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Abstract: Nowadays, additive manufacturing is a powerful tool and promising technology
both for manufacturing and educational purposes. This work aims to present a case study of
using 3 dimensional (3D) printing technology for fit investigations. It describes the creation
of a physical model (prototype) by using the Fused Deposition Modeling (FDM) method.
The prototype of two plates was made to perform an inspection how the prototype fits with
other components.

Keywords: additive manufacturing, Fused Deposition Modeling, fit investigations, rapid pro-
totyping

1. INTRODUCTION

Additive manufacturing (AM) is defined as the process of joining material to make
parts from 3D model data. The real part is built layer by layer. This process is the
opposite of the substractive manufacturing and formative manufacturing methodol-
ogies. The 3D-Printing technology is the “fabrication of objects through material
deposition using a print head, nozzle, or another printer technology” [1]. The history
of AM [2], [3] begins at 1980 when Hideo Kodama made the first 3D printing patent
application. He invented a prototyping system based on the hardening of photopoly-
mer material with ultraviolet (UV) light. Three years later, an American engineer
Charles Hull, co-founder of the 3D Systems company, invented the first commercial
rapid prototyping technology based on the stereolithography (SLA). This machine
uses the .stl file format as basic data source for the printing process. The patent dates
of 1986. Carl Deckard, in 1987, invented another printing process that uses the laser
as the power source for sintering the material powder, known as the selective laser
sintering (SLS) process. In 1988, 3D Systems put on the market the first 3D printer
for rapid prototyping called SLA-1. In 1989, the “Fused Deposition Modeling”
(FDM) process was presented, discovered by Scott and Lisa Crump. In this process,
a spool of thermoplastic rope, called filament is pressed in a heated printer head. The
movement of this head is controlled by a computer to create the desired geometry of
an object layer by layer. In the same year, two well known companies were founded:
Stratasys Inc. by Crump in the USA, and “Electro-Optical System” (EOS) GmbH,
by Hans Langer in Germany. The process known as “Laser Additive Manufacturing”
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(LAM) was developed in 1997 by the Aero Met company, which is a part of MTS
Systems Corp. The LAM process uses a high-powered laser for fusing powdered
titanium. In 1999, the Institution of Wake Forest for Regenerative Medicine, realized
successfully the first 3D printed organ transplantation in a patient body. In 2005, Dr.
Adrian Bowyer started an open design project called “RepRap” an abbreviation
for Replicating Rapid prototype. RepRap project aimed to develop a 3D printer that
can produce most of its own components. Based on this concept, the “Darwin” 3D
printer became available in 2008 at a commercial level. The price of an FDM 3D
printer fell below 1,000$ since the patent expiration in 2009. In the same year, 3D
printers using materials like “Poly-lactic Acid” (PLA) and “Acrylonitrile Butadiene
Styrene” (ABS) were available for consumers, as well as an online library of model
files that can be used by 3D printers. In 2011, a complete aircraft and a car body
prototype were built using 3D-printing technology.

The “Digital Light Processing” (DLP) printing process was presented in 2012.
This process uses a projector for curing a photopolymer resin. In 2015, a 3D bio-
printer technology was introduced to the market using a specific type of bio-ink.
Figure 1 illustrates the general classification of AM processes based on the state of
the raw material used in this technology. Nowadays there are more than 170 3D-
printer manufacturers, including a wide range of applications of this technology in a
large variety of sectors like the medical field, engineering industrial application, or
educational purposes [4], [5]. In this paper, a detailed case study using FDM printing
technology is presented. A 3D-CAD model will be printed, in order to check how the
part will fit together with other parts before the manufacturing of the real part in metal.

State of raw material
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Figure 1
Classifications of AM processes based on the state of used raw materials [6]
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2. PROCEDURE

Many road accidents occur due to wheel bolt loosening [7]. Figure 2 shows a 3D
CAD model of a test rig for experimental research on bolted link self-loosening due
to vibration.

Figure 2. Bolted link test rig

The object of the measurement is a bolted link that compresses two stainless-steel
plates together, as shown in Figure 3. In the experimental study, different measuring
sensors will be mounted on the two plates for data collection. It comes in handy to
use 3D-printing technology to facilitate the investigation of the prototype and to
study fitting of the parts at low-cost. The flowchart in Figure 4 outlines the main
process steps.
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A 3D-printer available at our department is used for printing the two plates. The
printer is a Zortrax M200 3D-printer using ABS material. The standard printing pa-
rameters of the machine were applied: the ABS material was extruded at 250 °C at a
speed of 50 mm/sec with a heated bed surface of 60 °C. The following sections will
present further details related to the printing process.

Genenating (STL)
3D CAD model *1  file format (.st)

1

Defining Geometry slicing

Geometry &

Orientation in the setting printer
work space parameter

G-code

Genenchan > 3D-Printer

T

Pysical
Object <¢——— Printing process
R

Figure 4. 3D-Printing steps

2.1. Prototype for fit investigations

3D printing or other rapid prototyping processes have been used for a long time to
produce object prototypes. Although CAD models are excellent in geometry repre-
sentation, it is not always clear how efficiently a model fits and satisfies the pre-
scribed functions until you have a real part based upon a CAD model.

The investigated 3D model consists of two plates. One of these plates shown in
Figure 5. The geometry was built in a commercial CAD environment. The software
exported the model in the required .stl format, and another program performed the
slicing of the geometry for the printing process.

Figure 5. 3D-CAD model of the plate
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2.2. STL file conversion

The data describing a 3D-CAD model is packed in a file that contains the desired
geometry surface information. To perform the printing process by the 3D printer, a
specific file format is needed. This file type is known as “Surface Tessellation Lan-
guage” or “Standard Triangular Language” or simply STL file. 3D Systems company
introduced this file format in 1987. Our CAD environment, the Solid Edge software
generates the STL file format using a built-in function, after setting the parameters
as shown in Figure 6. An STL file consists essentially of a long list of triangles that
together cover the surface of the object as shown in Figure 7. It is relatively simple
to generate an STL file format for both ASCII and binary file versions [8].

STL exportalés besllitasail st X
Exportalas
@findis Qascll []Csak a megielenitet kikisa
STL dokumentum sinuktira
Egyetlen STL14j lérehozasa
Kiin STL dokumentum minden komponensnck
Ttrés bedlitasok
feldlet
@ Egyéni
8
O Preciz £ A

Oowa [ - —— (A+B)

Konvertalas tire:
netalss trEse Felilet sikok ahtal bezart szbg
Fordités bedltisai

Merkegyesgek exportsa: |Wilimster < ‘Dmsp\aﬁnkésmé!e

Megsem s0g6

Figure 6. Parameters for generating .stl file format

Figure 7. Model representation using (.stl) file format
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2.3. Orientation

In this step, the main task is to figure out the best orientation of the model on the 3D
printer platform during the printing process. We have to select which face of the ge-
ometry is the base, giving the orientation of the layers. It is good practice to choose
such geometry orientation that minimizes the need for support material. If there are
hollow features in the shape, then there are two options. Either the hollow features are
laid down perpendicularly to the base surface, or the 3D printer will print them in any
position by bridging across geometrical gaps. In our prototype case, the hollow cylin-
der feature is an example of that, where the 3D-printer bridged the cylindrical gaps.
Figure 8 shows the selected orientation for the plates during the printing process.

Figure 8. Model orientation on the platform

A 3D-printer can not use a direct 3D-CAD model file format. A conversion into
another file format is needed that the 3D printer can understand. 3D printers build
the part layer by layer, thus, the division of the model into printable layers is required.
The first conversion results a 3D model in an easy to handle .stl format. Then, the
separation into layers named slicing is realized, based on the selected geometry di-
mensions and the capability of the 3D printer itself [8].

2.4. Printing parameter setup

The parameters governing the printing process were as follows. The 3D-printer was a
Zortrax type M200, the printing material an ABS filament material, and the standard
default parameters of the 3D printer were used, with automatic support creation. The
ABS material was extruded at 250 °C with honeycomb pattern, with 20% filling option
at a speed of 50 mm/sec and with heated bed surface at 60 °C. Table 1 summarizes the
3D printer parameter settings, and Figure 9 shows the set of printing parameters.
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Figure 9. 3D-Printer parameter set up

Table 1
Printing parameters
Parameter Setting
1 | Nozzle diameter 0.4 mm
2 | Layer thickness 0.19 mm
3 | Infill pattern honeycomb
4 | Infill density 20%
5 | Speed 50 mm/sec
6 | Platform surface temperature | 60 °C

After setting the 3D-printer parameters, there is an option for visualizing the printing
process versus time as a print preview. Using that, the time estimation at a different
level of process completions can be determined with a 3D preview based on the de-
fined parameters, as shown in Figures 10-13.

2

. L = °
Figure 10. Printing process preview at 2% readiness
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B o =

Figure 11. Printing process preview at 70% readiness
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Figure 12. Printing process preview at 90% readiness

Z5UTE

Figure 13. Printing process preview at 100% readiness
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2.5. G-code to the printer

The G-code is a simple programming language used to control the printing process
and describe the nozzle path in the 3D printer. The code for the printing of the part
is created automatically after the generation of the slices. In our case, the generated
code is uploaded to the 3D printer using an SD card interface. The printer micro-
controller follows the G-code during the printing execution process. Typical G-code
functions include commanding an extruder to heat to a specific temperature, instruct-
ing the printer to pause until the extruder reaches the desired temperature, moving
the extruder to given (X, Y, z) position, and carrying out other related tasks.

3. CONCLUSION

Before manufacturing a new part, it is often required to check the geometric fitness
of a designed geometry. To reach this goal, 3D printing technology was selected due
to the advantages of the technology: speed, low cost, and flexibility.

Figures 14-15 show the printing process at different time steps.

Figure 15. Printing progress

A Zortrax M200 3D printer was used for printing the 3D model of our part, using
ABS material. We followed the steps of the manufacturing procedure from CAD
model to the ready pieces with the previously defined parameters. Figure 16 shows
the final printed model. The time needed for printing both plates was 7 hours and 46
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minutes, while using 37 g of ABS material. In this approach, the model’s physical
properties were not a point of interest. Figure 17 shows the final assembly of the
geometry after the 3D-printing process. The manufactured geometry shows good
agreement with the expected target, and no modifications are needed to enhance the
structure compatibility with other parts.

K

N

Figure 16. The printed model

Figure 17. Assembled joint
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Abstract: The study deals with the meshing characteristics of cylindrical helical external
gear pairs. The gear pairs, following the nowaday’s strength and quality requirements are
becoming ever smaller. Accuracy in the background also attracts the importance of vibration
and noise reduction. The inclined tooth meshing, in contrast to the straight tooth, due to the
specificity of its zone of contact, is the subject of this study. This is of special importance
because the meshing stiffness varies for one to more teeth pairs, the meshing contact lines
are of continuously varying length during meshing, and as a consequence load sharing and
distribution is changing with. This paper deals with the zone of contact and its geometric
modification in order to light on a new type of vibrational excitation.

Keywords: zone of contact, meridian, top land modification

1. DEVELOPMENTAL MOTIVATORS OF THE MESHING NATURE OF CYLINDRICAL
HELICAL GEARS

Technical progress in moving structures has always shown that developers cannot
avoid that the structures they build includes a toothed element in the drive chain. The
drive chains used have and continue to have a wide variety of shapes, from the sim-
plest to the most advanced solutions used nowadays. This diversity was reflected in
the materials used, the teeth geometry and the expected accuracy [1]. The design of
the tooth has undergone a long development from, through the carved tooth, to the
fine finished tooth form [1, 9].

The development of military technology (on the land, in the air, under water), in
parallel with the development of terrestrial civilian means of transport, required more
and more precise elements of the drive chains. This was motivated on the one hand
by the extension of service life, on the other hand by safety and on the third hand by
recognizability. In terms of service life, it can be observed that the gears require less
and less care. The quality of the materials used and the refinement of strength calcu-
lation and inspection procedures also support safety [2].
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Recognition is already a more complex problem. The gear transmission was ini-
tially expected to be reliable, today it is expected to be also quiet. In special cases
the unidentifibility of the drive chain can be also a requirement, especially by the
military equipement.

The development today is clearly directioned as follows:

— the toothed element connection in the drive chains cannot be avoided,

— the accuracy of the motion mapping, thus reducing the variation of the angular

velocity to an absolute minimum,

— the vibration-generating sources of the meshing shall be minimized,

— the coupling of the toothed pair should have less acoustic emission in order to

become more difficult to recognize it.

2. THE CONTACT ZONE AS THE LOCATION OF THE MESHING IS THE SOURCE
OF THE PROBLEMS

The mapping of the contact zone is well defined and described in all gear literature
[3, 4,5, 10], yet let us consider it in a figure (Figure 1). The tooth pairs are meshing
in a field (AEA’E’D). Points A and E on the line of action are designated by the head
cylinders. The common width (b) of the gear body determines the points A’ and E’,
thus the theoretical zone of the meshing becomes the rectangle AEA’E’.

Line of action

Zone of contact

Contacting generating line

Figure 1
Interpretation of the uncorrected contact zone

The meshing begins at point A and proceeds to point E’. It can be observed that,
depending on the base pitch, more than one pair of teeth can connect at the same
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time, which is also indicated by the number of contacting generating lines. The indi-
vidual length of the instantaneous contacting generating lines and their sum also
change continuously in the zone of contact. These lengths are determined by purely
geometrical features. The meshing pairs of teeth also carry a load, the consequence
of which is that their stiffness — considering them individually or summarized — is
constantly changing. At the same time the load distribution between and along the
contacting generating lines also changes [5, 6]. The movement in the zone of contact
and the load conditions can be significantly affected by the manufacturing and assem-
bling errors, as well by the errors resulting from the elastic deformation of the drive.

The effects of the errors mentioned above result in vibrations and acoustic phe-
nomena. Research in recent decades has focused on understanding these phenomena,
on exploring their impact, and on reducing their influence [7, 13, 14].

3. POSSIBILITIES OF DEFINING THE CONTACT ZONE

The meshing characteristics of helical cylindrical gears are affected by the shape
(appearance) of the zone of contact. This statement is of great significance because
here appears the characteristic effect and source that determines the connection of
each gear.

When designing the gear, a basic geometry is defined, which records the basic input
data (gear ratio, basic profile, module, number of teeth), the diameter of the character-
istic circles (cylinders), the shaft distance, and the common tooth width. The top land
of the teeth is a cylinder whose meridian section is a line parallel to the axis. The zone
of contact that can be mapped from this is a rectangle (Figure 1). If we want to form a
different geometric shape in addition to the regular rectangular shape for some expe-
dient consideration, three possible ways of defining the zone of contact are conceiva-
ble. Variants can be created through keeping the meridian section of the theoretical
head cylinders unchanged or changing them. The basic cases are as follows:

— the meridian section of the top land surface remains a line parallel to the axis

of rotation (Figure 1), i.e. a rectangular zone,

— the meridian of the top land surface is determined using straight lines or a set

of higher order curves (direct method),

— the complete rectangular zone of contact is modified first and the meridian curve

or curves of the top land surface are determined from this (indirect method).

The algorithm for determining the possible solutions is illustrated in Figure 2,
which also points the necessary modification of the drawings of gears.

4. ZONE OF CONTACT GENERATED BY THE MERIDIAN OF TOP LAND SURFACE,
INDIRECT PROCEDURE

The indirect solution of the mapping of the contact zone means starting from the
given geometry of the meshing gears and not touching directly the zone of contact.
The actual geometry here means that all the geometrical data of the gears are known,
as well the dimensions related to the center distance. Figure 3 shows the mapping of
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the contact zone, strating first from an unmodified top land surface, followed by the
mapping after the modification of the topand surfaces, using the indirect procedure.
The starting point for the mapping is to disregard the modification of the meridian of
the head cylinder. A regular rectangular zone of contact can then be mapped. The ge-
ometric basis of this is known from several literature [3, 5]. This is determined on
the one hand by the geometric dimensions from the basic geometry:
normal module,
— number of teeth,
base profile angles (working, supporting),
— addendum height coefficient,
clearance coefficient,
on the other hand, the connection characteristics:

— shaft distance,
addendum modification coefficients,
— addendum circles (uncorrected case),
dedendum circles,
— tooth width.

Structure of tooth
geometry

v

Basic geometry of the
contact zone

v

Deciding on the shape of
the contact zone

A, A, A,

There is no
modification

Zone modification
indirectly

Modification the

meridian of head
cylinder surfaces

1

General zone of

contact mapping

Zone test of the meshing

—

Figure 2
Possible cases of defining the zone of contact (own figure)

Zone modification
directly

Mapping a regular
zone of contact

Determination of

] ]
N Modification a gear
I Approximation of the Zone of contact o
Modification a gear meridian of head ] modification LY
drawing ;
cylinder surfaces ¥

the meridian of
head cylinders
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(1)
N L)

A
Y
A
Y

(2]

b

P

Figure 3
The top land surface generates the zone of contact,
while applying the indirect procedure

The meridian of the top land surface can be modified by breaking the straight line
parallel to the axis of rotation, by another straight line or regulus, in a more complex
case by a higher order curve. Such possibilities are illustrated in Figure 4 on a single
gear only.

Modification with a straight line Without modification Modification with a higher order curve

Modification with a higher order curve Modification in combination

Figure 4
Top land meridian design options

The zone of contact is limited here by the upper and lower zone borders and the
common tooth width, as illustrated in Figure 5. The top land meridian was modified
by taking a straight line for each gear as shown in Figure 3. The borders of the con-

*

tact zone can be determined by the coordinates (X, , I;, ) of the points of the meridian

curve in the x, y coordinate system, which is connected to the main point C taken in
the middle of the common tooth width (Figures 1 and 5).
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The y coordinates of the zone borders can be determined by Equations (1) and
(4) as a function of x, whose domainis: —b/2<x<b/2.
Zone upper border points (red line) are defined by the following equations:

Yr =N,A"-N,C, 1)
2 2
d; d
NLA = || 22| —| 22|, (2)
(%)%
d,)° (dy, )
N,C=.[| 2| —-| 22 3
2 J[ 2j ( 2 j ©
Zone lower border points (blue line) are given by:
yr=N,C-N,E", 4)
2 2
d; d
NJE = || 2| | 2|, 5
%) %) <>
d, )’ (d, )
N.C= [l =t | —| =8| . (6)
' 2) (ZJ
y
X; =X Zone upper border
A
—— :
= * yF
raZ ‘raZ /T Yr

Zone lower border

Figure 5
Geometric mapping of the contact zone
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In the zone of contact, as shown in Figure 1, the contacting generating lines are
located according to the inclination of tooth directional angle (f3,) on the base cyl-

inder and thus they traverse in this mode the zone of contact. It can also be seen that
the lengths of instantaneous contacting generating lines and their sum also vary. The
nature of the change will be influenced by the total tooth width (b) and the shape of
the lower and upper zone borders. Here we do not deal with the analytical solution,
it will be included in a further presentation.

5. GENERATION OF THE MERIDIAN OF THE TOP LAND SURFACE,
DIRECT PROCEDURE

The direct procedure for modifying the contact zone consists in modifying first the
regular rectangle zone of contact. The reason for the modification may be to improve
a zone property [7, 8]. For example, it may be to reduce the amount of variation of
the total length of the contacting generating lines or restrict the migration of tooth
forces. Figure 5. shows, on the one hand, the gears with an uncorrected top land
surface and the corresponding regular rectangular zone of contact while by the other
hand, it shows the modified contact zone and its effect on the form of the meridians
of the gear top land surface.

’ b . @ Zone upper border
\\ _ e~ iR Pate - /\
S~ i 4
\ b,
Zone lower border @
- b >
Figure 6

The zone of contact generates the meridian of the top land surface,
direct procedure

In the zone on the left, we truncate the zone with a straight line not the full width of
the tooth, so we get a new lower zone border. That zone border modifies the top land
surface of the gear 1, thus determining the shape and expression of the meridian. In
the zone on the right side, we have proceeded in a similar manner to determine the
upper zone border and the meridian of the top land surface of gear 2. Of course, the
modification using a straight line is not the unique solution; it can be implemented
also through regulus or a higher order curve, resp. a group of curves.
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Figure 7 illustrates a modified zone of contact obtained by the direct method. The
marked points on the zone borders, are transposed on the top lands as points of the

modified meridian curves.
.Y Y
r =\/(%j +(N1E ) ()

, (8)
d) _(dw)

- [
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Figure 8 shows where this point is located on the gears. The point taken at the zone
border can be transferred to the gear by Equations (7) to (12) using Figure 1. The
relations can be applied for all the points of the lower and upper zone borders with
arbitrary x"coordinate points. It determines the meridians of the top land surfaces, to
which can be finally added a fitting function.
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Figure 7. Defining a zone of contact directly
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In the zone of contact, the lower and upper zone borders will contain also unaffected
segments. The top land surfaces of the gears remain unchanged in the width corre-
sponding to this zone, which is also shown in Figure 8.

b/2

E" X4 br2

Figure 8
Gears with modified top land surfaces

The corrected tooth top land surface can be provided by machining the wheel bodies
before toothing. This is easily feasible in nowadays modern CNC techniques.

6. THE EFFECT OF THE CHANGED CONTACT ZONE ON THE LENGTH
OF THE CONTACTING GENERATING LINES

In the zone of contact, the contacting generating lines of the meshing pairs of teeth
follow each other at a distance of base pitch in normal section pun. In the case where
the zone of contact is not modified, the length of the contacting generating lines can
be determined from the parameters of the contact zone. Examining the pair of teeth
entering at point A (point of meshing in) and its contacting generating line (Figure 9),
it can be observed that its length varies continuously till they reach the point of leaving
the meshing E. This change in length is also influenced by the common tooth width b,
which is always the result of a designer decision. The effect of the length variation on
the meshing process can be described in dependence with the zone parameter Ay .

The summed contacting generating line results as the sum of each component:

i=n(Ay)

L, (ay)= 'L, (ay). (13)

i=1

In the design phase, it is expected to reach the maximum load capacity in addition to
minimum weight. The defining of the common tooth width also obeys this goal. The
literature [1, 3,] was coming here with a recommendation that couldn’t be refuted
for a long time. According to that, as long the common tooth width is imposed to be
an integer multiple of the axial pitch (px), the sum of the lengths of the components
(contacting generating lines) remains constant and thus torsional excitation can be
avoided. This is in fact true, but subsequent research [12, 13] has shown that this
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cannot be substantiated, since the common tooth width must be determined from
different consideration, because other types of excitations are also present. Subse-
quent research [7, 8, 11] confirmed this hypothesis that significant results in reducing
vibration excitation can be achieved by expedient modification of the contact zone.

Yo,
L{ya)  Lilya+dy) = ay
A E
Lz(YA + pm)\
Lo(Va+Py +4Y) o~
y
'
C
Li(yA +(i 71)'pbt) <
Li(yA +(i _1)'pm +AY)\
A E
Pt
Figure 9

Length change of contacting generating lines

7. CONCLUSIONS, RESULTS

The article points that the well-known powertrain element in the literature, the heli-
cal-toothed cylindrical external gear, raises certain questions that, in the context of
nowadays manufacturing technology and the charge under the high-quality require-
ments oblige the designer to meet them. The solution is hiding in the geometry of
the contact zone. The results of our study can be summarized as follows:

the shape of the contact zone does not have to follow the shape of the classic,
regular rectangle, well-known from the literature,

the zone of contact is characterized by the change of the length of the contacting
generating lines located inside it, and this depends on the meshing position,
modifying the shape of the contact zone can be done in two independent ways,
the reason for the deformation of the contact zone is to reduce the level of
vibrations,

it is not justified to choose a width of the zone of contact (common tooth
width) that equals a multiple of the axial pitch.
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A further aim of the research is to describe the changes in the zone of contact and
their effect on the meshing characteristics.
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Abstract: This paper gives a brief summary on the application on of finite element methods
during the design of a component. The solutions of mechanical and thermal problems are
demonstrated on the given component. Among the several numerical methods the paper
focuses on the FEM. During the article we present the problems, then define mechanical
simulations for the possible solution that was designed and the evaluation of the results.
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1. INTRODUCTION

When designing machines, all factors related to the accuracy and in-service
parameters of the machine must be taken into account. These factors include
deformations and vibrations caused by certain thermodynamic and mechanical
phenomena. The effect of these should be taken into account already in the planning
phase, since in this case it is the most economical to detect errors. Since the device
is not physically available in the design phase, these phenomena can be modeled
using simulation software [1].

The part to be examined is an auxiliary table with a composite structure, the task
of which is to guide two laser devices facing each other with the best possible
accuracy. The two laser devices are located on a carriage, which guidance is provided
with linear guideways. Such guideways can be purchased as commercial parts for
the industry in several different accuracy classes, however, ensuring accuracy
depends not only on the properties of these components, but also on the base on
which they are mounted. The mechanical properties of this component should be
investigated, which will be done by finite element analysis [2], [3].

The laser devices or its guides are generally mounted on optical tables, however,
the flatness of optical tables based on catalog data does not meet the accuracy
required for roller guideways (0.015 mm) [4], [5]. Therefore, an auxiliary table
should be designed that has adequate mechanical accuracy, good rigidity and good
thermal properties. In accordance with these requirements, we consider the structure
to be optimally designed. Various solutions were developed during the design process,
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in which the ribbed aluminum version (Figure 1) was discarded due to poor thermal
properties, and the steel version was not considered a suitable choice due to its
significant weight. As a final solution, a composite design was chosen, which is
illustrated in Figure 2, in which an aluminum-granite-aluminum bonded structure
was used. When designing the composite table, we aimed to create a structure with
as low weight as possible and which can perform its functions with maximum static
and dynamic rigidity and minimum thermal deformation, taking into account
ergonomic principles.

Figure 2. Table with composite structure equipped with guideways

The choice of aluminium material is due to the fact that by using a suitable alloy, it
will have mechanical properties similar to mild steel materials but have significantly
lower weight. The chosen alloy is EN-AW-2014-T6, which is also defined for the
simulations. Aluminium alloy EN-AW-7075-T6 has similar properties. Granite was
chosen because of its low coefficient of thermal expansion and good vibration
damping ability.
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2. DEFINING DIMENSION USING SIMULATION

As a starting size, the dimensions of the parts were defined, except for the dimensions
of the inner granite core. The enclosing dimensions of the aluminum-based bottom
and top sheets are taken into account in the simulation tests with values of 552.5 x
2090 x 20 mm.

Due to the right setting, the table is designed with a three-point support system,
that allows the right height and leveling to be adjusted perfectly, having a layout
which is shown in Figure 3. During the optimization of the static stiffness of the
structure, these support points will not be changed. Their positions will be adjusted
to the appropriate places during the optimization for minimum deflection, caused by
the self-weight.

Figure 3. The points of the three-point support system

In order to obtain adequate results in the analyzes, the material properties of each
material used must be defined in the software. After entering this data, in the 3D
model, the individual parts must be provided with a finite element mesh, and the
gluing have to be set on each contact surface, since the assembled table will also be
assembled by gluing, these are shown in Figure 4.

Figure 4. The meshed model with contact definitions

Since the size of the aluminum slabs was fixed at 20 mm, we only changed the
geometry of the granite in the middle during the optimization. In doing so, the
thickness of the granite block was one variable and the other was the width of the
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opening in the granite. Because it is necessary to design the opening on the table, its
dimensions will be determined by the aluminum plates, but the dimensions of the
filler granite will be different, this is also true for the width of the table. The
remaining voids will be filled with polyurethane foam.

Figure 5. The highlighted point (marked with green)

The opening was examined with several different sizes, the results of these are
illustrated in Figure 6, in which we examined the displacement of a highlighted
point, which is shown in Figure 5.

Deflection [mm]
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Figure 6

The effect of the opening size on the displacement of the highlighted point

From the simulations it can be concluded that the point displacement is the smallest
in the case of opening size around 235 mm, so during further design, we will modify
the given elements by keeping this opening close to this value.

3. DEFINING THE DIMENSIONS OF THE THREE-POINT SUPPORTS

To further increase the static stiffness and decrease the deflection of the composite
table, the three-point support must be investigated. By choosing its dimensions
properly, it is possible to minimize the deflection of the longitudinally asymmetrical
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table due to its own weight. For this purpose, various optimization algorithms can be
used in engineering design systems to define the variables that we want to bring to
an optimal value, and the system determines the value of these variables after the

necessary calculations.

Table 1
The definition of the variables during the optimization process
Variable | Current | Minimum | Initial Maximum | Units
d12:Granit 237 200 210 270 mm
d20:Also 1744 1500 1950 2070 mm
d6:Felso 1617 1500 1950 2070 mm

During the optimization, we wanted to get the longitudinal position of the support
points and, depending on them, the thickness of the granite core. To determine the
optimal values, the maximum values of the table and the preferred point(s) must be
defined (Table 1), as a function of which the software determines the geometrical
dimensions where the support points and the thickness of the granite give the
smallest possible displacement.
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Figure 7. The result of the optimization

The obtained results and their mechanical simulation are shown in Figure 7. It can
be read from the scale that the maximum displacement during the static test is 2.6
um, which is considered an acceptable value, so the values of the calculated points
and the thickness of the granite core are recorded for the further design process.

4. DYNAMICAL ANALYSIS OF THE OPTIMIZED PART

In addition to the static stiffness, the smallest eigenfrequency value of the modified
and already statically optimized composite structure have to be determined. Our goal
is that the lowest eigenfrequency of the structure exceeds the frequency range that
can typically be transferred from the environment to the equipment and cause
adverse resonant effects. This range is typically the frequency range of 1 to 150 Hz.
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We therefore considered it reasonable to design the structure so that its minimum
eigenfrequency falls upwards from the referenced frequency range.

Table 2
The result of the dynamic simulation
Mode Frequency (Hz)
1 154.23
2 187.48
3 323.11
4 332.05

Based on the data obtained as the result of the calculation (Table 2), we can state that
the smallest natural frequency of the examined structure is outside the frequency
range mentioned. The oscillation image for the lowest eigenfrequency is shown in
Figure 8. It can be seen from the figure that the first oscillation image (Figure 8)
typically corresponds to a torsional oscillation around the longitudinal axis.

Figure 8. Oscillation of the first eigenvalue

5. SUMMARY

In the present article, we have shown how to use numerical methods in the design of
an auxiliary table, what we have mainly done with the finite element method. In an
example, we demonstrated the necessity and effectiveness of each mechanical test.
It has been described how finite element software, which is part of every major
engineering design system today, can greatly contribute to the successful completion
of engineering work.
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Abstract: In this paper we present the design process of a vacuum gripper based on an ex-
isting design, which have to be modified. During the design process each step was analysed
by finite element methods, to see that the change in the model was made into the right direc-
tion. During these steps an appropriate solution was selected to be used later. In the paper we
present the base design and the results of its analysis. Later we discuss the modifications
made on the model and the final result of simulations of the modified geometries.

Keywords: FEM, mechanical, numerical

1. INTRODUCTION

When designing machines, all factors related to the accuracy and in-service param-
eters of the machine must be taken into account. These factors include deformations
and vibrations caused by certain thermodynamic and mechanical phenomena. The
effect of these should be taken into account already in the planning phase, since in
this case it is the most economical to detect errors. Since the device is not physically
available in the design phase, these phenomena can be modelled using simulation
software [1].

The part to be examined is a vacuum gripper which have to be modified based on
an existing design. The modification is necessary because it have to hold in place
bigger pieces, this also means that the structure have to be optimized for minimal
deflection caused by the self-weight of the structure [2], [3].

This griper holds in place different types of foils, during other operations done.
The existing design is made for 600 mm wide foils, while there is a demand for
holding wider pieces up to around 1,200 mm in width. The paper does not discuss
the effect of the vacuum, because that has more effect on the foil rather than on the
structure of the gripper.

The material used for this device was selected to be EN-AW 2014-T6 aluminium
alloy, which has good mechanical properties, and easy to machine. The design and
analyses was done in Autodesk Inventor 2020 design software. This software has a
FEM module which can be used for simpler engineering analyses.
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2. DEFINING THE MODELS

The assembly of the gripper consists of 4 pieces:

— vacuum plate

— side supports (2pcs)

— middle support

In the beginning simple geometries were made for the support, and vacuum
plates, which were modified during the design phase. The initial design is shown in
Figure 1. In the figure the fixed constraints (white squares) and gravity load (yellow
arrow) can be also seen. The middle support only attached to the lower side of the
vacuum plate. The notch between the two plates have to be left free accessible. This
causes the problem, that the upper side of the plate cannot be supported in the middle
which will cause uneven deformation between the two holding plane.

During analysis the automatic mesh generator was used, which uses tetrahedral el-
ements (359,236 elements and 235,247 nodes for the assembly). The element size is
defined by a fraction of the bounding box of each part. Since the parts will be assem-
bled by screws, the contact regions were modelled as rigid (bonded) contact. The ma-
terial definition is the built in properties in the software of the mentioned alloy.

Figure 1. Starting design showing 2 separate vacuum plates,
which was later united
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Figure 2. Deflection in transverse direction (Z) (enlarged)

The deflection of the initial model is shown in Figure 2. Buckling can be seen in Z
direction, which is inadequate, because it causes the foil also to move off the desired
plane. During the next steps these parts have to be optimised to get as low deflections
as possible.

Figure 3 shows the cross section of the optimised vacuum plate.

Figure 3. Cross section of the vacuum plate

3. MODIFICATIONS IN THE GEOMETRIES

During the model optimization the support was redesigned first. Since the vacuum
plates had to be redesigned also, these modelling steps were interacted to each other.
The cross section of the vacuum plates were also redesigned in multiple steps until
the optimal solution was found. In conclusion of the performed analyses we can state,
that using thicker support, the deflection of the upper plate does not change
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significant, therefore an optimal solution was selected, with simple design and re-
duced weight, which is important for higher eigenvalues of the assembled device.

In Figure 4 we can see the deflection of the optimized geometry in transversal
direction. During several modification in the design, we succeeded to achieve a so-
lution where the transversal deflection is under 1 pm. For precise operation of the
device this value is adequate.
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|| 3,183¢-04 Max
| | 2,818¢-04

Figure 4. The meshed model with contact definitions

4. DEFINING EIGENVALUES

During operations it is advised to design the device in that way, that the self-frequen-
cies of the device should be over the vibrations that are present from the environ-
ment. These frequencies are typically in the range of 1-150 Hz. In addition to the
static stiffness, the smallest eigenfrequency value of the modified and already stati-
cally optimized structure have to be determined. We therefore considered it reason-
able to design the structure so that its minimum eigenfrequency falls upwards from
the referenced frequency range.
Table 1
The result of the modal analysis
Mode Frequency (Hz)
1 88.42
2 188.38
3 217.84
4 274.32
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Based on the data obtained as the result of the calculation (Table 1), we can state that
the smallest natural frequency of the examined structure is only in the frequency range
mentioned. Since these parts will be mounted on an optical table, with dampening
pads, this natural frequency will not cause deflections and unwanted vibration in the
device, because one property of these optical tables and its supports is that these can
eliminate unwanted frequencies from the environment with good efficiency.

5. SUMMARY

In the present article, we have depicted the modification of an existing geometry
using numerical methods to verify the effects of each modification. We draw the
conclusion from the results of the simulations for what have to be modified to get
optimised geometry in accordance with the deflection caused by self-weight. The
eigenvalues of the structure was also defined, despite the lowest value is in the range
of the environmental frequencies, by the usage of other dampening devices, it will
not cause any undesired phenomenon.
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Abstract: The 3D printing, as a modern manufacturing method, is becoming more wide-
spread and overrides the usual industry conventions. While it was mainly known in the pro-
duction of plastic parts, nowadays metal-based versions are also becoming more widespread.
Reputable machine tool manufacturers such as DMG Mori or GE compete with each other to
create equipment for this technology for the industry, where there is a growing market for
such machines. My article seeks to answer the question of where these tools have a place in
the industry, whether they can be considered as machine tools, and decide that the procedures
describing the construction of machine tools could be applied to them.

Keywords: metal printing, 3D printing, machine tool, definition, morphology, function block
sketch

1. INTRODUCTION

Metal printing processes, like the plastic versions, can be derived from RPT (rapid
prototyping) processes, and these foundations can also be discovered on machines
currently used in industry. Although the naming conventions differ from model-to-
model, basically most implementations can be treated as a sub-version of DED (di-
rect energy deposition) and PBF (powder bed fusion).

In the case of direct energy deposition, basically the workpiece can be expanded
with additional geometries, even with an additional DED head mounted on a CNC
cutting machine (hybrid machining). However, in the case of powder bed fusion the
entire workpiece is made of metal powder by using a laser’s energy to locally melt
the powder. Since the latter can be considered as a separate process in itself and as
an apparatus, the article is hereinafter limited to this.

2. PRACTICAL APPLICATIONS OF INDUSTRIAL METAL PRINTING

During the research of the metal printing processes, a question may arise that after
all do we really need this technology at all. There are countless examples that are
hard or impossible to implement with traditional technologies — e.g. the case of cool-
ing ducts running inside the part, the case of parts where most of the material needs
to be machined, or a combination of material qualities and complex geometries that
are difficult to machine.
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; -
Figure 1. 3D printed Ti-Al alloy blades for Boeing power units [5]

A specific example is shown in Figure 1, where Boeing forms Ti-Al alloy high-
pressure turbine blades with internal cavities and cooling channels. Creating such a
geometry from such a material by conventional methods is not profitable and ex-
tremely cumbersome.

Figure 2 shows another example that shows that metal printing offers new possi-
bilities in the field of design as well. The two parts offer the same rigidity in terms
of load capacity, and it could be seen that the lower version can be made from frac-
tions of the materials used in the machined version.

Figure 2. Possible design of a bracket with machining and 3D printing [6]

The two versions require a completely different design approach, while the first de-
sign focus on the simplest possible geometries and then accessibility with machining
tools, the second case the viewpoints are the most efficient space filling and connec-
tion between the functional surfaces. This provides an opportunity to follow the cur-
rent trend of weight reduction like in the automotive industry, and make such a relief
on the manufactured, which has not been possible so far with conventional methods.

3. THE METAL PRINTING EQUIPMENT AS A MACHINE TOOL

An important and currently controversial question in the industry is, whether or not
these machines can be considered as machine tools. To resolve this issue, | use the
definition of a machine tool [3].
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“A machine tool in the broadest sense is a machine that transforms workpieces with
the tools captured in the machine according to the information provided by man,
without human effort. According to the material of the workpiece, metal, wood, plas-
tic, etc. machine tools are distinguished. ”

The broader definition of the definition can be interpreted without any modification
for PBF devices, if the statement is acceptable that the workpiece is the dust and the
tool is the laser. By implication, these machines belong to the group of metalworking
machine tools.

“In a narrower sense, machine tools for metalworking machines, one of which is
machining without chips (presses, hammers, rolling-, bending machines, etc.), the
other one is cutting machine tools (lathes, drilling-, milling-, planing-, grinding-,
gear-processing machines, etc.). ...

The most important machines in the industry are machine tools because those are
only tools that can reproduce themselves, and other machines can be made with them.”

Although there is no specific category for these additive machines in the narrower
definition yet, they can be classified as non-chipping machines or should be considered
later that change the word “cutting” to “removing or adding material ” in the future.

Since the key phrase of the definition is that such a machine should be able to
reproduce itself, which is maximally fulfilled for these machines, I will consider PBF
metal printing machines as machine tools in the rest of the article.

4. CONSTRUCTION CONSTRAINTS AND FEATURES

Before starting the analysis, it is generally worth looking at the constraints and fea-
tures of PBF metal printing machine tools, which will be aided by Figure 3
(https://en.dmgmori.com/products/machines/additive-manufacturing/powder-
bed/lasertec-30-sIm).
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Figure 3. Additive manufacturing by selective laser melting (SLM) in powder bed
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After spreading the powder layer, the entire cross-section of the workpiece is created
with a laser beam, and then the process is repeated after the table has sunk. Examin-
ing the operation of the procedure, the following constraints can be identified:

1. The easiest way to spread the dust is done by gravity, the table must be placed
in a horizontal position at the bottom.

2. The laser must be located on the opposite side of the powder bed so that it will
work from above.

3. The laser should be able to cover the entire work area while it should not fall
under a critical angle (~45°), because in this case it will more likely melt side-
ways rather than downwards.

4. The shielding gas supply should be laminar to not stir up the dust from the bed.

This is a surprising amount of constraint compared to a CNC cutting machine, but it
will be seen later that there will still be a lot of options in the moving of the laser.
Before examining the features, it is worthwhile to find out the definition of the D-
number based on the source [3], to find out, how it can be interpreted in such a case.

“D-number for machine tools with serial kinematics:

The number of components in the forming mechanism that are capable of per-
forming some elemental transformation (displacement or rotation) independently
and simultaneously to create relative motion between the tool and the workpiece.”

According to this definition, since only stand-alone and simultaneous motion imple-
mentations have to be considered, PBF machine tools are 2D (or can be called 2.5D
according to industry conventions), since moving the table is not simultaneous with
moving the laser, and it only plays a positioning, stepping role. It also could be seen
that the movement of the table, cannot replaced by the up and down movement of
the laser, as it is necessary for dust spreading by the recoater.

Previously, in reinterpreting the definition of a machine tool, an analogy was es-
tablished that the laser is the tool and the dust is the workpiece. It follows from this
statement that the vertical axis is perpendicular to the powder table, pointing out-
wards from the laser, will be the Z + axis of the machine tool, and the other axes will
be chosen to form a right-handed coordinate system accordingly.

5. POSSIBLE MACHINE TOOL STRUCTURES BASED ON MOTION SHARING AND
ORDER

Although the constraints do not specify the construction kind of the kinematic chain
of the machine, but serial kinematic solutions will be taken into account below as
they have better workspace coverage. The machine tool structures that can be imple-
mented on the basis of motion sharing and order, considering the constraints and
features, are shown in Table 1.
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Table 1
Possible second-order machine tool structures

First-order solutions Second-order solutions
1. X(m,1), Y(m,2)
2 X(m), ¥(m) X(m.2), Y(m.1)
3. X(m), Y(s) X(m,1), Y(s,1)
4. X(s), Y(m) X(s,1), Y(m,1)
5. X(s,1), Y(s.2)
6. X, Y6 X(5.2), Y(s.1)

Analyzing the variations, there are two options — moving the powder table or the
laser sideways. In the first case, it should be kept in mind that the powder table can
weigh tons if it is completely filled with powder, which is therefore difficult to move
precisely.

In the case of moving the laser, mirrors can be considered, as well as moving the
laser itself — in the first case, the protection of optical devices becomes a challenge,
while in the second case, in addition to protection, there is also a risk of breaking
power cables.

Considering the precision requirements for these machines and the serious move-
ment challenge that the dust table would pose, it is much easier to move the laser
beam with adequate protection it identifiable that PBF machine tools are recom-
mended to be designed so that it is superimposed to the tool.

6. COMPARATIVE STUDY OF THE MAIN COMPONENTS OF THE PBF PRINTER

Like cutting machine tools, PBF machine tools used in industry are made up of com-
mercial or custom-made components. In many cases the components, in terms of
their function and location, are comparable to the units used in cutting machines. The
components to be compared are shown in Table 2.

Table 2
Machine tool components to be compared
Cutting machine tools PBF machine tools
Spindle-motor Laser
Cooling and lubrication Shielding gas system
system
Chip management system Dust management system
Covers
Slide rail systems
Workpiece-switching sys- Dust-removal system
tem
Stands, holders
Tool-switching system -
Recoater
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For the study, the so-called function block diagrams have been prepared (their format
is included in the source [3]), which show in a clear graphic format what functions
the components have to implement and provide comparability between different so-
lutions.
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Figure 4. Function block diagram of laser (left) and
shielding gas/dust treatment (right) [5]

As an example, Figure 4 shows a schematic of the function block of the laser and
shielding gas and dust treatment subsystem. Based on the figures of the cutting ma-
chines using the source [3], it can be seen that there are serious differences in the
laser-spindle motor relation, while in the other case there are also serious similarities.

7. SPECIFIC IMPLEMENTATIONS OF SOME MANUFACTURERS

Reviewing the current industrial implementations available on the market, it can be
stated that the previous findings of the article are applicable when examining them
as well. Concepts such as workspace, machining accuracy can also be defined for
these machines, and the components and features described earlier can also be found.

By summarizing the machines into a voluminous knowledge matrix [4], it is
possible to determine the average parameters of the machine tools currently on the
market. These can be used later for further design tasks. Examples of such values
are the 350 x 350 x 350 mm workspace size or the +0.03 mm positioning accuracy,
which can be fitted to most of the machines.

8. SUMMARY

The first half of the article described the modern additive metal printing processes
and their possibilities and their prevalence in industry. By reinterpreting the defini-
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tion of machine tools, it can be concluded that these machines can indeed be consid-
ered as machine tools, and in support of this, it has been described how the machine
tool morphology and function block diagrams can be used to examine these modern
machine tools. By counting the equipment currently available on the market in a
knowledge matrix, it has become possible to determine average parameters, which
together with the function block diagrams can provide a basis for the design of PBF
metal printing machine tools.
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Abstract: In this paper we can read about designing and building a filament recycling
machine especially designed for 3D printers. 3D printing is quite popular nowadays, but
unfortunately the base material of this technique is polymer, which is not an environmentally
friendly material, but it can be recycled in most of the cases. The filament pieces are shredded
beforehand with a shredding machine to get the appropriate size. After being chopped up and
heated up to the given temperature, according to the materials specific parameters the
filament can be melted down and extruded again. The study deals with designing a recycling
machine as mentioned.

Keywords: 3D printing, recycling, filament, extruder, PID, Solid Edge

1. INTRODUCTION

The structure of the machine is shown in Figure 1. The extruder consists of many
elements as a result it needs coordinated designing.

/
[ \\
i'Ipip termocouple® *r

Figure 1. Sketch of extruder machine

The extruder unit contains two main parts. One is the user interface and the other
one is the machine’s workspace. The user interface displays the control buttons of
different units. By pressing the buttons, the motor can be started, the ventilator can
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be activated, the heating can start and with the potentiometer the motor’s speed can
be adjusted. The setup of the extruder is far more complicated. The rotation
movement is granted by a simple windshield motor, which is forwarded by a shaft
coupling. The compressive force is wiped out by an axial roller bearing and the next
element in the shaft line is a twist drill. The twist drill is responsible for forwarding
the filament pieces. The end of the twist drill can be heated to the desired temperature
by a brass band. The twist drill is covered by a tube from the outside. The heating
band must be insulated well to keep the warm better, the applied fiberglass and the
different types of heat resistant tapes serve this purpose. The heated and melted
material leaves the end of the extruder and is winded into a coil.

2. EXTRUDER MOVING UNIT

TP LLLRLRRY

Feeding zone Transformation zone Extrusion zone

Figure 2. Extruder zones

During the designing process of the extruder, first the size of the extruder was
determined first, and the other parts were designed accordingly. The efficiency of
the motor and the sustainment were also calculated according to the mentioned units.
The studied researches show that the size of the twist drill must be determined first.
It is chosen according to the type and size of the material we have to use for the
extrusion. [1], [2] The size of the twist drill is 16 mm (M16). This is resulted as the
filament pieces are a maximum of 5 mm. According to the references the diameter
of the twist drill and the length of the extruder tube should be according to the
following rate [3].

2.1. The length of the extruder and extruder tube
The extruder’s size must be considered, and the length must be chosen according to
the found literature. These rates are the following:

e Extruder’s length: D = 16 mm

e Extruder tube length: L = 200 mm
The rate of the extruder and the extruder tube:

d+1L (1.2)
Examples for standard extruder-tube rate length:
1:10; 1:12; 1:12.5; 1:14; 1:15; 1:16; 1:18; 1:20; 1:22.5; 1:25
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Calculated extruder-extruder tube rate:
d+1L—16:200 > 1:12.5 (1.2)

The chosen standard rate is 12.5.

The exact final length is determined during the designing process of the structure.

The extruder can fit in the 18 mm outer diameter tube precisely, the wall of the tube
is not too close nor too far from the twist drill. This is a key part of consistent extruding.
The extruder tube is designed to be 200 mm long. The 200 mm long element was
chosen consciously as the structure required this size for the element. From the
extruder and the extruder tube it is given that with the help of the twist drill geometry,
the solid flow rate can be calculated and estimated. The next chapter describes the
calculation process which refers to the flow rate of the extruder feeding zone.

2.2. Solid state flow rate

4 ”~

Figure 3. Extruder geometry

The given geometry helps in the calculating process as the following elements
measures are known and can be used for calculations. [4]:

e Tube diameter: D, = 17 mm = 0.017 m

e Screwthread: s = 12mm = 0.012m

e Thread number:v =1

e Thread width: w,, = 10 mm = 0.01m

e Channel between the threads: W = 15mm = 0.015m

e Depth of feeding zone in the tube: H = 6.5 mm = 0.0065m

e PLA transport efficiency: hp py 4 = 0.395
ABS transport efficiency: hr 455 = 0.235

e Speed of twist drill: N = 50 rpm = 50 1/ min = 3000 1/h



Designing a Filament Recycling Extruder 49

e Bulk density of polymer: pg p 0 = 1.24 g/cm?
Poprra = 1,240 kg/m?
Po.aps = 1.06 g/cm?
Po,aps = 1,060 kg/m?

e Solid state rate flow calculation and solution:

Th':60.p0,PLA, ABs'N'hF'T[Z'H'Db'(Db_H)'WE‘/N 'Sine'COSQ (21)
e Calculation of © helix angle:
6 =30°=30°" % = 0.5235987756 rad (2.2)

e Solid state flow rate calculation for the two materials:

1 =60+ popra-N*hgm2-H-Dy-(Dy — H) —=—-sinf - cos6 (2.3)

W+wpm

= 60-1,240%%.322.0.395-7%-0.0065m - 0.017 m - (0.017 —
m min

0.0065 m) % +5in(30°) - cos(30°) = 463.06 %g (2.4)
m = 60" poaps - N - hp w2 H-Dy- (Dy— H) - —=—-sind - cost (2.5)

1 = 60-1,060~%.32—-0.395-7%-0.0065m-0.017 m - (0.017 —
m min

0.015 . o o k
0.0065 m) - m sin(30°) - cos(30°) = 395.8439 79 (2.6)

The calculated values consider the full cross section of the tube (226.98 mm?) in
relation to possible amount of solid flow rate. The actual considered trans section is
much smaller than the one used in the calculations; this means that the solid flow
rate would also be smaller. The examined new cross section is approximately
0.01767 mm?2.With the use of this new section we got the following calculations. The
solid flow rate of PLA would be approximately 18.5732 kg/h and the solid flow rate
of acrylonitrile butadiene styrene would be approximately 15.8457 kg/h according
to the pre-planning phase of the designing. The two materials distribute similar
characteristics, (like density) that is why the two materials’ calculations are close to
each other. These calculations can help to estimate the amount of filament the
recycling machine will be able to extrude in an hour [5]. In practice the flow rate will
reduce to a lot less to the fragment of the calculated numbers because of the heating,
melting and the cooling process.
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The considered area is the useful area according to the shredded material because
the materials arrival happens through this cross section. This area should be
connected to the shredders bottom. The connection is created by a dispenser element.
The dispenser was designed in Solid Edge and it was 3D printed from PLA because
it does not have to withstand great temperatures.

The twist drill is longer than the tube and it continuous to the engine in a square
shaft part. The end of the extruder and the motor is connected by a coupling element.
One end of the coupling fits the extruder, also the other end fits the engine shaft. In the
current situation a single square iron part was the coupling element. While choosing
the right motor for the machine, some references and similar literatures were
considered. As these papers also suggested a simple windshield motor was chosen to
be the heart of the recycling machine. (medium.com) (www.filastruder.com).

The structure needs a solid base to stand on with all its elements to keep the
machine steady and solid. This base was chosen to be a Hilti mounting rail which
was an obvious because of its modular function. The structure also has a holding
element, which fixes the extruder tube and the motor shaft. The end of the tube has
an axial roller bearing on it. This bearing helps in cancelling out the compressive
force coming from the kickback. The kickback protection is important for the motor
because it is not designed to endure this kind of load, but to rotate. Because of this
condition it is appropriate to examine the bearing force and the bearing lifetime
estimation.

3. HEATING PANEL

The design and assembly of the heating panel is the most complicated part of the
structure, because it contains not only mechanical components but electronic parts also
which need special attention and calculation. Electric parts need to be synchronized
which can be quite hard if someone does not have the electrical skills to execute it. It
is easier to understand the methodology of the heating panel if we look at the elements
after one another. The tube with the 18 mm outer diameter is lengthened by a brass
element which has better heat conductivity than stainless steel. This section will be
heated for the desired temperature, as a result a brass heating band is placed on the
50 mm lengthened brass part. (edge.rit.edu) (www.printfromsd3d.com) The heating
band is responsible for getting the temperature displayed on the PID, with the help of
the K thermocouple sensor. The thermocouple is the actual part sensing the
temperature and the PID is adjusting according to its measures. The thermocouple is
placed in the brass tube lengthening in a 3 mm hole causing it to show the exact
temperature the machine has in the extruder zone. After the brass tube only one
element is left from the machine, this one is the extruder end which closes the system
and the melted filament is heading out from its hole to cool down.

4. ELECTRONIC PANEL

This chapter is about synchronizing and connecting the different electric elements.
Every electrical part is somehow connected to the power supply this is why the right
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power supply should be chosen considerately. Considering all the elements the power
supply must be a little bit more powerful than expected not to cause any short circuits.
The chosen power supply is operating at 12 V, with 240 W output and 20 A current.

TRAXTELE

s

Figure 4. PID, motor controller, K thermocouple

The three buttons will start the whole machine’s operation, one of these gives power
to the machine, the other one starts the motor, the third one starts the ventilator. The
user interface also has a potentio meter attached to it; this serves the ability to control
the motor’s speed. The motor gets power through the controller. The ventilator
connected to the machine is responsible for cooling the filament which comes out of
the extruder end. The PID also receives power from the power supply and is
connected to the mentioned K thermocouple and the heating band. The heating band
has 220 V stress, but the PID operates only at 12 V, therefore the electric panel needs
a solid-state relay to connect the two elements. The ground port and the 220 V of the
power supply are connected to the other two pots of the solid-state relay. When the
relay closes, the heating band is heated according to the PID’ signal and when the
relay is open the signal will not reach the heating band and it will not heat up. The
electric control works as it is described in this chapter.

Figure 5. Extruder model and machiAr{éi
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5. SUMMARY

The research reflected on designing the element and the structure of a machine. The
required calculations were executed and considered as the measurements were
established. The length rate and the solid flow rate was calculated. The heating panel
and the electronics were described in details and the model and the building of the
structure was introduced in the article. The result of the study is a working extruder
machine with a user-friendly interface ready for testing.
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Abstract: Due to the continuous development of various areas of the industry, such as mod-
ern production equipment, material technology, computer and software development, it is
possible to expand the range of conventional production technologies. These include additive
manufacturing technology, which provides a new opportunity to produce everyday products,
thereby satisfying market needs. Integrated CAD systems have occupied a place in the prod-
uct design and development process for decades, which has partially reformed classical de-
sign methods and its steps.

Keywords: product design methodology, topology optimisation, generative design

1. INTRODUCTION

A successful product meets the level of technical development of a given period and
fulfils the needs expressed by society. The aim of engineering design is to create a
suitable solution for a given problem, both from a technical and economic point of
view. Product design and development is an outstanding and special profession, as it
requires extensive experience, a unigue vision and additional specific skills. Earlier it
has been accepted that the knowledge required for successful product design is a talent
that cannot be fully learnt, described, is not an exact science, and cannot be mecha-
nized. It was recognized in a short time that the quality of a product is greatly influ-
enced by the concept defined and selected in the design phase. Furthermore, a series
of decisions that arise during the design procedure play a key role in the product man-
ufacturing process, which can result in beneficial or disadvantageous changes. Based
on this philosophy, it can be said that in terms of the life cycle of a product, innovation
activities consume huge resources. Assuming that this type of activity can only be
properly performed by a competent person, design and development work proves to
be an expensive and long procedure. The increasing expectations dictated by the mar-
ket can be met as much as possible if a given product can be sold as soon as possible
and with the lowest financial cost. Accordingly, the design and construction tasks must
be transformed into tasks that can be performed by many, in which the individual
stages and steps can be well followed and performed [1].
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2. MILESTONES OF DEVELOPMENT OF DESIGN METHODOLOGY

The development of various design methodological processes could be observed in the
last hundred years. Literature related to the field can be found mainly in Europe, but
there are researchers from all over the world whose work is related to this field of
science. The aim of the research is unchanged: the design process must be divided into
different stages, which can be clearly interpreted and followed in order to be applicable
for others. Kesselring published on evaluation procedures as early as 1937 and then
presented the basics of his convergent approximation procedure. Wogerbauer pro-
posed in 1943 that the entire design process should be divided into subtasks. The
founders of the limenau school were Bischoff and Hansen. Hansen has been working
on the basics of desigh methodology since the 1950s, and, in 1965 he summarized the
theoretical aspects of his system. The founder of the Berlin school is Beitz, whose
work is closely linked to the founder of the Darmstadt School of Design, Pahl. In 1974,
Roth was among the firsts to realize that methodical design could be successfully au-
tomated using graphics computers and then developed an algorithmic design model.
In Hungary, the Budapest School of Design is worth mentioning, which deals with the
development and research of product design methodology and tools. The Hungarian
founder of this topic is Bercsey, who developed the Autogenetic Algorithm. It is im-
portant to mention the design school in Miskolc, which was founded by Terplan and
Tajnaf6i, and computer structure generation methods were created by Lip6th and
Takacs [2], [3].

3. GENERATIVE DESIGN AND INTEGRATED CAD SYSTEMS

The generative designh model is able to generate concepts using predefined require-
ments and constraints. The procedure, including shape and topological optimization,
was developed around the 1990s, but at that time could not lead to breakthrough
success.

Additive
manufacturing

Advanced
material
technology

Generative
design

Figure 1. The technological need of generative design
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The use of the programs was cumbersome, the capacity of the computers proved to
be insufficient, but the main drawback was that the result obtained could not be pro-
duced with the help of the traditional manufacturing technologies of the given era.
Over the next 20 years, the production of additives provided an opportunity to im-
plement 3D printing, and in the early 2000s it became clear that there was an oppor-
tunity for additive production of high-performance metallic components, which at-
tracted interest among integrated software manufacturers. Software supporting gen-
erative design appeared in the first half of the 2010s. Among the firsts
TrueSOLIDTM from Frustum can be mentioned, developed by Jesse Coors-Blank-
enship. The other big developer is AutoDesk, but recognizing the need for generative
design, more and more software development products have become available,
which are summarized in Table 1.

Table 1
Generative design softwares
Software developer Product
. . Frustum Generate
Generative design
software nTopology Eler_nent
Paramatters CogniCAD
Altair OptiStruct
ANSYS ANSYS Mechanical
CAE software sup- Dassault Systémes Tosca St';ﬁ?(jjre’ Tosca
orting generative de-
porting gsign £51 Group PAM-STAMP, Pro-
CAST, SYSTUS
MSC Software MSC Nastran Optimiza-
tion
Autodesk Fusion 360, Inventor
Dassault Systémes TOSCA suite
Integrated systems Robert McNeel & Asso- Rhi
with generative design ciates o
module PTC Creo Simulate
Siemens NX, Solid Edge
Altair solidThinking Inspire

4. STEPS OF GENERATIVE DESIGN IN INTEGRATED CAD SYSTEMS

Generative design is a design process in which an algorithm is used to optimize the
shape of a part for a given boundary condition. Designing the shape itself is not a
manual design task. The designer determines the functional boundary conditions of
the part, adds it into the software, which calculates the shape of the optimized part
according to the defined aspects during iteration processes [4], [8]. Limit states can
usually be divided into two groups, the calculation requires an initial geometry,
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which must be constructed by traditional 3D modelling. This is quite similar to the
solution used in traditional FEM systems: it is necessary to determine which area of
the piece is subjected to which forces and which constraints [5-7]. Another possibil-
ity is to determine the volumes in which there can be no material because, for exam-
ple, some other component is moving there. If there is no starting workpiece, it
should be specified as a “volume part” that will be part of the finished part. The steps
in the generative design process that are valid and show similarity using all the inte-
grated CAD systems listed in Table 1 are detailed below.

After opening the given program, our first step is to define the design volume, for
which we have three options. The first way to do this is to define the geometries to
be retained, which remain an integral part of the yellow geometry. Specifying them
is a mandatory operation, and later these bodies and surfaces allow defining func-
tions, such as placing mortises. The second method of design space is to define so-
called interfering geometries, which can be used to specify those parts of space
where there can be no material. The geometry produced by the program can only be
located outside this space, but it can be applied in a similar way when the part is
limited in size. These volumes are optional during design. The third method is to
import a solid-state model whose shape features can be used to specify functions. In
this case, the outer surface of the original model does not limit the enclosing size of
the geometry produced during generative design by default.

After the precise definition of the design space, the second stage of the process
can follow, during which the fixing points and further constraints of our model can
be defined. It is possible to specify fixed points, but it is possible to unlock individual
planes and axes of rotation within it. We have the option of creating a hinge or pivot
point where radial, axial and tangential movement can be allowed. Furthermore, it is
allowed to define slip planes and friction surface pairs.

In the third stage of design, we get to defining the location and magnitude of the
loads. We have the ability to accommodate force, pressure, torque and distributed
load, the direction and magnitude of which can be changed indefinitely.

The fourth step is to decide on the design criteria and objectives. This can be
minimizing mass, maximizing stiffness, or developing minimal stress and its optimal
distribution. In this phase, a so-called safety factor can be set.

In the fifth step, it is possible to choose the production method, where the pro-
duction volume and the appropriate production technology can be selected. Optional
technologies include additive manufacturing, cutting processes such as milling, cut-
ting and casting. For each option, the minimum material thickness for the model and
the tools used in the particular technology, such as the geometric size of the milling
tool and the machining direction can be chosen. There is also the possibility that this
step will remain unselected, in which case the generation of models will be more
widely allowed.

In the sixth step of the process, the material has to be chosen from which the
product can be made. The selection can be made from the material catalogues of the
programs, but a new material with unique properties can also be defined. The mate-
rial properties of the items in the catalogue can be modified without any problem.
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Care must be taken to ensure that each manufacturing technology has a set of com-
patible materials.

After making these settings, a verification step becomes available that runs
through the data we enter and alerts the user in case of lack of data or poorly entered
conditions.

Once the check is done, the planning, i.e. the final calculation and generation
process, can be started. We have the opportunity to filter the obtained solutions by
categories and access the iteration results of the individual components.

O
Determination of |
design space N R

Defining of P
constraints

A

Setting of loads

Selection of design
criteria

A

Selection of
manufacturing

R —

Definng of materials [«

—

Control

S

Yes

{Generating solutionsHSelection of solutions

Figure 2. Steps of generative design process

5. SUMMARY

The article reviews the development of the product design- and development field that
forms the basis of generative design, as well as its defining stages. Factors influencing
the spread of the generative design process and the development of the necessary tech-
nological processes are presented, and the article provides a short historical overview
of the topic of software supporting. Based on the software listed, the article describes
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the steps required to use the method, which show a match for different programs. For
quick understanding and illustration, a flowchart for the operation of the method was
created, supplementing the possible iterations. By observing and following the steps
properly, we get successful solutions to the formulated task.
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Abstract: The following article briefly summarizes the design aids currently in use, such as
topology optimization and generative design, which are common in integrated CAD systems.
The results provided by these methods are presented and compared based on a case study.
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1. INTRODUCTION

When creating machines and structures, the design task can be done in different
ways. These methods include the knowledge and steps of design methodology de-
veloped in the last century and goes under continuous development. Various proce-
dures and techniques related to the University of Miskolc play an important role in
terms of machine design [1], [4]-[7]. Each design method has its own advantages
and disadvantages, but the most appropriate one is determined by the qualification
of the design staff and the type of task in question. The process is greatly influenced
by its resource requirements, but efforts must be made to maintain the technical and
technological level of the present age and to create the best use of it. It can be ob-
served that in many areas of industry, the proportion of human labour is decreasing
compared to the work of machinery and other means of production. This is inherent
in the development process, in the hope of which we can provide a solution to a given
task faster, more accurately and, if necessary, at less cost. A system where one
merely communicates information and makes decisions while the equipment is
working, seems to be a favourable way. Similar processes are taking place in the
field of product design, thanks to the generative design module that is widespread in
integrated CAD systems, which serves as an example of the philosophy mentioned
above. Design engineering is limited to providing accurate information and selecting
from the results obtained.

2. PRESENTATION OF THE REFERENCE PART

The case study demonstrates the design of a component made up of simple geometric
elements using the design methods provided by the present age, such as generative
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design. The initial part is a console, which is screwed to a specific plane. A load can
be hung in the mortise in the part, so the console is subjected to tensile stress.

Figure 1. Installation of the reference part

It can be clearly seen in Figure 1 that the part is fixed to the horizontal plane with
four M12 screws. During the test, it is assumed that the screw connection used is
suitable to withstand the resulting stress states. A hook or pin can be inserted into
the hole in the bottom of the part. The console consists of two 10 [mm] thick plates
joined together by a welded joint. When creating the model, the effect of the welded
joint is neglected.

Table 1
Material properties of the part
Material properties
Name stainless steel 1.4125
Yield point 689 [MPa]
Tensile strength 861.25 [MPa]
Young modulus 206.7 [GPa]
Poisson factor 0.27[-]
Shear modulus 83900 [MPa]
Density 7.75 [g/cm?]

In order to make the results comparable, a preliminary finite element simulation is
performed on the initial workpiece, so that the load capacity of the part becomes
known. For finite element analysis, we used Autodesk Inventor. During the test, the
value of the maximum stress and the maximum displacement due to the fact that the

load is sought.
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Figure 2. Place of the load and fixing points

The point and direction of application of the load applied to the component is indi-
cated by the yellow arrow in Figure 2. From the point of view of component geom-
etry, the direction of the specified load is considered to be critical. The load is con-
sidered static with a magnitude of 50 [KN]. The preparation of the part continues
with the determination of the fixing points, which are defined at the centres of the
mortises, which are symbolized by the white padlocks shown in the figure.

Figure 3. Stress and deformation state on the reference part

Based on the results of the study, shown on Figure 3, the maximum stress measured
in the reference model under the influence of the load force is 331.3 [MPa] and the
maximum displacement is 0.091 [mm].

3. APPLICATION OF TOPOLOGY OPTIMIZATION

Topological optimization requires a preliminary body model provided in the present
study by the modified geometry of the reference part [8]-[11].
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Figure 4. Modified model of the reference part

The modifications are shown in Figure 4, which overall increased the volume of the
original model, taking care of not to interfere with the performance of the functions
and to allow the installation tasks to be performed properly. The material selected
during the operation is the same as the 1.4125 (440C) stainless steel used so far. In
a similar way, a loading force of 50 [KN] was applied, the direction of which was
unchanged. In the following, the fixing points are determined, which are the same as
the previously used ones. Due to the individual mortises, it is necessary to define so-
called fixed volumes, which remain unchanged solid bodies during the optimization
[2], [4]. In order to obtain comparable results, it should be considered to give fixed
volumes with the same parameters during topological optimization and generative de-
sign. This practically meant that cylinders with a diameter of 20 [mm] were fixed for
the mortises with a diameter of 13 [mm] and a cylinder with a diameter of 36 [mm] for
the mortise with a diameter of 20 [mm]. These solutions are illustrated with green
bodies. The software allows the specification of a plane of symmetry or minimum net-
work settings, the proper selection of which can reduce the computation time.

Figure 5. The result of topological optimization
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Figure 5 shows the results of the optimization process. During the design, we set the
weight reduction as an optimization goal, the value of which can be given in per-
centage. The results were obtained with a weight reduction of 13% compared to the
original model, corresponding to a part weight of 0.91 [kg]. The networked model
shows that the surface is very uneven. For machining by cutting, the individual
ranges were approximated by planes. One of the most important aspects is whether
the formed geometry is suitable to withstand the desired loads. In the following, we
search for the answer to the given guestion using finite element simulation.

Max: 0,05071 mm

Figure 6. Stress and deformation state on the optimized part

Figure 6 shows that the maximum stress generated by the load is 306.7 [MPa],
which is adequate for the safety factor used. The maximum value of the defor-
mation is 0.05 [mm].

4. PRODUCTION OF THE PART BY GENERATIVE DESIGN

In the next section of the article, the process of constructing the part produced by the
generative design method and the evaluation of the obtained results are presented.
Preparations for the process, such as modelling and recording design, non-design,
and fixed volumes, were made in Autodesk Inventor, and then the generative design
module was applied in Autodesk Fusion 360. We have to go through a substantially
similar process as with topological optimization. The individual settings are fully in
line with those previously used, so that the geometry limiting the design, the material
to be used, the constraint and the magnitude and direction of the load force are the
same as the previously defined parameters. Once the appropriate values have been
set, a check function must be started in the next step. It goes through the settings and
report any deficiencies or inconsistencies to the user of the program [2], [3]. The
software will notify the user if not all entered properties of the material are properly
defined, or if we have not selected a suitable material for the selected machining. It
is a good idea to run a preview command to check that the design volumes are se-
lected correctly for more complex parts. After these control functions, the design
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process can be started, which takes place entirely in a cloud-based storage. Accord-
ingly, the computer can even be turned off after startup.

@A A
| A

Figure 7. Iteration steps of the generation process

It is worth mentioning that many materials and manufacturing technologies can be
selected, so the number of solutions is quite large. It is advisable to filter the various
solutions as soon as possible. If the generation of solutions starts in a certain direc-
tion, it should be treated as a component, so after opening the result of iterations on
that logical thread can also be viewed and treated as a possible solution. It may be
that the direction of solution generation is favourable for us, but the final result does
not fully meet the expectations, then an intermediate element of the process can be
used. Figure 7 shows the evolution of the components undergoing iteration. It is
possible to monitor the stress state, which allows us to obtain information concerning
the mechanical properties of the given iteration results without further investigation.

A 4 A
o

Figure 8. Results of the generative design process
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The course of the generation resulted in six components shown in Figure 8, during
which the software mapped two hundred and thirty iteration steps, each of which is
a complete component. In the next step, the most suitable variant was selected. The
program has a built-in comparison function in which different conditions can be as-
signed to each coordinate axis and the program evaluates every solution.
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Figure 11. Classification based on deformation and mass

Based on the evaluation (Figures 9-11), the M9 and M10 solutions proved to be
similarly advantageous constructs. They show a minimal difference based on the
maximum displacements, on the other hand the weight and manufacturing cost of
the M10 solution are lower. Accordingly, for the part produced using the generative
method, the selected construction fell on the serial number M10. Based on the results
obtained during the study, Table 2 summarizes the properties of the components cre-
ated by the different methods.

Table 2
Summary of the results
Traditional Topology Generative
design optimization design
Quantity Large series Small series Unique
Variations 1 [pc] 1 [pc] 230 [pc]
Machining CL\j\t/Zilr:ﬁnagnd Milling Ad?;té;/jrirrr:gnu-
Strength 331 [MPa] 306 [MPa] 344 [MPa]
Deformation 0.09 [mm] 0.05 [mm] 0.09 [mm]
Weight 1.07 [ka] 0.91 [kg] 0.32 [ka]
Weight loss 0% 17% 70%
Amount of waste Medium Big Minimal
Cost 10,000 HUF 50,000 HUF 200,000 HUF
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5. SUMMARY

The case study provides an insight into the process and issues of contemporary product
design. The article makes a comparison of three components that use different meth-
ods, in different software, but meet the same boundary conditions. The component
designed by the classical method is suitable if the product is to be produced in large
series and weight reduction is not important. The production of a part designed using
topological optimization is realized on a multi-axis milling machine, the productivity
of which is significantly lower compared to the traditional design. The amount of waste
generated during production is high, so the use of a component designed in this way is
recommended for small series, where the additional advantage is weight reduction. In
many cases, the production of a component designed by the generative design method
can only be carried out with additive technology, which has low productivity but high
cost. The positive thing about production is that waste generation is low. Thus, the use
of the generative design method is recommended when achieving significant weight
reduction or when using difficult-to-cut materials.
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