400 model and
Optomec the CS series models among others. All these models offer multiple nozzle DED heads
and multi-axis CNC machining, suitable for making from scratch or repairing (cladding) medium
to large metallic parts made of Ti alloys and high performance steels with intricate geometries,
such as impellers, gas and water turbine/compressor blades, jet engine nozzles etc. These systems
are based on DED technology due to its greater flexibility to combine AM and SM in a single
machine [22].

However, other CNC machine tool manufacturers focused on Powder Bed Fusion (PBF)
technology for AM operations in their HMT, such as Matsuura with its Lumex Avance 25 and
Sodick with its OPM250L and 350L models. These systems combine Laser Powder Bed Fusion
(LPBF) deposition with high-speed milling and is gaining attention for its ability to perfect external
contours, surface roughness and corrosion characteristics in dies and molds [23].

In order to create interchangeable AM heads that can fit in a typical CNC machine tool without
serious intervention in its operations, a couple of companies developed stand-alone tool heads that
can be fitted in the spindle with a simple tool change. Thus, 3d Hybrid offers GMA-DED, L-DED
and cold spray heads (commonly used in coating applications) and Hybrid Manufacturing
Technologies offers its AMBIT series for integration into CNC machining centers.

AM processes based on extrusion are among the most expensive and capable of producing
surfaces with high accuracy. However, the use of this technology involves some manufacturing
limitation such as the strength and size of the components due to long processing times. This can
be eliminated by using the combinations of AM with SM. Due to the low cost of thermoplastic
materials such as nylon and ABS, their use has become the only way to cost-effectively
manufacture non-functional prototype parts. Fused Deposition Modeling (FDM) is one of the most
common methods for manufacturing thermoplastics. In FDM material is extruded from drive
wheels to a hot-end and then to the nozzle for subsequent deposition. Thermoplastic is deposited
layer-by-layer to make complex components. Table 1 presents some of the hybrid systems that use
thermoplastics.

Saxismaker is a desktop machine tool that offers 5-axis milling and 3-axis printing. Creates
components from wood, plastic, foam and other materials. Uses software to carve intricate
products but only in three dimensions (X, Y and Z). Users must accurately rotate the object by
hand or the lose the entire path. Additinally, use for dental applications [24].



Creality CP-01 is a modular machine with exchangeable head attachments for 3D printing, laser
engraving and CNC engraving. For changing 3D printing, CNC cutting, Laser/CNC engraving the
CP-01 has several head options with different tools, one for each of its functions. Each head has
a universal connector to make any manual change easy, so reconfiguring the machine tool to switch
between different functions regularly takes minutes. Materials that this machine is compatible with
are PLA, ABS, and TRU. As a CNC machine, the CP-01 can sink its part into plastic, wood, paper
and PCB [25][26].

The Snapmaker 2.0 is built for the lab and provides users with all the manufacturing capabilities
that could potentially satisfy amateur applications. Users can swap out the unique 3D printing head
for a CNC tool or laser diode. Since the Snapmaker has been referred to as a 3-in-1 build system,
it includes a housing a rotary unit. The maximum temperature of the nozzle is 275°C. Equipped
with a direct drive extruder, this configuration will have no problems printing with materials such

as PLA, ABS, PETG and TPU [27][28][29].
The ZMorph VX is a machine aimed at professionals and individuals looking for an affordable
hybrid machine tool that combines 3D printing and CNC/laser machining for a variety of projects

[30][31].
Table 1:Hybrid systems for thermoplastics
Hybrid system | Technologies Printable Resolution
materials
Interchangeable heads for 36 microns CNC xyz
5axismaker CNC milling Thermoplastics 0.6 mm FDM xy
FDM printing, Probe CMM
Interchangeable heads for 04 FDM
. CNC milling . 4 mm Xy
Creality CP-01 FDM printing, Laser Thermoplastics 0.1-0.4 mm z
engraving
3D scanning, Interchangeable 0.4 mm fdm xy

da Vinci 1.0 Pro
3-in-1

heads for
FDM printing, Laser

Thermoplastics

0.0125 mm positioning xy
0.0004 mm z positioning

engraving

Interchangeable heads for: 0.02 mm xyz CNC prepcision
EEkL)JOSt MOOZ2 | rpmap printing, Laser Thermoplastics | 9-4 mm FDM xy

engraving, CNC carving 0.05-0.3mm z
H-Series by FDM 3D printing, CNC . 0.4-0.8 mm FDM xy _ .
Diabase milling Thermoplastics 0.005 mm z, 0.01 mm mechanical repeatability
Engineering

Snapmaker 2

FDM 3D printing, Laser
engraving, CNC carving

Thermoplastics

0.05-0.3 mm z FDM

ZMorphVX

2-materials FDM 3D pritning
Intercgangeable heads for
CNC router,

laser engraver, Thick paste
extruder

Thermoplastics

0.2, 0.25, 0.3, 0.4 mm depending on printhead
selection FDM xy

Mechanical res positioning: 0.014 mm at x,
0.0006 mm at z

layer resolution 50-400 microns

From the above, it can be seen that the development of hybrid systems technology for both
metallic and polymer material has a huge growth rate in terms of the production of complex




components with greater flexibility and maintaining high precision in a relatively short production
time. Thus, with hybrid processes, new research avenues are opened to enhance the capabilities of
the processes, minimizing the weaknesses that may arise by extending the scope of application.

The aim of the work is the development of a fully automated 5-axis hybrid CNC system for
non-metallic material than combines conventional multi-axis CNC machining with extrusion
based multi-axis AM. More specifically, the proposed machine design helps minimize set-up and
dead-times through its overall automation, offers high accuracy AM/SM processes based on high-
quality parts, improves tool head-type and tool carrying capacity and increases part production
flexibility, all within a limited space, thus creating a new category of industrial-grade benchtop
hybrid manufacturing systems with automated tool changer for high-end non-metallic products
that need no or minimal post-processing.

3. Hybrid Manufacturing assessment

According to international standards (ASME AM223, DIN 8580), manufacturing processes can
be divided into three categories: subtractive, additive and formative (Fig. 1) [3], [6], [32] [33].
More specifically, SM processes, such as turning, drilling and milling, start with a stock part or
bulk material, removing material until the desired geometry is created. In AM processes, material
is selectively deposited in successive layers until the final geometry is reached. Finally, in
formative processes, such as casting and forging, the bulk material is shaped into the desired
geometry through molds and tools. Table 2 presents a generic comparison of manufacturing

processes categories.
i )
5
Nay
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Figure 1: Formative, subtractive and additive manufacturing processes




Table 2: Comparison of manufacturing processes categories ([34],[35],[36]).

Formative Subtractive Additive

The material is built
through phase change in a
layer bylayer manner until
the entire part is
constructed, e.g. 3D

The desired part geometry
is shaped by removing
chips from bulk material
through cutting tools, e.g.
milling.

The material is formed
into the desired shape by
temperature and pressure,
e.g. injection molding.

Process

printing.

Often the best choice for

production low to
Incomparable low cost to medium volume Offers a cost-effective

‘o dUCF()E large volumes of components (10 to 100 way to create intricately
Cost ipdentical agrlts however parts). Initial investments | designed small or medium
the investenen'é in tools in machinery are not sized components that
(molds) is high cheap, but then individual | cannot be made with other
gn. spare parts can be manufacturing processes.

produced at a relatively
low price per unit.

Steel tools for mass
production are complex
and their creation is time | Quick lead times, usually
consuming, increasing within 5 days.

part or batch delivery
time to weeks.

Depends on the part,
sizes, complexity,
material, machine tool,
needed post-processing
etc.

Lead Time

A number of materials

Ability to produce Almost anything with no | available depending on

. internal features can be the AM technology,
relatively complex - .
L processed with great however, it is generally
. . components with high g, . . .
Material properties - precision, with very tight | not possible to produce
tolerances and a wide " . :
S tolerances and retains spare parts with material
range of materials ideal . . .
. excellent material properties equivalent to
for functional parts. - ; .
properties. forming or material

removal technigues.

Many machines are

Design is limited by the limited to relatively The parts can be produced
need for mold features, simple geometries, ep P
. . with almost any
Design Constrains such as spurs, runners, although complex .
. ; . geometry, complexity and
corner design and uniform | geometries become internal features
wall thickness. cheaper as technology '
evolves.

Manufacturing processes can be combined, thus creating hybrid fabrication processes. The most
common hybrid production method is the serial combination of additive with subtractive
processes. The component is built entirely through AM, almost to a roughly shaped geometry of
the object, then subjected to a finishing SM process to perfect the object’s surfaces and geometric
tolerances. The second hybrid manufacturing method alternates iteratively between AM and SM
during the construction process on an existing or a new object. AM and SM alternate either at
every material layer or at every couple of layers to achieve accuracy in any external and internal
geometrical features of an object, e.g. engine cooling pipes or mold cooling/heating channels.

Also, a hybrid system can combine materials, such as polymers, metals, composites, etc, during
the additive stages and apply different ones for the creation of a single part thus creating what is
called “multi-material parts” [3], [37], [38], [39]. However, this can be a serious challenge when
melting temperature is significantly different between two materials, where special actions must
be taken to successfully perform that [40]. A great deal of materials that can be used in additive
processes, either as filament, usually polymers, such as ABS, nylon, PLA, PETG, etc, or as
powder, metals, such as aluminum, copper, stainless steel and titanium, and polymers. As a result,



by using different metals in a single multi-stage process, the workpiece acquires better
characteristics without compromising its integrity. There are currently two types of HMT. The first
is an off-the-shelf HMT offering both AM and SM, while the second is to add AM capabilities to
a SM machine tool. By adding one or more AM heads to an existing CNC machine allows them
to work in parallel with the standard set of subtractive tools. Although the total number of HMT
available is still relatively small, as presented in the previous section, it is a technology that will
only be expanded and developed, due to its inherent flexibility of combining both processes into
one working space, which leads to increased productivity and ability to create parts that otherwise
it is either impossible or very difficult to produce [8], [41], [42], [43], [44].

Hybrid technology offers several advantages over the material removal or additive process
alone. Due to the ability to add material to existing parts, it allows the repair of damaged parts,
since selective addition of material to the parts is performed. At the same time, AM allows the
combination of different materials, changing its mechanical properties layer by layer which can
improve its durability, e.g. car engine connecting rods. Besides, it reduces the need for extensive
post-processing machining processes, as material is added only where required, for part finishing
(Fig.2). Finally, the ability to switch between AM and SM without having to move the piece to
another machine tool saves significant time and cost (set-up and down phases) and minimizes all
related errors.

(1) Start (2) Additive process (3) Milling (4) Additive process
z

& -

Workbench

3d printing
\ L
T —

® &

(5) Milling (6) Additive process (7) Milling (8) Finish

‘.‘ y

Figure 2: Schematic description of the hybrid AM and SM process.

Substrate

As with any new technology, HM technology faces a set of pre-challenges, learning curve and
questions. The first challenge is the investment and implementation cost associated with the
equipment, and whether these costs can be kept low, so that any business can invest in a HMT.
Also, another question that arises is whether HM technology is able to meet production
requirements in a timely manner. HM has been proven in the production of models and unique
parts in small batches, as well as in repairs of high quality and complexity parts. Custom on-
demand production performed with HM eliminates the need of inventory and minimizes
production time, thus resulting in overall cost reduction of the total production. Moreover, HM
can effectively produce complex parts or perform complex repairs, e.g. in molds by adding
material to enhance it for added durability. Over time, more and more industrial and other sectors
are becoming aware of the benefits of using HM systems.

HM technology is at the beginning of a new technology leap, which fits smoothly with the
Industry 4.0 transition that will dominate the manufacturing world in the following years. The



combination of both AM and SM in one machine enables innovative ideas and leads to production
disruption. Instrumental in the HM success is process optimization, which can be applied
seamlessly, so as to provide design and manufacturing flexibility while maintaining strict
specifications for the produced parts.

4. Multi-axis Hybrid Machine design

Design is a crucial stage in manufacturing parts for an assembly, as it determines manufacturing
processes, cost, functionality and aesthetics of the overall product. At the same time, design must
see to the manufacturing processes simplification for a machine’s components, thus maintaining
production and assembly at low-cost levels. As mentioned in the previous sections, the aim of this
study is to design a machine that combines the operations of a 5-axis CNC machining center and
a 5-axis extrusion 3D printer (Fused Filament Fabrication, FFF), which will be used for making
polymer, elastomer and special type composite parts. Also, this machine should be able to build
intricate part geometries that are difficult or impossible to produce with conventional means at a
reasonable time (Fig.4) [45].

A HMT is a complex structure consisting of a number of functional mechanisms and sub-
assemblies. Various materials can be used for the machine components, including ferrous and non-
ferrous alloys and engineering plastics. Frame material must have enough strength to support the
weight of the frame, the motors, the drive mechanisms and the spindle, as well as to withstand
forces resulting from the machining process. Also, in order to avoid any deformations owing to
static and dynamic loads, as well as thermal loads during operation, high rigidity of the machine
frame is required. Stiffness is a crucial factor in design, as it affects the machining accuracy of the
machine. In addition, moving parts and total weight is important because the mass of the frame
contributes to both static and acceleration forces. Thus, a combination of proper cross section and
material of the structural parts should offer the required mechanical properties and at the same
time should be available at a low cost. Various materials were examined, including metals, mainly
steel and aluminum alloys, and a number of plastics including high-density polyethylene, ultra-
high molecular weight polyethylene. Their properties were collected, compared and evaluated as
possible selection for the proposed HMT frame. Compared properties include coefficient of
elasticity, density and yield strength. The ratio of elasticity to density was calculated to offer
rigidity and the ratio of strength to density was introduced, so as to evaluate strength relative to
weight. At the same time, costs for given part dimensions for different materials have been found
retrieved from suppliers and are shown in Table 3 [46].

One of the most important issues that arose during the design of the proposed HMT was to
determine how to both rotate the cutting tool shaft and adapt the extruder mechanism without an
unnecessary increase in machine complexity. The idea is to change the cutting tool and extrusion
head automatically, thus saving operation time and minimizing human intervention.
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Figure 3: 5-axis Hybrid Machine Tool with automatic tool changing machine

Table 3: 5-axis Hybrid CNC Specifications

Proposed hybrid CNC specifications

Working Area 200 x 200 mm
Travel x-y-z 210x210x150 mm
Table Size 200 mm
Swiveling range of A-axis -450 ~ +450
Rotary range of C-axis 3600
Swiveling speed of A-axis 30 rpm
Rotary speed of C-axis 100 rpm
Cutting Feed rate 900 mm/min
Rapid Feed rates (all axes) 1500 mm/min
ATC type Linear Type
Tool magazine capacity 5T
Max. tool length 120 mm
Max. tool diameter @ 10 mm
Max. tool weight 5kg

XY Motor System

Timing belt and pulley (S2M)
2x24 Nema 17 stepper motor

Z Motion System

Ball Screw & nut SFU1605 1x
Nema 17 stepper motor

Part Materials

Polymers, elastomers, special

composites
Spindle Motor HFSAC-6508-24-ER11
Spindle Speed 24000 rpm
Spindle Taper ER11
Spindle Motor Output 0.8 KW
Spindle Weight 2.5kg
Total Weight 70 kg
External Dimension (LxXWxH) 620 x 700 x 850 mm




Figure 4: Desktop multi-axis hybrid milling-filament extrusion CNC machine tool



4.1 Structural material for the frame

Comparing metals and plastics is not easy, as metals have much higher strength and modulus
of elasticity, but they also weigh more and are harder to process. It is important to note that both
the studied steel and aluminum alloys, which are appropriate for the specific application have
similar strength to weight properties, as indicated by the specific modulus E/p ratio, while high
quality aluminum has significant strength advantage over weight. Following a material section
process for the machine components, as proposed by Ashby, aluminum profiles were selected for
quick and easy assembly [47]. Also, an advantage is the structural rigidity of aluminum profiles
which is crucial for the accuracy of the machine.

Table 4: Material Properties comparison for structural parts [48]

. Tensile | Modulus Ultlm_ate Shear | Specific | Specific
Density ield f Tensile dul i i
Material Yie of Strength Modulus | Tensile | Tensile C_ost
glem? Strength | Elasticity s Sy modulus | Strength | (US$/kilogram)
max
¢ (MPa) | E (GPa) (MPa) (GPa) E/p Sylp
Aluminum
6061 -T5 2.7 185 69 310 2.56 25.50 9.63 2.30-3.50
Steel A36 7.85 250 200 550 79.3 25.47 10.1 0.55-0.68
polypropylene | 0.92 33 1.4 460 0.4 1.52 0.43 1.31-1.55
Polycarbonate | 1.22 62.05 3.1 65.5 5.03 2.54 4.12 3-6

Figure 5: The proposed 5-axis hybrid CNC frame.




4.2 Mechanical systems

The mechanical motion subsystems of a HMT CNC provide the means required for printing
and machining of various materials. The choice of subsystem materials has a direct impact on
performance, accuracy, repeatability, longevity and ultimately mechanical vibration transferred to
the part. The mechanical motion subsystems consist of the drive system and the frame housing
structure, each of which has a direct impact on the aforementioned properties on the HMT. In the
rest of this section, we focus on the types of these systems and examine their advantages and
disadvantages.

4.2.1 Guide Rail Design
The first part to be considered is the driving systems of the linear axes. The simplest chosen
driving system (Fig. 6) includes guide blocks and linear guideway mount rails [49]. This system
is capable of higher loading capacities with stability in handling balanced loads, along with
orientation in any position, maintaining approximately the same load capacity due to its rigidity.
The above features also make this system a perfect application for the specific purpose.

The most common linear guide includes square and round guide rails. Round guide rails were
first created but do noy provide the precision offered by the square components of the guide rail.
Round guide rails on the other hand are the preferred guide rails for vertical movement with heavy
loads. Some of the problems arise from poor application or misuse. The main reasons for incorrect
application often come from design miscalculation (load, speed, etc.) Most of the design problems
have been overcome over time and materials have improved dramatically ([50],[51],[52]).

Square guide rails originally designed for CNC machine tool industry. They replaced the built-
in guides that were part of the machine tool frame. However, this way of driving still provides high
accuracy in some applications. Square guide rail is more rigid and stiffer, but they need constant
support with strict requirements for flatness and parallelism, they cannot fill the gaps that a round
guide rail can fill. The main advantage of square guide rails is their high placement accuracy. They
maintain from 0.005mm to 0.025mm in length 3000mm compared to 0.25mm for round guide rail.
They also manage this accuracy for an instant load. Most CNC router manufacturers choose the
square rail despite the lower smoothness of their operation compared to the round ones because
they receive higher loads with high accuracy [53].

Figure 6: Mechanical motion systems and guide rails



4.2.2. Drive System

Feed drive system moves the axes and guides the workpiece to the desired positions in
order to achieve the machining process on a machine tool. There are two types of feed drive
systems: (a) direct and (b) indirect. In the direct drive system (Fig. 7), a linear motor is used
to move the moving workpiece by the use of a magnetic field or compressed air. Although the
magnetic mechanism provides high speed and acceleration when moving, in cutting conditions the
maximum acceleration and loading capacity are severely limited as the cutting forces increase. In
addition, there are pneumatic feed drives that operate on principle of converting the energy of
compressed air into linear or rotational motion.

Magnets (Stator)

Figure 7: Direct feed drive system (linear motor) [54]

On the other hand, the indirect drive system (Fig. 8), a rotary motor moves the work table
through a system that includes gear, ball-screw and nut system. The rotational motion of the motor
translates into a linear rotation of the spheres between the screw shaft and the nut. There are two
candidate electric rotary motor types that can be used to drive the axes of the proposed machine
tool, keeping in mind the low cost and the high precision: (a) servomotors and (b) stepper motors
(Fig.9), both of which have their own strengths and weaknesses. While servomotors have a
feedback drive system, stepper motors have multiple methods to be driven. Although both are
similar in terms of control, there are major differences in performance and applications. Table 5
provides an abstract performance comparison of the two motor types [55]. Indirect drive systems
show high rigidity of the system against the developing forces during machining process. Although
this mechanism has limited speed and acceleration ability, the mechanism retains its acceleration
ability for a wide range of inertia variations. The high efficiency load capacity, the long shift path,
the low heat dissipation of the systems in combination with the long life, make the wide application
of the system in the machine tool industry [56][57][58][59].
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Figure 8: Indirect feed drive (ball screw, motor and linear guides)

Although a number of actuators have been used for CNC machine tools in the past, together
with the hydraulic actuators, which are mainly used for very high powers and large machine tools,
electric motors are the most common for axes drive in CNC machine tools. The proposed HMT is
small in size, so hydraulic actuators cannot and need not be utilized.

Figure 9: Stepper (left) and servo motor (right) [60]

Table 5: Servo versus stepper motors [61]

Advantages Disadvantages
o Simple design control ¢ ;I;]cgrrzgze(:ecreases as speed
¢ No feedback required
o Excellent low speed torque ° g}f’?:tﬁ?:eﬁjgnizt regardless
o Excellent low speed smoothness . Cannqot react to chanaes is
o Lower overall system cost g
Stepper motor L Lif load
* -ongerLiie - e Low efficiency
o Excellent Repeatability « Torque declines rapidly
o Provide full torque at standstill with speed
e Very reliable o Low Accuracy
e Low-speed synchronous rotation | | Very noisy
e Closed loop control e More complex control —
e Higher torque at higher speed tuning required
Servo motor | e Lower motor heating » Position feedback required

e Better choice for variable load | ® Higher overall system cost
systems e Poor motor cooling




¢ High efficiency

e Hight output power relative to
motor size and power

e Encoder determines accuracy and
resolution.

e Resonance and vibration free
operation

e High speed operation is possible

Stepper motors are a good choice whenever low-cost controlled motion is required. They can
be used in applications where you need to control rotation angle, position and synchronization.
Due to the inherent advantages mentioned in Table 6, stepper motors have found many
applications, including printers, laser cutters, engravers and others. Stepper motors have a number
of features that make them the motor of choice for a wide range of applications, mainly in
measurement and control. There are low costs that produce high torque at low revolutions and
benefit from a simple structure. The advantage of open loop operation is that as long as the motor
is operating within its specified torque, the shaft position is always known without the need for a
feedback loop [62] [63].

There are several factors to consider when choosing a stepper motor for our application
([60],[641.[65]):

1. Starting torque
Maximum speed
Duty cycle
Required power
Load inertial
Speed control
Reversible motor
Time to accelerate
. Time to decelerate
10. Size and weight consideration

©OoNe s WD

4.2.3. Power transmission mechanism

The purpose of the drive mechanism is to transfer the torque provided by the electric motors for
the linear movement of the machine axes. These systems offer a simple and compact means of
power transmission and drive with exceptional reliability. There are two main types: (a) power
screw (ACME THREAD, Fig. 10) and (b) ball screw. However, the differences arise in the
efficiency with which the motion is transmitted, friction power losses and the respective thermal
phenomena, accuracy and backlash elimination, the permissible rotation speed and the required
linear speeds. At this point, it is necessary to analyze the particularities of each type of screw.

Power screws (Fig. 10) have trapezoidal thread to roll on to the lead screw. As the motor rotates,
the thread pushes the shaft nut forward or backward depending on the direction of rotation. This
transforms motor’s rotary motion to linear motion on the shaft.

Ball screws (Fig. 10) provide many advantages in their applications. Although the basic screw
and nut principle applies, the contact between them is achieved though the intermediate balls, that
recirculate. With the right nut material, ball screws can achieve self-lubrication. For example, if
the application which provides low friction force, polymer nuts are used. This can reduce or even
eliminate the need for lubrication. On the contrary, metal nuts can carry higher loads, but they will



also have a higher friction force and require lubrication [66]. Table 6 shows the advantages and
disadvantages of the two types of screws that are used for transferring torque ([67], [68], [69],

[70]).

Table 6: Advantages and disadvantages of power transmission screws [71]
Advantages Disadvantages

e Low cost

Self-locking (do not require a
braking system)

Power Screw | e More suitable for vertical
(ACME) applications

Lower operating noise
Prevent backlash drive

o Self-lubricating

o Generally, less efficient,
requiring greater torque
and a larger motor and
drive

¢ Higher friction and higher
operational temperature

¢ Replaced more frequently

¢ Hight efficiency ¢ Requires higher levels of
e Predictable life expectancy lubrication
e Precise and repeatable movement | e Tend to overhaul — Needs
e No tendency for slip-stick additional brakes if locking
e Minimum thermal effects is required
Ball screw e Easily preloaded to eliminate | ® Susceptible to
backlash with minimum friction | Ccontamination
penalty e For the same capacity ball
e Smoother movement over full | Screws are not as rigid as
travel range conventional power screw

e Smaller size for same load

CNC machine tools that are found in the market today use both power and ball screws. Most
low-cost machines use power screws for cost saving and design simplicity reasons. However, as
speeds increase and high reliability requirements are set, power screws become more common.
The choice must be weighed against capabilities and costs, in order to determine the optimal drive
mechanism for the system.

Load Surfaces in Contact b)

Ball Return Tube

Precision Ground
Beating Balls

Mounting Threads

\0ad

Figure 10:(a) Trapezional Power Screw, (b) Ball Screw

4.2.4. Hollow Rotary Table
Hollow rotary table (Fig. 11) is a rotary load device. It uses spiral conical gears whose contact
teeth design offer uniform loading, thus, high torque and high transmission efficiency, high
accuracy and high-cost efficiency. Combined with a planetary reducer, the transmission ratio
reaches 1:180. Mounting accuracy is comparable to the direct drive motor which can carry the idle
load in a short time [72]. A cross-roller bearing is used in the hollow table, which allows both high
load and high rigidity. Tables and arms can be installed directly on the output table. This saves



design time and construction cost of an installation mechanism, installation of necessary
mechanism components, voltage adjustment of a belt, etc, when mechanical components such as
belt and pulley are used for installation. The large diameter of the output table hole helps reduce
complexity of wiring and piping, thus simplifying the design of equipment. The design of the
hollow table was based on the SV type of GIGAGER Hollow Rotary Table [73][74].

Hollow Output Table

.

= -l i Hollow
¥ N — _‘?\ Output Table
4 1 z Cross-roller -
‘ bearing \?
- —
\ - /—:-'1.':\ Pinion
Planetary = +1
Planetary reducer ' '
reducer s
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Figure 11: Hollow Rotary Table

Motor

5. Analysis of CNC milling machine frame

HMT are machines that perform both SM and AM processes. However, in terms of mechanical
loading, the SM processes, such as milling, drilling, turning etc, are the ones that load a HMT
significantly, as compared to the AM ones, whose main loading is thermal. When cutting tools are
involved, cutting forces can affect both the part processing and the structure of the machine tool
itself. Cutting tools in CNC machining are used for removing large quantities of material during
the roughing phase and for providing the necessary surface smoothness as well as for perfecting
the geometric features of a workpiece during the finishing phase. Vibrations that appear during
these phases are determined by machine tool stiffness and strength, so they must be taken into
account at the machine design stage. Unwanted vibrations (chattering) between tool and workpiece
also affect the quality of the final surface during finishing. Chatter is one of the most critical
features considered during the design process of a machine ([75],[76],[77]). Static and dynamic
deformations of the machine tool play important role in the integrity of tolerance and stability
during the machining process that affect workpiece quality, machine productivity and accelerate
tool wear.

Modal analysis is the study performed for analyzing a structure under vibration conditions. The
behavior of the structure in a given frequency range can be modeled as a set of individual vibration
modes. To be easily understood for any structural vibration problem, the eigen-values and
eigenfrequencies of a structure must be identified and quantified. Some parameters, such as natural
frequency and resonant frequency are used to describe this effect. From the use of modal
parameters to model the problem, the natural frequencies that cause the tuning of the structure can



be examined, thus improving the machine design. Modal analysis is one of the main tools for
analyzing the dynamic behavior of structures, thus optimizing design of structural elements that a
machine comprises of ([78],[79]).

In order to evaluate structural performance of the proposed CNC HMT, the finite element
method (FEM) was used to model the static and dynamic behaviors under different loading
conditions. Figure 12 shows the complete model of the structure of the machine and all structural
simplifications used for the preparation of the analysis model (simplified). Due to the complexity
of the design, a simplified model for Finite Element Analysis (FEA) was created, which combines
structured (rotating symmetrical parts) and unstructured elements (aluminum profiles). Adjacent
joints have been achieved by merging selected nodes, by inserting a rigid connection (replacing
screw connections) or by integrating linear springs between corresponding pairs of nodes
(connection between linear guides and carriages or their drive screws). The loading conditions
implemented for the analysis were as follows:

1) Static analysis under gravity forces, without any external load.

2) Static analysis under gravity, external force 100N applied (piece weight) to the table and
external force 50N applied to the shaft tip in the Z direction (tool weight).

3) Static analysis under gravity force, and external forces, and external force applied
external forces 100N to the table in the direction X, Y, and Z simulating the cutting
force at different angles of the table in A and B directions.

4) Frequency analysis and harmonic analysis for the dynamic response to natural
frequencies, as well as to forces created during the cutting process
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Figure 12: Finite element model of 5-axis hybrid machine



5.1 Static analysis

Static analysis shows the behavior of the structure, when acting forces are constant. From the
static analysis we obtain the deformations of the structure, stresses that are created and possible
failure at rest. Creating a proper mesh is important for the accuracy of the results, as in any FEA.
Due to the complexity of the machine tool structure, a simplified FE design model was created by
combining a structured and unstructured mesh. After the meshing process, the total elements
generated were 455,224 and the number of nodes were 659,338. The boundary conditions used for
all three degrees of freedom are at the base of the machine tool, the beams of which are fixed, i.e.,
all degrees of freedom are set to zero (Fig. 12). The model was subjected to forces, such as the part
weight, the tool and spindle weight and finally the forces during cutting, in various table angles in
A and B directions under the influence of gravity. The structure was examined in two different
cutting conditions, the first is cutting forces during 3-axis machining and the second during
drilling. Table 7 and 8 present static analysis results.

Table 7: Static analysis results (endmill cutting forces)

No Table Angle | Von Mises URES Equivalent Strain FOS
A B (N/mm?) (mm) ESTRN
1 0 0 1.337e+07 | 2.399e-01 8.314e-05 1.085e+01
2 | 225 0 1.308e+07 | 2.399e-01 7.999e-05 1.108e+01
3 | 225 | 225 | 1.337e+07 | 2.399-01 8.312e-05 1.085e+01
4 45 0 1.337e+07 | 2.399e-01 8.313e-05 1.085e+01
5 45 45 1.309e+07 | 2.398e-01 8.000e-05 1.108e+01
Table 8: Static analysis results (drill cutting forces)
Table Angle Von Mises URES Equwaglent
No. A B (N/mm?) (mm) Strain FOS
ESTRN
1 0 0 7.551e+06 | 1.516e-01 7.822e-05 1.920e+01
2 22.5 0 8.649e+06 | 1.521e-01 6.641e-05 1.677e+01
3 225 | 225 | 8.563e+06 | 1.746e-01 7.977e-05 1.693e+01
4 45 0 1.080e+07 | 1.519e-01 9.056e-05 1.342e+01
5 45 45 8.439e+06 | 1.848e-01 7.591e-05 1.718e+01




Figure 13: Static analysis results for table angles A 45° and C 45°

After simplification of machine tool structure, total weight of the frame is 20kg. Thus, the entire
deformation of the Z-axis beam was evaluated. The overall deformation under the weight is low
and does not affect the accuracy of machine tool. To investigate the deformation caused by the
cutting force, the selected spindle had a torque of 0.35Nm, 1.1kw of power and a maximum
rotation speed of 24000 rpm. The axial momentum load applied to the tip of the spindle that bears
an 8mm diameter end-mill was T = 0.35Nm, force load of F = 100N in all X, Y and Z directions
and at the same time the most unfavorable angle of the table (for A and C rotation angle of 45°).
These loads are the maximum applicable ones for the specific machine design. Table 7 shows the
results from the static analysis, showing that the maximum deformations are of the order of 0.24
mm for the worst-case scenario, which is too small to affect the actual cutting accuracy. Since the
machine tool is designed to process only soft material, it is almost unlikely that forces of this order
will develop, which makes the machine tool rigid enough within the specified operational values.



5.2 Frequency response functions

Dynamic behavior reflects the structure’s resistance to vibration. Therefore, a dynamic analysis
was performed to determine the natural fundamental frequencies, which is predicted for the
machine tool model (Fig. 14, 15, 16). Natural frequencies indicate the dynamic characteristic of
the joint is one of the key factors influencing the dynamic performance of the machine tool.
Accurate calculation of the stiffness parameters of the joints in the power supply system at the
design stage of the machine tool is crucial for obtaining correct results of theoretical analysis.
Table 9 lists the first twelve critical eigenfrequencies of the structure.

Table 9: Natural frequencies

Mode | Frequency Revolution per
No. (Hertz) minute (RPM)
1 50.111 3006.66
2 58.505 3510.30
3 81.507 4890.42
4 142.330 8539.80
5 152.160 9129.60
6 187.660 11259.60
7 245.790 14747.40
8 317.250 19035
9 346.350 20781
10 351.320 21079.20
11 359.76 21585.60
12 390.23 23413.80
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The first three critical frequencies appear at 50.111Hz, 58.505Hz, 81.507Hz, which are observed
in the lower section of the spindle, supported by the vertical columns in the X-Z plane. The fourth
and fifth critical frequencies at 142.330Hz and 152.165Hz respectively are observed in the outer
rim of the table. The sixth and seventh critical frequencies occur at 187.660Hz and 245.790Hz
and are observed at the spindle, associated with the vertical column around the vertical Z axis. The
eighth critical frequency is displayed at 317.250Hz with a displacement of 1.833mm, observed at
the inclined supports of the machine back. The ninth critical frequency is displayed at 346.35Hz
with a displacement of 0,076 7mm in the arms of the machine table. Subsequent frequencies cannot
be considered critical, as they lie outside the operating range of the machine tool. In all,
deformations are very small and do not affect the machining accuracy, at the same time the
frequencies can be avoided if the operating spindle speeds do not match them, thus avoiding
unfavorable operating conditions. Table 10 lists all the critical eigenfrequencies and how they
affect the structure.



Table 10: Frequency analysis results

Mode | Natural Frequency | Total Defromation .
Relative movement
No. (Hertz) (mm)
1 50.111 3.875e-01 X-Z travel axis
2 58.505 2.420e-01 X-Z travel axis
3 81.507 3.071e-01 X-Z travel axis
4 142.330 8.252e-01 Tip of the table
5 152.160 1.070e+00 Tip of the table
5 187 660 5 3406-01 X-Z travel axis and upright of
structure
7 245.790 4.297e-01 X-Z travel axis
3 317 250 1.8336+00 Compressive strut (back of
machine)
9 346.350 0.7676-01 Table and compressive strut of
table
10 351320 0.5031e-01 X-Z travel axis and upright of
structure
11 359.760 4.009e+00 Compressive strut of table
12 390.230 9.190e-01 Table

5.3 Harmonic Response Analysis

The machine assembly model was subjected to dynamic loads, which simulate the actual
machining process, thus the behavior of the structure under varying loads was examined. The
dynamic analysis was performed by subjecting the structure to cyclic (harmonic) loading,
resembling simulated processing conditions. It was examined whether the harmonic frequency is
identical with the natural frequency of the structure, so as to avoid resonance of the structure to
the maximum allowable amplitude. This state of resonance should be avoided as maximum
vibrations can lead to excessive stress or in extreme cases damage (failure) to the structure. The
structure was analyzed using the FEM for the harmonic response analysis. Loads were applied
according to design requirements. The undertaken cutting conditions refer to cutting loads for
pocket machining with D=8mm (tool diameter), N.=2 (number of flutes), As=30° (helix angle),
f, = 0.05mm/tooth (feed per tooth per revolution), ap=2mm (axial depth of cut), a.==2mm (radial
depth of cut), n=3600 rpm (revolutions per minute). The cutting model was obtained by ([80], [81],
[82]), but since rotational velocities were small according to the implemented spindle and
supposed cutting material, we doubled them in the model. The results showed that the structure is
able to withstand the harmonic load in tuning frequencies. Therefore, the design of the structure is
considered to be safe from harmonic loading. Table 11 shows the results of harmonic analysis

Table 11: Harmonic analysis results (endmill cutting forces)

No Table Angle | Von Mises URES Velocity Acceleration FOS
A B (N/mm?) (mm) (mm/sec) (mm/s?)
1 0 0 8.394e+06 | 5.137e-02 1.538e-02 3.237 1.727e+01
2 | 225 0 7.256e+06 | 5.138e-02 1.538e-02 3.237 1.998e+01
3 | 225 | 225 | 6.310e+06 | 3.375e-02 1.538e-02 3.237 2.298e+01
4 45 0 7.099e+06 | 6.066e-02 1.537e-02 3.237 2.043e+01
5 45 45 6.447e+06 | 3.211e-02 1.538e-02 3.236 2.245e+01
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Figure 17: Harmonic analysis results for table angle A 45° and C 45°

After identifying the natural frequencies and their vibration modes, harmonic response analyses
were performed to quantify the steady state response of the machine to loads that vary
harmoniously with time. In addition, nonlinear parameters, such as damping, were applied to the
spindle tip and responses were evaluated for different eigenfrequencies. Harmonic response
analysis is able to verify whether the behavior of the structure is able to successfully overcome the
tuning and the harmful effects of forced self-excited vibrations. The equivalent forces predicted
by the load modeling were converted to a harmonic form applied to the machine. Maximum
deformation observed at the rim of the machine tool table (angles A 45°— C 0°) during vibration
was 0.06mm. The results of the dynamic analysis and evaluations of the structure are acceptable
and well within intended operating limits.



6. Conclusion

In recent years, a couple of CNC machine tool and 3D printer manufacturers have developed
hybrid multi-axis machine tools for parts of intricate geometry, which need to be durable and
precise, so as to minimize processing times, material waste during the rough milling phase, the
need for post-processing by hand or on other equipment and all related costs. However, this has
been implemented in either heavy industry equipment of extremely high acquisition, production
and maintenance costs or home (non-professional) equipment with low processing repeatability
and part quality. Although, implementation of Hybrid Manufacturing processes has proven to be
quite efficient in producing commercially ready parts that require none or minimal post-
processing, there is not a appropriate machine tool in the market which is both efficient, cost
effective and capable of producing quality parts. The very high acquisition and production cost of
industrial hybrid machine tools, however, is not in line with everyday industrial or artisanal
practice of producing small batches of limited-cost pieces from non-metallic materials.

This paper aims at addressing the gap in the hybrid manufacturing sector and presents a design
and analysis study for a new desktop multi-axis hybrid machine tool, that creates finished products
made of polymers, elastomers and special type composites. The machine combines 5-axis
Subtractive Manufacturing, specifically milling and drilling operations, with 5-axis Additive
Manufacturing, specifically Fused Filament Fabrication 3D printing technology with an automated
tool change system. The structural, as well as the moving, elements that comprise the machine
were designed and selected with the aim of simplifying their production and the machine assembly,
so that the total production cost of the machine remains low. The performed static, frequency
response and harmonic response analyses indicate that the behavior of the proposed structure is
rigid and stiff enough for cutting soft materials, thus making it a viable and low-cost solution for
small batch manufacturing of polymer, elastomer or special composite products that need no
further post-processing either for engineering, industrial or artistic applications.
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Abstract

Additive Manufacturing is a transformational approach to industrial production that allows the
creation of lightweight components of complicated geometry, which could not be manufactured
with traditional production processes. The need to save time and costs plays a key role in the
development of any industrial unit. However, the surface quality and production time of the 3D
printed parts make it impossible to apply the method for industrial applications. In this direction,
in the last two decades, the machine tool industry has started to develop manufacturing hybrid
machine tools. These combine the operation of CNC machining centers with 3D printers. This
study proposes a new design of a head extrusion 3D printer with the aim of creating an innovative
automatic tool replacement system for hybrid machine tools. This way, material extrusion heads
can automatically be interchanged or be changed with cutting tools, so that hybrid manufacturing
tools can be utilized easily and quickly without the intervention of the operator.

Keywords: 3D printing, CNC machining, Additive Manufacturing, Subtractive Manufacturing,
material extrusion, tool holders

1. Introduction

The term Hybrid Manufacturing (HM) has been used to describe the combination of
conventional and non-conventional machining processes in a single work environment: a single
machine or a closed manufacturing cell. Thus, Hybrid Machine Tools (HMT), which perform HM,
integrate different machining functions into one machine. Recently, this term has mainly been
affiliated with the combination of Additive Manufacturing (AM) and Subtractive Manufacturing
(SM) processes, which run on a single machine in series or in parallel (([1],[2].[3].[4].[5)).
Commonly, HMT are either multifunctional CNC machine tools which include an AM unit for
building a rough original part or 3D printers that incorporate a spindle and cutting tools for fine
detailing (engraving and/or surface finishing) the 3D printed part. In the same direction, robotic
systems have also been utilized, as they can inherently operate with various and interchangeable
end-effectors with regard to the task they need to perform. As a result of the HM philosophy, the
manufacture of a part though iterative material adding and subtracting is carried out on a machine
without additional set-ups, fastening and transferring from one machine to another to complete it.
This has a number of benefits, such as minimizing set-up and down-times, cost and material usage,
and maximizing part quality, process repeatability and productivity. The main reasons for the use
of HMT in productions of parts of high surface quality and high geometric complexity in low
production volumes ([6],[7],[8],[9]) are:



e Repairing. HMTs allow the use of both material addition (cladding) and removal to
repair existing high-added value components, such as compressors and turbines.

e Surface Finishing. Introducing material removal procedures to additively produced parts
to finish interior and exterior component features and surfaces.

e Precision. Hybrid system technology allows 3D printing and surface finishing in the
same reference coordinate system, allowing for critical tolerances.

e Complexity. Due to the involvement of AM processes, hybrid machine tools offer the
ability to build very intricate/complex part geometries and are greatly flexible in their
manufacture.

e Multi-material part production. Components consisting of different materials are even
difficult to produce with the use of AM alone. A hybrid system allows the build process
to start with 3D printing of one material, followed by SM stages for proper surface
preparation, then continuing with other 3D printing stages of the same or different
materials, so as to make multi-materials parts whose different material are properly
joined together.

In general, AM uses powder or wire/filament as initial raw material for deposition, in order to
make components almost identical in shape to the designed models. Typically, powder technology
is adopted for relatively small and thin components, while wire/filament technology is
recommended for larger structural components, as the material addition rate is higher in the latter.
However, CNC finishing operations can be applied to ensure the desired accuracy by eliminating
the stair-step effects resulting from the layer-by-layer deposition. It is well known that the
manufacturing with layer-by-layer deposition method is at least one order of magnitude slower
than the subtractive process with CNC for achieving the same theoretical surface finish
([10],[11],[12]). The technological dilemma is whether to choose higher productivity AM process
with thicker deposition layers, but lower surface finish due to “staircase effect”, or higher surface
quality by performing a slower deposition of thinner layers, thus sacrificing process productivity
([13],[14],[15]). In other words, AM process productivity can be increased with greater energy
input, yielding thicker layers of material and faster process, but this way the part’s surface finish
deteriorates. Conversely, using the slower approach, with deposition of layers of smaller heights,
the creation of a better surface finish can be achieved, but at higher costs when high part accuracy
is needed.

Over the last two decades, during which AM has significantly advanced and has managed to
provide high accuracies similar to the ones achieved by SM processes, there is serious debate and
competition between the two approaches. Both approaches have their benefits and their drawbacks.
In short, SM offers high surface quality and high part integrity at low processing costs and high
productivity, but it suffers from low material buy-to-fly ratio, as the machining commonly starts
with a primitive geometry raw part (cylindrical or prismatic) equal to or larger than the final part
envelop, high tooling, consumables and setup costs and energy consumption. On the other hand,
AM processes demonstrate high material usage efficiency, low tooling and consumables costs,
multi-material parts, and the ability to create very intricate and complex internal and external part
morphologies, but they result in relatively low surface quality parts at acceptable productivity
rates, raw material (powder and wire/filament) at higher costs because of the extra production
stages, low repeatability, questionable structural integrity, and the need for post-processing
(thermal, UV or pressure) before AM products can be utilized.

Rather than considering AM and SM competitive to each other, the Hybrid Manufacturing
approach engulfs them both as complementary technologies. It is the technological bridge that



allows material to be printed, material added to existing components, low mass components to be
developed with high complexity, and then allows machining for improving dimensional and
operational accuracy on the same machine tool. Thus, the hybrid technology incorporates AM and
SM operations in a multi-stage profitable process for small and medium batches, due to the fact
that productivity and surface finish can be controlled independently. In other words, if high-quality
AM parts must be produced at acceptable production cost, the optimal strategy has proven to be
the rough deposition of material complimented with fine CNC machining intermediate and final
finishing stages.

The combination of additive and subtractive processes, whether on different or ideally on the
same machine, is currently an almost established practice for the vast majority of parts produced
by AM, which require additional machining in order to achieve a suitable surface finish, tighter
tolerances, functional properties and avoid excessive residual stresses. It also results in a
significant reduction in material and energy wastage, due to the fact that controlled material
deposition is used instead of solid raw stock material ([16],[17],[18]).

The aim of this work is the development of an innovative design for material extrusion 3D
printing mechanism that fits directly in standard tool holders and electrically connects via slip-
rings, so that no other electrical cables and connections are required. This innovation helps
minimize components and simplifies the overall construction of a HMT, which makes parts from
polymer, elastomer and special type composite materials, e.g., non-fabric type short or long carbon
fiber reinforced polymers, of increased complexity. The proposed mechanism’s layout allows the
automated change of filament extrusion nozzles, so that it can be replaced quickly and easily at
any time, as is the case with the ATC of typical CNC milling machines. The system must be located
inside the HMT and a number of hot-end units can be selected, as required by the process plan.
Although it does not fall within the scope of this study, the operation of the automatic tool change
system is briefly discussed, as this requires proper definition of G-code commands and its low-
level programming in the CNC machine tool controller.

2. State of the art

One of the main problems that arises when combining AM and SM technologies in a machine
is the installation of the AM unit in a CNC machine tool without special modifications. Multi-axis
CNC milling centers are typically the machine tool basis upon which the AM unit is to be installed.
Most research efforts focus on designing a modular hybrid platform that incorporates various AM
with SM. Existing commercial HM systems can be divided into two main categories: (a) HM for
metallic parts and (b) HM for polymeric parts, mainly thermoplastics.

The HM for metallic parts can be further divided into three subcategories:

0] Directed Energy Deposition for AM and 3- to 5-axis CNC milling for SM processes
(such as DMG Mori laser 3D 65 & 4300, MAZAK Integrex i-400AM, VC-500 AM
& Variaxis j-600AM, Laser EX & MULTUS U laser EX and HERMLE C-400) [7],

(i) Powder Bed Fusion for AM and 3-axis CNC milling for SM processes (such as
Sodick OPM250L & OPM350L and Matsuura Lumex Avance 25 & 60), [19]

(i)  Laminated Object Manufacturing (ultrasonic solid-state welding) for AM and 3- to
5-axis CNC milling for SM processes (Fabrisonic SonicLayer 7200), [20], [21]



The HM for polymeric parts combines Fused Deposition Modelling (FDM), CNC milling
and/or laser engraving/cutting technologies. Examples of commercially available HMTs are
Creality CP-01, daVinci 1.0 Pro 3-in-1, Dobot Mooz 2 Plus, Diabase Engineering H-series,
Snapmaker 2.0 Modular 3-in-1, ZMorph VX, 5axismaker 5xm series.

One for the first HMTs was developed by AeroMet Corp. ([22], [23]), which incorporates a
laser source for depositing material on a CNC milling machine to produce metallic products for
the aerospace industry, specifically for the F-15 Fighters, in 2004. This system is not as efficient
due to technical problems with the COz laser and the powder supply [24].

A design problem for HMT manufacturers is the way in which the AM module will be
connected to the basic structure of the machine. DMG Mori [25] adapted the laser deposition unit
to fit to HSK63 tool holders to control the movement of the AM head on the Z axis of the machine
tool. The AM head (Laser Deposition Welding, LDW), however, should be stored outside the work
area of the CNC machine tool after each deposition operation, when it was replaced by the cutting
tools. Moreover, the workpiece should be electrically grounded when depositing the welded
material ([26],[27]).

Most AM units from the first category are dedicated to the machines they are fitted to.
However, a couple of companies have created AM units that can be fitted into standard CNC
machine tool holders. Thus, the Ambit system of Hybrid Manufacturing Technologies company
offers a number of different deposition heads, both for metals and polymers, which are fully
compatible with a standard tool changer and any standard CNC machine tool spindle (CAT 40,
HSK36, etc.). The heads are automatically connected to a power supply and shielding gas, where
needed. Another similar approach is introduced by 3D hybrid company. In general, laser
deposition heads can have different geometries and material delivery configurations
([28],[29].[20],[30]). Thus, a CNC must be mildly or intensely retrofitted in order to accommodate
for all primary and secondary subsystems for the AM unit to work as intended.

The idea of integrating FDM with CNC milling operations and/or laser engraving/cutting is
recently evolved through the need of producing high quality polymeric parts, as described in
category (b), driven by amateur and professional makers to have an all-in-one system for both
prototyping and production purposes. The systems mentioned above, mainly incorporate 3-axis
operations, with the exception of 5axismaker and Diabase Engineering ones, that allow multi-axis
production. Moreover, only the latter is equipped with an ATC for the cutting tools, which is a
separate unit from the AM one.

The designed material extrusion mechanism is fitted in standard tool holders of a compact 5-
axis table-top CNC machine tool, thus formulating a HMT for polymer-based materials. Its main
application is the printing of polymer components or polymer matrix fiber reinforced components,
that demonstrate increased mechanical strength, without additional support [109]. After producing
slightly oversized parts by material extrusion, CNC milling operations iteratively finish the part.
In this way, a low-cost AM method is implemented, but part distortion caused by thermal residual
stresses and the inherent low repeatability of material extrusion is overcome by the precise CNC
cutting operations. The main innovation in the design of the proposed system is the way electricity
is transferred to the extruder through a slip ring, thus allowing for easier automatic tool changes
without fixed cable connections.



3. Design of the material extrusion system

The AM unit of a typical material extrusion 3D printer includes a nozzle, a heater, a heat sensor
and a heating block (see Figure 1). In order to replace the nozzle, the user needs tools to
disassemble the hot-end unit, which is time-consuming. Therefore, in order to facilitate HMT
operations, the process of changing the nozzle or AM unit must be automated. This is achieved by
developing an automated tool changer (ATC) for the machine tool, thus defining an automatic
replacement process, designing and realizing an automatic nozzle change mechanism.

Generally, mechanical design is the process of creating a system, part or process to meet the
desired needs and specifications. It is a decision-making process, in which the sciences of
engineering and mathematics are applied for the optimal conversion of resources to achieve a
specific aim. Product design research was conducted, and the following issues were considered:

1. Safety

2. Manufacturing and assembly

3. Cost

4. Quality

5. Portability

During the design process the necessary aspects were evaluated, such as functionality,

technical characteristics, cost analysis and timing. Thus, the material extrusion and ATC system
was designed, according to the requirements of a 5-axis hybrid machine (Table 1).

Table 1. Design Specifications for the proposed material extruder and ATC [32]

Aspects Specifications
The size of the systems must be kept as small as possible, so that it is

Size lightweight, and the possibility of collision during multi-axis movements is
minimized.

The basic operation requirement is that the extruder should operate
automatically, according to the given G-code program.

Manufacturing | Manufacturing and assembly must be simple, easy, efficient and error-free.
Cost Low cost with good operational performance.

Functionality




Figure 1. The proposed material extrusion system.

The material extrusion mechanism design is a part of the research carried out for an overall
HMT design study, as presented in “Design and analysis of a desktop multi-axis hybrid milling-
filament extrusion CNC machine tool for non-metallic materials”. The proposed mechanism can
be placed on any standard tool holder (eg. ER16, BT40) The following sections analyze the parts
that make up the extruder system.

3.1 Nozzle

Nozzle is a part of the 3D printer that extrudes the filament to create the printed features, it has
a great impact on the printing time as well as on print quality of a part. The larger the nozzle, the
more mass and surface area of the nozzle is available to transfer heat to the filament, making this
process more efficient and capable of higher extrusion speeds. The thermal conductivity of the
nozzle is also related to its material, as each material transfers energy differently based on its
properties. The inner diameter of the nozzle affects the amount of material that is extruded, which
also determines the maximum extrusion speed. This also affects the accuracy of the 3D printed
part. Smaller diameters allow thinner layers and walls to be printed. These three nozzle
characteristics can have a big impact on the build time and the quality of the finished parts. Usually,
a compromise must be reached between these two objectives. Nozzles are made of metal material,
due to the relatively high thermal conductivity and the strict tolerances of its construction. A
number of metals are used in the construction of nozzles. Each has unique properties, which affect
the process of 3D printing in different ways ([33],[34],[35],[36]).



Figure 2: 3D nozzle designs for different nozzle diameters

Figure 3: Section material extrusion systems

3.2 Heatsink

Heatsinks (Fig. 4) are critical components in the extruder assembly, as they help manage the
heat transfer and keep components in specific temperatures. Heat transfer capacity has been widely
researched in the design of a heatsink. There are two typical types of heatsinks, namely the passive
and the active ones. Active heatsinks use cooling fans or blowers. Heat transfer using liquid
cooling has two main disadvantages: (a) increased weight, and (b) possible coolant leakage results
in short circuits in the electronics. In addition, there is also the issue of increased corrosion with
water-based coolants ([37],[38]). The heatsink is the area where the heated filament comes through
and into the nozzle and moves along the printing bed to create 3D parts. Because the filament
needs to be heated up and partially liquify, the heatsink reaches 300°C and thus must be insulated
from the rest of the printer. Different filament materials demand different temperatures for optimal
3D printing. These temperatures can be adjusted by the hybrid machine tool control software [39],
[40], [41].



Figure 4: Heatsink 3D model
3.3 Heating block

The thermal element or heating block in an extrusion-type 3D printer is the part of the extruder
where the nozzle meets the heat pipe and generally is a simple rectangular solid heat-conducting
metallic part. This also encloses the thermistor, which measures temperatures inside the heat block
for temperature control reasons. Usually made of aluminum, this component literally acts as a heat
block, melting the filament as it passes through the heat pipe to be extruded from the nozzle
([42],[43],[44D).

3.4 Cooling Fan
Extruded 3D parts can be cooled by gases, liquids or by contact with a heat absorbing surface.
Generally, profiles, pipes and cable housing are water cooled, other types of extruders are air
cooled. Air cooling was chosen for the proposed design, owing to its simplicity and the minimal
usage of components. Cooling fans are components included in all types of 3D printers. Fans used
in this project are brushless ones, containing two terminals for direct current power supply. These
have quiet operation and a long life. They are ideal for cooling 3D printer hot-ends ([45], [46]).

a) b)

Figure 5: a) Radial Cooling Fan, b) Axial Cooling Fan, used in extrusion-type 3D printers

3.5 Drive Gear

Drive (extruder) gear is a gear in the extruder assembly that grips the filament and makes it
move towards or away from the nozzle. It is capable of high torque without damaging the filament
and adapts directly to the stepper motor shaft, making it easy to install, but effective in constant
extrusion.



3.6 Heat Break

Heat break is connected to the heat sink and heat block, which controls most of the heat near
the nozzle, creating as small a transition area as possible.

3.7 Idler Level

Idler level is a part of the mechanism that adapts the filament to the hot-end. It is connected
using a spring on it that makes the lever flexible to ush. The bearing is mounted on a lever that
rotates continuously to push the filament through the heated components. The coupling plate and
the level are assembled using screws.

3.8 Slip Rings

A slip ring is a rotating conductive device with a mid-hole structure (Figure 1). Sliding rings
around axles and axial components have been used to transmit precision signals, weak currents,
high currents, high voltages, etc. These rings are designed for mechanisms with enough space
allowance in the axial direction while in the radial direction there is limited space to fit and install.
Slip rings are perfect for providing ultra-compact connection in such cases. Slip rings can be used
in any electromechanical system that requires unlimited, continuous rotation during the transfer of
power or data from a fixed to a rotating structure. Its electromechanical properties can simplify the
system design and eliminate possible damage during rotation. It is essential for precision rotary
worktables, electrical instruments, processing machines and control instruments. Its use in the
proposed mechanism is to supply power and to transfer signals to the hot-end, avoiding use of
cables, thus resulting in the simplification of the automatic tool change system ([47], [48],[49]).

4. Extruder mechanism manufacturing
System components were mainly made using CNC milling and 3D printing, while some were
commercially available and thus sourced. Table 2 shows the Bill of Materials for the mechanism,
along with the way that they were obtained and the respective estimated production time when
custom built.
Table 2: Bill of Materials Manufacturing time process and material

. Estimated
. Manufacturing Process/ . .
Part Material . . production time
Commercially Available .
(min)
1 | Nozzle Brass
2 Heating Block
3 | Filament Drive Gear Stainless steel _ '
4 Heating Break CommerCIa”y aVa||ab|e -
5 | Tool Holder ER 16
6 | Ceramic cartridge heater Ceramic
7 | Slip Ring Connector ABS Plastic
8 | Heatsink 65
9 | Cover Aluminum Milling 40
10 | Frame 70
11 | Drive Gear Extruder 26
12 | Idler Level 30
13 | Cooler Fan Duct Polycarbonate 3d Printing 305
14 | Thumb Screw 31
15 | Motor Drive Gear 10




Production time for CNC machining was calculated using CAM software, while a commonly
used slicer was used to calculate printing time of the 3D printed parts (the strategy selection process
for the optimal machining process is beyond the scope of this paper).
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4.1 Cost analysis

Production cost analysis plays a crucial role for optimal product design. Reducing costs is one
of the main goals in product design. CNC machining remains one of the most cost effective
production methods to date, when high quality parts are needed, despite advances in technologies
such as 3D printing [128]. The cost of production in CNC varies depending on the complexity of
the machined parts. After designing a product, an indicative total cost of the product can be
calculated. Cost analysis includes material and manufacturing costs.

Table 3: Cost analysis of the mechanism

Producton Total Cost
Parts Cost per Cost/Unit (€) Quantity ©
hour (€/h)
1 Nozzle 0.80 1 0.80
2 Heating Block o 0.75 1 0.75
3 Heat Break % 2.30 1 2.30
4 | Cooling Fan = 1.00 1 1.00
5 Radial Cooling Fan E 0.90 1 0.90
6 Stepper Motor Nema 14 ,:_U 7.50 1 7.50
7 Slip Rings Connector g 52.00 1 52.00
8 | Tool Holder ER16 € 16.00 1 16.00
9 | Ceramic cartridge heater § 0.85 1 0.85
10 | Filament Drive Gear 16.00 1 16.00
11 | Ball bearing (W 627/3-22) 0.50 4 2.00
12 | Idler Level 0.20 1 0.2
13 | Motor Drive Gear 0.07 1 0.07
14 | Cooler Fan Dust 0.4 2.00 1 2
15 | Thumb Screw ’ 0.20 1 0.20
16 | Drive Gear Extuder 0.17 1 0.17
17 | Heatsink 76.00 1 76
18 | Cover 70 47.00 1 47
19 | Frame 82.00 1 82
Total 370.74




Polycarbonate filament was used for the 3D printed parts. They were 3D printed with a
standard filament flow through a 0.4 mm nozzle, a layer thickness of 0.2 mm together, leading to
a standard 3D printing cost of about 0.40 € per hour. More specifically, the cost of filament per
hour is 0.30€ a typical electricity consumption (depending on the type of printer) costs about 0.10€
per hour ([50],[51)).

The cost of CNC machine is about 70 € per hour and varies depending on the complexity of
the piece. The cost of machining parts in CNC milling machines is the total cost of the raw material,
the cost of mounting and programming complexity (3-axis or 5-axis), the machining hours required
to complete the components and finally the electricity that will be consumed during procedure.

5. Conclusions

In recent years, manufacturers of CNC machine tools and 3D printers have developed hybrid
multi-axis machine tools for producing complex geometry components, which must be durable
and accurate to minimize processing time, material waste, and resource engagement. The
application of hybrid manufacturing processes has proven to be quite effective in the production
of commercially ready components that require no or minimal post-processing. The high cost of
acquisition and production of hybrid machine tools is not always in line with daily industrial or
craft practice of producing small batches of limited cost pieces from non-metallic materials.

In that direction, this article presents the design and manufacturing of a polymer material
extrusion 3D printing mechanism, ready to connect and operate with the ATC system of a CNC
milling machine, for hybrid manufacturing of non-metallic materials. In a manual nozzle printer,
to replace the extrusion mechanism, the user needs tools to disassemble the unit. The process of
manually disassembling the unit is inefficient and time consuming, as the operator must faithfully
follow each step of the printer maintenance manual. The development of this system was based on
the creation of a new material extruder system for 3D printing and its adaptation to standard tool
holders that are commercially available, in order to make the system more convenient and low
cost. Finally, the development of the mechanism and its connection method can be applied to other
3D printing technologies, eg. Inkjet 3D Printing, Powder Bed Fusion, thus creating the prospect
of creating hybrid machine tools with multiple processing heads.
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