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Abstract: Goal of this research was to develop and manufacture planetary gearbox prototype using rapid prototyping technology (additive manufacturing). Developed prototype
was used to visually analyse the design of the planetary gearbox. Also, it was used to improve and innovate education of students on several courses at Mechanical Design study
program at Faculty of Mechanical Engineering. It is shown that low cost rapid prototyping technology can be used to manufacture prototypes of complex machines and machine
elements. Prototypes manufactured using this technology have same functionality like the real one. Main limitation is the fact that they cannot sustain real world loads and stresses.
This paper shows opportunities which low cost rapid prototyping technology is offering in improvement and innovation of education process at engineering schools and faculties.
All complex and heavy machines can be manufactured using this type of technology and on that way more precisely presented to the students.
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1 INTRODUCTION

When professors at mechanical design courses, like
machine elements, wants to present working principles, for
some type of machine, they do it on one of the following
ways. They can show some drawings and pictures, they can
show some videos, or they can go with students to factories
or laboratories where those machines can be found. This is
possible only if professor has small number of students. He
cannot bring one hundred students to the factory just to show
them one or two machines and repeat that process for every
class. It would be the best if professor can bring some of those
machines to the classroom. Unfortunately, this is not possible
because, usually, those machines are too heavy. Best
examples are gears transmission drives, planetary gearboxes,
couplings and brakes. This research is carried out to find out
is it possible to use low cost rapid prototyping to manufacture
above mentioned machines using lightweight polymer
materials. Machines manufactured using this technology will
have functionality like the real one and they will be light
enough for professors to bring them to the classroom.
Planetary gearbox machine is chosen for this research. This
area of research is in focus right now because it is important
to enable students to feel the parts and assembly in their
hands. Research about enhancing the teaching of machine
design by creating a basic hands-on environment with
mechanical ‘breadboards’ was done in paper [1]. Similar
research can be found in paper [2]. Goal of the research was
to improve the mechanical design education introducing
hands-on experience with machine parts. Research about
development of machine part exhibition and functional
mock-ups to enrich design education was carried out in paper
[3]. Similar research was done at machine design courses at
the United States Air Force Academy and at the University
of Texas in Austin in USA in paper [4]. As early mentioned,
planetary gearbox is chosen as case study for this research.
Today, planetary gearboxes are used in many places where
power and torque transmission are needed. Especially in
mobile mechanical systems like cars, planes and bouts [5].
Planetary gearboxes are different in comparison to standard
gears gearboxes. Main difference is in fact that standard gears

gearbox has all shafts loaded in one housing and all shafts are
rotating only around their own axes. Planetary gearbox has at
least one shaft which is loaded in rotating element. That shaft
is rotating around his own axis and around one additional axis

[6].
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Figure 1 Basic principles of planetary gearbox

Planetary gearboxes remained in focus of research in last
few years. Simulation of different types of planetary gearbox
was carried out in papers [6-8]. Power loss and efficiency
were studied in several research papers and doctoral
dissertations. The power loss and efficiency model of a
planetary gear transmission system was built with a system
modelling method in paper [9]. The method takes number of
different transmission elements such as gear, planetary gear
sets, hydraulic torque converter, friction disk, lubrication,
sealing, bump and motor into consideration and calculates
non-load and load power loss for each element. The overall
calculated power loss and efficiency are more accurate than
the meshing power method. To make simulation more
reliable it is compared with the test data [9]. Designing a
transmission with goal to maximize efficiency, while keeping
operating safety factors in proper boundaries is done in
doctoral dissertation [10]. The main purpose of this
dissertation was to study the influence of operating
conditions and gear oil formulation in the efficiency of
meshing gears (applied to a planetary gearbox) including
elastic and dynamic effects. Vibrations of planetary
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gearboxes are studied in several papers. Planetary gearboxes
excite highly modulated vibration. From the existing
literature, contradicting descriptions can be obtained. In
order to resolve this situation, six commodity gearboxes are
investigated on a test rig. A simple, yet powerful method to
extract their vibration signatures is proposed in paper [11].
Paper [12] deals with description of a diagnostic device used
at the Department of Design and Machine Elements at the
University of Zilina which has been built in order to measure,
diagnose and evaluate gearbox faults by vibrodiagnostics.
Paper [12] describes methods and damage creation process
for tested gearboxes. Evaluation of different faults is also
processed in paper [12] as well as description of comparative
measurements between real and artificially created pitting.
Comparison of all measured data with SPM methods is also
included.

1.1 Rapid Prototyping

Rapid prototyping technologies are in the focus of
research for many authors these days. One of the main
manufacturing technology for rapid prototyping is additive
manufacturing, especially fused deposition modelling
(FDM), which is used in this research for manufacturing of
planetary gearbox prototype. Machines for FDM have low
cost and they become available for regular people out of the
universities and big companies. Detail reviews about rapid
prototyping and additive manufacturing can be found in
papers [13, 14]. By advancing of additive manufacturing
technology, a lot of new questions, challenges and
applications emerges. Additive manufacturing technology
enables design of machine elements with less mass but in the
same time with same stiffness and stress loading capacity.
Example of these principals which are used for gears
innovative design and manufacturing are shown in paper
[15]. Also there are other papers and research about usage of
rapid prototyping for gears manufacturing. Main goal of
paper [16] was to establish optimal additive manufacturing
parameters (printing direction, layer height and percent of
infill) which will allow printed gears to replace failed steel
gears, for at least some time, enough for spare steel gears to
be produced and delivered on site. Special type of polymer
material was developed for production of gears using rapid
prototyping in paper [17]. Recent developments in additive
manufacturing of gears are given in paper [18]. In paper [18]
it is stated: "Additive Layer Manufacturing (ALM) is an
advanced technology to produce quality gears of metals and
plastics. Some significant benefits such as capability to
handle complex gear shapes and design, and produce near
net-shaped gears; resource efficiency; and rapid product
development etc. make this process a sustainable alternate to
the other processes of gear manufacturing". From above
papers and literature review, it can be seen that rapid
prototyping and additive manufacturing can be used for
production of planetary gearbox prototype. It is important to
notice that dimensional accuracy of gears manufactured
using rapid prototyping will be low. Because of this real gear
ratio of two gears will significantly differ from analytical

one. Example of toothing accuracy was studied in paper [19].
Polymer gears also have several additional problems.
Problem of significant deformation during contact of two
gears and problem of significant wear of two gears toots in
contact. These problems can also affect the gear ratio [20-
22]. To solve these problems additional modification of spur
gear profile can be carried out [23]. Goal of this paper is to
analyse possibilities to use FDM additive manufacturing
technology to produce planetary gearbox which can be used
for design analysis and for education purposes. Planetary
gearbox shown at Fig. 1 is chosen as case study.

2 ANALYTICAL CALCULATION

In this chapter, analytical calculation of planetary
gearbox, shown on Fig. 1, is presented. More detail
calculation procedure can be found in any book which deals
with design of planetary gearboxes, good example is book
[24].

Initial data:
n1 = 2000 min~! — rpm of gear 1
n3 =-500 min! — rpm of gear 3
i1R3 = -3 — gear ratio between gears 1 and 3, in regard to

lever R
P, =25kW — power at gear 1
z1 = 24 — number of teeth of gear 1.

2.1 Choosing Number of Satellite Gears and Calculation of
Number of Gear Teeth for Gears 2 and 3 of Planetary
Gearbox

Equation for gear ratio is given as:

. ZyZ
lﬁﬂ4ff71 (1)
1742

Where is: & — exponent for number of coupling with external
gearing; z; — number of teeth’s of gear 2; z; — number of
teeth’s of gear 3.

From Eq. (1) number of teeth of gear 3 can be calculated
as:

5 =~(=3)z =72 o)

Number of teeth of satellite gears 2 can be calculated
from the requirement for coaxial characteristic of gears:

zy =2z, 42z, 3)
From Eq. (3):
== @

Except for requirement for coaxial characteristic of
gears, planetary gearboxes which have more satellite gears
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must fulfil requirements for neighbourhood satellite gears.
They must not come in contact during operation. This
requirement must be checked using following equation:

LM Zp+2
sin— >

®)

Z] +22

For planetary gearbox shown on Fig. 1, using Eq. (5),
following values are calculated and above mentioned
requirement is fulfilled:

0.707 > 0.54 (6)

The third requirement, which has to be fulfilled, is
requirement for checking is it possible to carry out proper
assembly of satellite gears. If this requirement isn’t fulfilled
planetary gearbox will have low dynamic characteristics.
Assembly of first satellite gear is always possible, but
assembly of other two gears won’t be possible if this
requirement is not fulfilled during design process. This
requirement can be checked using following equation:

Z +z
L3 —integer number @)

Where is: K = 3 — number of satellite gears, chosen by
designer.

For planetary gearbox shown on Fig. 1, using Eq. (7),
following values are calculated and above-mentioned
requirement is fulfilled:

24472
3

32 (8)

2.2 Calculations of rpm for Gears 2 and 3 and for Lever R of
Planetary Gearbox

Analytical calculations of rpm (revolution per minute)
for gears inside planetary gearbox are based on calculation of
rpm for regular gears (when relative movement to the lever
R is observed (lever R is stationary). Gear ratio can be
calculated using number of teeth’s of that gears, Eq. (9).

Ba 7TR. )

R k Zb
Iy = (=1 i —
b~ TR

a

First, calculation of rpm for lever R needs to be carried
out using Eq. (9).

m —ng

i =(-DF- 2= (10)
Zp ny—ng
n —i%-n
ng =——2—=125min""' (11)
—ij3 +1

Now, calculation of rpm for gear 2 for planetary gearbox
shown on Fig. 1, using the same Eq. (9) can be carried out.

m —ng

iR =12 = (12)
Zp My —hg
R
—ng +ify - .
ny =R TIR 1750 min! (13)

5]

Where is:

illg =(- l)k i—z =—1 — gear ratio between gears 1 and 2.
1

2.3 Design of Gears for Planetary Gearbox

First, initial data needs to be selected. Initial data is same
for all gears inside of the planctary gearbox and they are
chosen by designer with following values:

m =2 mm — module

£ =0° — helix angle

o = o, = 20° — pressure angle

w = 20 — gear tooth length factor

z1 = 24 — number of teeth of gear 1.

Diameters and face width of all gears can be calculated
according to [25]. Gears 1 and 2 have same dimensions.

Pitch diameter:
dy=d, =m-z; =48 mm

Addendum diameter:
d, =d,, =d; +2m =52 mm

Dedendum diameter:
dy =dpy =m-(z, —2.4)=43.2 mm

Base diameter:

Face width:
b =b, =m-y =100 mm

Gears 1, 2 and 3 are shown on Figs. 2, 3 and 4.
Calculation of other machine elements inside planetary
gearbox (shafts, bearings, pins etc.) are not presented in this
paper because these calculations are too extensive. Those
calculations can be found in [24].

Diameters and face width of gear 3 are also calculated.

Pitch diameter:

dy =m-z; =144 mm
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Addendum diameter: Dedendum diameter:

dyz =m-(z; —2) =140 mm dn =m-(zy +2.4) =148.8 mm

a.

Base diameter:

dpy =d;-cosa =135.32 mm

Face width:
by =m-y =100 mm

3 DEVELOPMENT OF CAD MODEL AND MANUFACTURING
OF PLANETARY GEARBOX

Computer aided design (CAD) model is developed
according the calculations which are described in previous
chapter. CAD models of gears and shafts are developed
according to the calculations. Other machine elements like
bearings, screws and pins are chosen as standard elements.
CAD model of planetary gearbox housing is developed
according to the machine where planetary gearbox will be
mounted. Inside gears of developed CAD model of planetary
gearbox are shown on Fig. 5.

Figure 3 Gear 2

Figure 5 Inside gears of planetary gearbox

Completely developed CAD model of planetary gearbox
is shown on Fig. 6. For manufacturing of planetary gearbox
fused deposition modelling (FDM) additive manufacturing
technology is selected as most affordable technology for
rapid prototyping. For manufacturing, different materials are
used for different parts of planetary gearbox. Materials like
polylactic acid (PLA), polyethylene terephthalate (PET), co-

==:sn polyester (CPE), thermoplastic polyurethane (TPU) and
Figure 4 Gear 3 polyamide. Manufactured gears are shown on Fig. 7. Gears 1
and 2 are manufactured by combination of two materials,
polyamide (gear teeth’s) and PET (gear body).
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Polyamide is chosen for gears teeth’s because it has good
wear resistance and good mechanical properties. Basically it
lubricates itself, similarly like Politetrafluoretilen (PTFE)
material. PET is used for inside parts of gears because it has
better mechanical properties than polyamide materials.

Because of those mechanical properties, interference fit
can be achieved between real metal bearings and gears.
Polyamide and PET have similar thermal properties, which
is one of the reasons why those two materials can be used
together.

Figure 6 Developed CAD model of planetary gearbox

Gear 3 is manufactured fully from polyamide material.
More about different mechanical and thermal properties of
materials for additive manufacturing can be found in [26].
Real bearings are used because they are complex machine
elements with complex tolerances and fits. They cannot be
manufactured using FDM additive manufacturing process if
high accuracy is needed, which was the case in the
manufacturing process of planetary gearbox. More about
tolerances and fits of parts manufactured using additive
manufacturing can be found in [27].

Figure 7 Gears 1 and 2 manufactured by additive manufacturing using two
materials

Axles for gears housings are manufactured using CPE+
material because they are the most often loaded parts inside
planetary gearbox and CPE+ material has best mechanical
properties of all materials available for FDM additive

manufacturing up to today (at least to the knowledge of the
authors).

Firstly, authors tried to manufacture these axles using
PLA material but that axles did not sustain the bending stress
loads because stress concentration appear at the places where
Seeger rings need to be mounted (Fig. 8).

Figure 8 Example of fractured axle manufactured using PLA material

Figure 9 Example of fractured axle manufac

|

Figure 1-0 Inside assembly of planetary gearbox

All shafts of planetary gearbox are manufactured using
PLA material. Shafts have bigger dimensions and because of
that, they can sustain all loads. One of the manufactured
shafts are shown at Fig. 9. Seals are manufactured using TPU
material. TPU material is additive manufacturing material
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which is most similar to rubber materials. Because of that, it
can be used as seal.

Housing of planetary gearbox is manufactured using
PLA material, because it is most common material with low
price and it can fulfil all requirements in this case.

Inside assembly of planetary gearbox are shown on Fig.
10. Full outside assembly are shown on Fig. 11.

<
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Figure 11 Full prototype of planetary gearbox

4  ANALYSIS OF ROTATION ACCURACY AND
IMPROVEMENT OF EDUCATION

After manufacturing of planetary gearbox, analysis of
rotation accuracy is carried out. Prototype of planetary
gearbox is not intended to be fully loaded because those
materials cannot sustain full load like steel. To carry out
rotation accuracy analysis, gearbox is loaded with 10% of
usually full load, which was enough to measure output
rotation speed, calculate measured ratio and compare
measured ratio to calculated one by analytical calculation.
Results for measured ratio and calculated one are shown in
Tab. 1.

Table 1 Table title aligned centre

Ratio
Analytical calculation 4
Measured on prototype 3.994
Error in % 0.15%

Improvement of education is analyzed thought
discussion with the students at several courses at mechanical
design study program. All students have positive opinion
about this type of improvement of education. It is much
easier to explain working principles of machines using fully
functional prototype in comparison to videos, pictures or
drawings. Future research will focus on design and
development of other complex machines using low cost rapid
prototyping technology.

5 CONCLUSION

Design, calculation and manufacturing of planetary
gearbox is carried out in this paper. Gears and shafts are
designed and calculated. Other machine elements (bearings,
screws, pins, etc.) are chosen from standard machine
elements. Housing of planetary gearbox is also designed. Full
planetary gearbox is manufactured using additive
manufacturing as the most affordable rapid prototyping
technology (except of standard machine elements). FDM
additive manufacturing technology is used.

Goal of the research was to find out is it possible to
produce prototype of planetary gearbox which will be used
to study the design of all elements of planetary gearbox and
to use it in educational purpose at mechanical engineering
courses. This type of prototype has low weight, so it can be
carried out by professor to the classes. It can be fully
disassembled and assembled in front of the students. In
addition, it has full functionality like the real planetary
gearbox. This paper shows opportunities which additive
manufacturing is offering in improvement and innovation of
education process at engineering schools and faculties. All
complex and heavy machines and machine elements can be
manufactured using this type of technology and on that way
more precisely presented to the students. It can be concluded
that planetary gearbox is successfully developed and
manufactured.
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