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Abstract

This bachelor thesis investigates the relationship between traditional theoretical
frameworks and modern computer-aided design (CAD) software in the context of
machine element design. As engineering workflows increasingly adopt automated
digital tools, it becomes essential to evaluate whether these technologies uphold the
transparency, educational value of manual calculations, and result validations. The
study conducts a comparative analysis of selected machine elements using both man-
ual calculations and various CAD platforms, assessing their performance based on
precision, usability, and result traceability. A key aspect of the software investigation
is the recognition that di Lerent CAD platforms are influenced by varying standards
and theoretical foundations, often shaped by their regional or institutional origins.
Although the industry strive to create common approaches and methods, many dif-
ferences remain. The findings highlight discrepancies in calculation transparency,
underscore the importance of foundational engineering knowledge, and o [er guid-
ance for e [edtively integrating CAD tools into academic use as well as professional
practice. By bridging theoretical and digital methodologies, this research contributes
to a more informed and balanced approach to modern mechanical design.

Sammandrag

Detta kandidatarbete undersoker sambandet mellan traditionella teoretiska berékn-
ingsmetoder och modern datorstddd design (CAD) vid utformning av maskinele-
ment. | takt med att ingenjorsprocesser i allt hogre grad automatiseras och dig-
italiseras ar det avgoérande att utvardera om dessa verktyg bibehaller den nog-
grannhet, transparens och pedagogiska nytta som manuella berdkningar erbjuder.
Studien genomfor en jamforande analys av utvalda maskinelement med bade hand-
berakningar och olika CAD-program och utvarderar dessa utifrdn precision, an-
vandarvanlighet och sparbarhet i resultaten. En central del av programvaruunder-
sokningen ar insikten att olika CAD-plattformar paverkas av skilda standarder och
teoretiska grunder, vilka ofta formats av deras regionala eller institutionella ur-
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sprung. Aven om branschen stravar efter att skapa gemensamma arbetssatt och
metoder kvarstar manga olikheter. Resultaten belyser skillnader i berékningarnas
transparens, betonar vikten av grundlaggande ingenjorskunskap och ger vagledning
i hur CAD-verktyg e[eHltivt kan integreras i utbildning och yrkesliv. Genom att
forena teori med digitala metoder bidrar detta arbete till en mer informerad och
balanserad syn pa modern maskinkonstruktion.

Keywords: CAD, Machine Elements Design, MITCalc, MDesign, Autodesk Inven-
tor, Bevel Gears, Belt Drives, Shafts, Bearings, Bolted joints, Design Accelerator
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Nomenclature

Below is the nomenclature of variables that have been used in the report, with the
used unit in brackets. The list is divided into separate lists for each machine element
analysed in this project.

Shafts

Fr

Fy

Fa, Fa2
Fo

Ri, Rz
Li—Ls
D:-Ds
Zeg
M(2)
V(2)
T

A(z2)
1(2)
J(2)
r(z)

on(2)
Tshear (Z)
Ttorsion (Z)

Oaxial (2)

Radial force acting perpendicular to the shaft’s axis [N]
Gravitational force on the shaft [N]

Axial force acting along the shaft’s axis [N]

Radial force from the bearing on the right [N]
Reaction forces from the first and second bearing [N]
Shaft segment lengths [m]

Shaft segment diameters [m]

Position of the center of gravity of the shaft [m]
Bending moment as a function of position z [Nm]
Shear force as a function of position z [N]

Torsional moment [Nm]

Cross-sectional area at position z [m?]

Second moment of area at position z [m?#]

Polar moment of inertia at position z [m*]

Radius of the shaft at position z [m]

Bending stress at position z [Pa]

Shear stress from transverse force at z [Pa]
Shear stress from torsional load at z [Pa]
Axial stress at position z [Pa]

Xiii



Ovm von Mises equivalent stress [Pa]

n Safety factor [-]

P Material density [kg/m?3]

m Total shaft mass [kg]

o(2) Angular deflection due to torque at z [rad]

Belt drives

i Indices for distribution network buses [-]
Fo Required preload force [N]

F1 Tension force on the tight side of the belt [N]
F, Tension force on the slack side of the belt [N]
Fc Centrifugal force acting on the belt [N]
Fe1 E [edtive tension force on tight side [N]
Feo E [edtive tension forces on slack sides [N]
Fouter Axially applied external force [N]

L Belt length [m]

M, Torque on the driving pulley [Nm]

M Torque on the driven pulley [Nm]

Ry Radius of the driving pulley [m]

R, Radius of the driven pulley [m]

Z Required number of belts [-]

a Axis distance between pulleys [m]

fe Correction factor for belt length [-]

fq Correction factor for wrap angle [-]

i Speed ratio between the pulleys [-]

m" Belt mass per unit length [kg/m]

P Operating power [W]

Pr Transmittable power per belt [W]

Vbelt Belt velocity [m/s]
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(o]

(00

Xslip
Aad

W3

W2

Bearings

Wrap angle on the driving pulley [rad]

Wrap angle on the driven pulley [rad]
Groove angle of the pulley [°]

Load ratio between tight and slack side forces [-]
Load ratio considering belt slip [-]

Deviation angle due to pulley o [sek [rad]
Load factor (used in preload equations) [-]
Friction coe Lcieht (flat belt) [-]

Apparent friction coe [cieht (V-belt) [-]
Angular velocity of the driving pulley [rad/s]
Angular velocity of the driven pulley [rad/s]
Degree of utilization [-]

Basic dynamic load rating [N]

Axial load [N]

Radial load [N]

Basic rating life [millions of revolutions]

Basic rating life [hours]

SKF-modified bearing life [millions of revolutions]
SKF-modified bearing life [hours]

Equivalent dynamic bearing load [N]

Fatigue load limit [N]

Reliability level (probability) [-]

Radial load factor [-]

Axial load factor for light load [-]

Axial load factor for heavy load [-]

Life adjustment factor for desired reliability level [-]

SKF life modification factor accounting for lubrication, contamina-
tion, and fatigue properties [-]

Rotational speed [rpm]
Life exponent (3 for ball bearings, 10/3 for roller bearings) [-]
Contamination factor [-]
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Lubrication condition of the bearing, i.e. viscosity ratio [-]
Actual operating viscosity of the oil or the grease base oil [mm?/s]

Rated viscosity, function of the mean bearing diameter and rota-
tional speed [mm?/s]

Bolted Joints

Aeq

Fo, settling

Mtightening, settling

P

Mm

X

do
Ok
Os

Mthread

XVi

Active cross-sectional area of the clamped part that carries the load
[mm?]

Sti [ndss of the clamped part [N/mm]

Sti [ndss of the bolt [N/mm]

Pitch diameter of the thread [mm]

Inner diameter (hole diameter) in the clamped part [mm]

Outer diameter (washer or contact diameter) in the clamped part
[mm]

Young’s modulus of the clamped part [MPa]

Young’s modulus of the screw material [MPa]

Preload force in the screw [N]

Total preload force including settlement compensation [N]
Force in the clamped parts [N]

External axial force acting on the joint [N]

Force absorbed by the bolt [N]

Length of the clamped parts [mm]

Tightening moment including settlement compensation [Nm]
Thread pitch [mm]

E [edtive friction radius in the thread contact [mm]

Geometrical factor depending on clamping length and washer di-
ameter [-]

Total deformation length due to settlement [mm]
Deformation in the clamped parts [mm]
Deformation in the screw [mm]

Friction coe [cieht in the threads [-]



Bevel gears

Pinion gear is notated with subscript 1 and wheel gear is notated with subscript 2.

Geometry and force distribution

b1, by

ey, beer
bi1, biz

c

Che2

Cham

dae1, Uae2
de1, de2
dm1, dm2
Fax

Fmt1, Fmt2
Frad

fatim

Nae1, Nae2
Nam1, Nam2
hamc1, Name2
he1, hez
e, Ne2
heiz, hriz

hfmla hfm2

Face width [mm]

Face width from calculation point to outside [mm]
Face width from calculation point to inside [mm]
Clearance [mm]

Face width factor [-]

Mean addendum factor of wheel [-]
Outside diameter [mm]

Outer pitch diameter [mm]

Mean pitch diameter [mm]

Axial force [N]

Tangential force at mean diameter [N]
Radial force [N]

Influence factor of limit pressure angle [-]
Outer addendum [mm]

Mean addendum [mm]

Mean chordal addendum [mm]

Outer whole depth [mm]

Outer dedendum [mm]

Inner dedendum [mm]

Mean dedendum [mm]

Mean whole depth [mm]

Mean working depth [mm]

Pinion whole depth [mm]

Outer normal backlash [mm]

Outer transverse backlash [mm]

Mean normal backlash [mm]

Mean transverse backlash [mm]
Clearance factor [-]

Depth factor [-]

XVii



erl! FQeZ
Ri1, Riz
lelRmZ
l'eo

Smn1, Smn2
Smnc1s Smnc2
tXOlltXOXOZ
Xsm1: Xsm2
Ty

Lxi1, txiz
t1, 12,
Gr1, Gr2
L1, iz
tzm11tzm2

LR, LR
u

Ua
VVm2
Xhm1

Xsmn

Odc
Odp
Oec
OeD

Onp

XViii

Addendum coe Lcieht [-]

Circular thickness factor [-]

Outer transverse module [mm]

Mean normal module [mm]

Pinion speed [min™]

Power [W]

Outer cone distance [mm]

Inner cone distance [mm]

Mean cone distance [mm]

Cutter radius [mm]

Mean normal circular tooth thickness [mm]
Mean normal chordal tooth thickness [mm]
Crown to crossing point (hypoid) [mm]

Thickness modification coe Lcieht (with backlash) [-]

Pinion torque [Nm]

Front crown to crossing point [mm]

Pitch apex beyond crossing point [mm]

Face apex beyond crossing point [mm]
Crossing point to inside point along axis [mm]
Crossing point to mean point along axis [mm]
Root apex beyond crossing point [mm]

Gear ratio [-]

Equivalent gear ratio [-]

Wheel mean slot width [mm]

Profile shift coe Lcieht [-]

Thickness modification coe [cieht (theoretical) []
Number of blade groups [-]

Number of teeth [-]

Number of crown gear teeth [-]

Nominal design pressure angle on coast side [°]
Nominal design pressure angle on drive side []
E [edtive pressure angle on coast side [°]

E [edtive pressure angle on drive side [°]
Generated pressure angle on drive side [°]



Onhc
Qllim
Be1, Be2
Bi1, Biz
Bm1, Bm2
Oa1, Oa2
Of1, Of2
01, 02
Ba1, Oa2
B¢1, B2
>

&

Oa1, a2
Of1, Of2
01, 02
Ba1, Baz

B¢1, Of2

Generated pressure angle on coast side [°]
Limit pressure angle [°]
Outer spiral angle [°]
Inner spiral angle [°]
Mean spiral angle [°]
Face angle [°]

Root angle [°]

Pitch angle [°]
Addendum angle [°]
Dedendum angle [°]
Shaft angle []

Face contact ratio []
Face angle [°]

Root angle []

Pitch angle [°]
Addendum angle [°]
Dedendum angle [°]

Safety calculation

Emodul

I:mtl
I:ber

Ky

K1

Kha, Khp
Kra, Krp
KL

Khx

Kun

Khk

Krx

Ken

mmn

Young’s modulus [MPa]

Tangential load on pinion [N]

Equivalent load for safety calculations [N]
Load factor [-]

Dynamic factor [-]

Load distribution factors for contact stress [-]
Load distribution factors for bending stress [-]
Lubrication factor [-]

Size factor for contact stress [-]

Life factor for contact stress [-]

Hardness combination factor [-]

Size factor for bending stress [-]

Life factor for bending stress []

Normal module [mm]
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Z1, 23
Zy1, Zy2
Zyn1, Zyn2
On

Oy

XX

Pinion rotational speed [rad/min]
Outer/inner pitch cone distances [mm]
Safety factor for pitting [-]

Safety factor for bending [-]

Gear ratio [-]

Mean tangential velocity [m/s]
Profile shift coe [cieht [-]

Virtual addendum modification [-]
Tooth form factor [-]

Tooth length factor [-]

Helix angle factor [-]

Contact ratio factor (bending) [-]
Stress correction factor [-]
Geometry factor (Hertzian contact) [-]
Cone length factor [-]

Material factor [-]

Contact ratio factor (Hertzian) [-]
Surface roughness factor [-]
Lubrication film factor [-]

Number of teeth (pinion, gear) [-]
Virtual number of teeth [-]
Virtual normal number of teeth [-]
Normal pressure angle [°]

E [edtive transverse pressure angle [°]
Mean spiral angle [°]

Virtual base helix angle [°]
Contact (Hertzian) stress [MPa]
Allowable contact stress [MPa]
Contact fatigue limit [MPa]
Bending stress [MPa]

Allowable bending stress [MPa]
Bending fatigue limit [MPa]
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1

Introduction

1.1 Background

Machine elements are universal in various elds, and essential in numerous appli-
cations, including machines, plants, and apparatus, forming the building blocks of
mechanical systems (Engelmann et al., 2021). In the eld of machine element de-
sign, there has been advancement within digital tools, particularlZomputer-Aided
Design which will henceforth be referred to as CAD. Calculations that previously
were time consuming can now be executed within seconds. This advancement has
made it possible for engineers, both in academic and professional settings, to perform
designs and analyses at a level of e ciency which is nearly impossible to execute
with hand calculations alone. CAD-based calculations have become so simple that
they do not require much engineering knowledge to operate, which in turn a ect the
stages of learning in an educational setting. (Ahmed & Rahman, 2016).

We are currently transitioning from traditional reliance on computers and conven-
tional software tools to the integration of arti cial intelligence (Al) and machine
learning (ML) technologies. This shift make it possible to reduce the time required
for product development, due to that calculations, design and testing can be done
autonomously and iteratively. The transition enhances process e ciency and makes
companies that adopt these technologies more competitive (Cooper & Brem, 2024).
However there is a growing tendency to uncritically trust technology and forget its
potential aws, which can result in increased errors, inaccuracies, and a distorted
comprehension of reality (Vuori et al., 2019). If this is the case with machine el-
ement design, there is a possibility that we could face problems. The selection of
machine elements is crucial for the overall quality and durability of a system, and
it is essential to ensure that the calculations are correct.
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1.2 Objectives

This study aims to analyse the di erences and similarities between theoretical calcu-
lations and CAD-based methods, as well as among the CAD-based methods them-
selves, in the context of machine element design. It focuses on bearings, shafts,
bolted joints, bevel gears, and belt drives, evaluating the usability, transparency,
and result veri cation of the CAD tools.

By establishing a comparative framework, this research will o er valuable insight
into leveraging CAD software without compromising the rigour of traditional calcu-
lation techniques. The ndings will support educational institutions and industries

in improving training resources for the design and analysis of machine elements.
The objectives listed:

Compare outputs from software and hand calculations, regarding machine el-
ements.
Evaluate CAD tools in terms of:
Usability
Transparency
Result veri cation
Usage of standards
Usage of CAD tools in an educational setting
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1.3 Limitations

The study has certain limitations that have to be taken into account. These are
important to be acknowledged and to have a complete understanding of the study
and the results and their limitations. Limitations in this study include number of
elements studied, and number of CAD software used for analysis.

Limited Number of Analysed Machine Elements
Due to time constraints, only a select number of machine elements were anal-
ysed. Choices must be made regarding which elements to include and the level
of detail in their analysis. This limitation may impact the comprehensiveness
of the study's ndings.
Limited theoretical reference framework
The study is focused on the analysis of software, therefore a limited theoretical
framework will be used. There is a wide variety of di erent standards to
compare the results to, but for this study recognised European standards were
chosen as the benchmark.
" Restricted CAD Software Selection
The study was limited by the inability to use all relevant CAD software due to
time constraints. Some software programs with potentially valuable tools and
properties may be excluded, which in uences the results and limit the study's
ability to compare di erent analytical approaches.

By recognizing these limitations, the study ensures a more transparent approach
and allows for informed interpretation of the results within the given constraints.
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2

Theory

2.1 Machine Elements

In this eld of study, a machine is referred to as a mechanical device that uses power
to perform one or several speci ed functions, where its detachable components are
machine elements (Magi et al., 2017). Machine elements serve as the fundamental
building blocks necessary for constructing a functional machine and are generally
categorized as universal elements. They are systematically designed and arranged
to operate in unison. Examples of machine elements include, bolts, bearings, keys,
belts, gears and others. (Jiang, 2019). They have been employed by humans during
thousands of years, for example wheels and grease-lubricated plain bearings. The
modern, widely accepted de nition of machine elements is largely in uenced by
German engineering traditions (Magi et al., 2017).

2.2 Machine Elements Design

Design is a widely and common concept. In broad terms does it aims to create and
execute a purposeful plan to meet industrial, commercial and social demands. In
a mechanical engineering domain, the design process is innovative, problem-solving
and iterative process that requires scienti ¢ knowledge as well as creative capability
(Jiang, 2019). In order to determine what machine element design encompass and
the importance of this subject we need to look into machine design.

Machine design is intended to create, develop or improve a new or already existing
mechanical device. It's a result of an endeavour to meet the needs from a system or
humans. The importance of machine design is rstly based on meeting the function
of a system, strive to conserve resources, lower the environmental impact and make
systems more durable. The machine design process is an extensive procedure that
requires interactive and iterative processes as well as complex calculations. Figure
2.1, (Jiang, 2019, p. 8, gure 1.1), clarify the complex work ow that a design pro-
cess requires, this includes thBlanning and Manufacturing and commercialization
part aswell.
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Figure 2.1: General owchart of a product development process. (Jiang, 2019, p.
8, gure 1.1)

Machine Elements Design is the design of the components of a machine. Since
machine elements are fundamental components of a machine, the design process is
broad in scope. Each individual element must be properly designed to ful ll its
function within the overall system. The most common criteria in the design of
machine elements and the primary reasons for undertaking such a process are
safety, durability, and e ciency.
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2.3 Computer-aided design

Computer-aided design (CAD) is a computer-based tool for design modelling, design
analysis and design review. Small and medium companies started to use CAD in the
1980s, although the development for this type of tool began already in the 1960s by
the aeronautical and automotive industries. In the beginning was CAD limited to
2D-drawing, but nowadays 3D modeling is widespread due to the versatility of the
software. In any kind of product development, it is an essential tool with relevant
bene ts such as cost and time optimization. It is used in almost every engineering
application. (Lantada & Morgado, 2013)

CAD is useful across a wide range of industries. CAD allows for accurate design
and modelling and reduces human error which ensures that measurements and ge-
ometries are exact compared to manual drafting, which is essential for engineering
and manufacturing.

Designers can easily make changes without starting from scratch. This speeds up
the design process and supports iterative development. It is easier to visualize con-
cepts with 2D and 3D models, which also helps to identify problems earlier. For
a seamless transition from design to production CAD les can be directly used in
di erent manufacturing processes like 3D printing and CNC machining.

Generative design is a combination of parametric modeling and optimization to au-
tomatically create designs that meet speci ¢ goals. Historically, the use of this was
limited because engineers needed to write their own software to use optimization.
Plug-ins such as Grasshoppers Galapagos made optimization easier by using built-
in algorithms such as Genetic Algorithms. This made it possible to explore and
improve designs without needing to code. Generative design helps create lighter,
stronger, and more e cient parts. While it still requires a lot of computing power,
generative design is a promising tool for improving design performance and e ciency
(Coenders, 2021).

In the context of machine element design, CAD software plays a critical role in
supporting the selection and sizing of standard components such as bearings, bolts,
gears, and shafts. While these elements are often prede ned in standard libraries,
their dimensions and tolerances depend on engineering calculations, including load,
t, and safety factors. Modern CAD tools assist in this by integrating simulation
and analysis features that align with mechanical design requirements. (Metwalli,
2021)
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2.4 Standards

A standard is a common solution of a frequent problem. It is a way to set consistent
and transparent routines. One of the main reasons with standards is to increase
the quality, e ciency and create a common approach so that the risk of misinter-
pretation decreases. Thanks to standards, companies, productions etc. do not need
to come up with new things each time they change a product or similar (fér Stan-
darder (SIS), 2025).

Standards are bene cial by several reasons, rstly can it act like a common language
between di erent parts, both when it comes to production and di erent stakeholders
but also when it comes to procurements. Furthermore can standards ensure com-
patibility and e ciency.

For machine elements, the key properties are primarily de ned by applicable stan-
dards. These standards typically cover dimensions, calculation methods, safety fac-
tors, and other relevant design criteria, (Engelmann et al., 2021).

Standardization can occur on di erent levels from several origins:
" International

ISO - International Organization for Standardization
within the European Union

EN - EuropéischeN orm
(eng: European Norm)

National

DIN - D eutsched nstitut fir N ormung
(eng: German Institute for Standardization)

SS -Svensk Standard
(eng: Swedish Standard)

ANSI - American N ational Standards I nstitute
National speci ¢ standards

SMS - SverigesM ekanikférbunds Standardcenter
(eng: Swedish Mechanical Association's Standards Center)

Group standards
RMA - Rubber M anufacturing A ssociation

SKF - SvenskaK ullager Fabriken
(eng: Swedish Ball Bearing Factory)

VOLVO

Understanding the origin and scope of these standards is essential when working
with CAD tools, as they often incorporate or rely on such standards for accurate
modelling and analysis of machine elements.

8
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2.5 Speci ed Machine elements

In this section, the machine elements included in the study are presented individ-
ually. For each element, a brief description of its function and typical applications
is provided, followed by the necessary formulas and parameters to illustrate how
the element is analysed within the context of the current application. The machine
elements of choice are those included in the powertrain of a cone crusher i.e., a shatft,
bearings, bolts, a belt drive and a bevel gear. (Rock Machinery, 2025)

2.5.1 Shafts

Figure 2.2: Shaft, (Al-generated image, ChatGPT OpenAl, 2025).

Shafts are one of the most commonly used elements in machinery. Shafts often ex-
perience a combination of axial, bending, and torsional loads. Stress concentration
factors for these loading conditions are usually obtained from standard tables and
charts (Pedersen, 2018). In a mechanical system, it serves as a rotating component
that carries gears, pulleys or couplings.

There are a few di erent kinds of shafts, e.g. transmission shafts, machine shafts and
axles. A transmission shaft is used to transmit power between the source and the
machine. A machine shaft is an integral part of the machine itself e.g. a camshatft.
An axle or axle shaft is typically used to support rotating elements without trans-
mitting torque (Sabhadiya, 2024).

When designing a shatft, it is essential to consider the loads and stresses it will
experience which in uence the required dimensions. A circular cross-section is most
commonly used because it distributes stresses evenly and provide high strengths (see
Figure 2.2). The choice of material is also critical, as it a ects strength, toughness
and fatigue life. Materials must be selected to withstand both static and dynamic
loading conditions. In this work, the theoretical calculations were carried out using
the standard assumptions and formulas provided in the KTH handbook (Alfreds-
son, 2014), which o ers guidance for shaft dimensioning under combined loading
conditions.
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Note: The following equations are derived from DIN 743 (Deutsches Institut flr
Normung, 2012), which provides standardized formulas for the design and analysis
of machine elements. These equations ensure consistency with established engi-
neering practices and are applied in the context of shaft design and other related
elements.

10
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2.5.1.1 Calculations

The shaft con guration used for the calculations is shown in Figure 2.3. This geom-
etry serves as the basis for determining the loading conditions, reaction forces, and
stress distributions along the shatft.

Figure 2.3: Geometry of the shaft with lengths, diameters and loads acting on it.

F.: Radial force, acting perpendicular to the shaft's axis.

Fy: Gravitational force on the shaft.

Fa: Applied axial force acting along the shaft's axis.

Fa2: Reaction axial force balancind=,, ensuring axial equilibrium.

Fp. Radial force from the belt drive on the right.

R:1 & R;: Reaction forces from the rst and second bearingR, is xed.
L, Ls: The dierent lengths of each section of the shaft.

D Ds: The di erent diameters of each section of the shaft.

Zey: Position of the center of gravity of the shaft (from the left end), where
the gravitational force F3 = mg acts downward.

11
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Force equilibrium equation

The force equilibrium equation ensures that the sum of all vertical forces acting on
the system is zero. In this case, the total vertical reaction forcd?; and R, are
balanced by the applied forces: the radial forcg,, the gravitational force Fy and
the radial force F, . This is shown in Figure 2.3. By setting this equation to zero,
the system's static equilibrium is maintained.

"Yy:Ri+Ry=F +Fy+ Fyp (2.1)

Moment balance around R;

The moment equilibrium around supportR; considers all external forces acting
on the shaft. The cutting forceF, creates a counterclockwise moment, while the
support reaction R, and the tool forceF, produce clockwise moments. By setting
the sum of these moments to zero, the unknown reactid®, can be determined.

y L L L L
R.: F L1+?2 + R, ?2+L3+?4 Fp ?2+|_3+|_4+|_5 =0 (2.2)

Reaction Forces

Reaction forces calculate the reactions dR; and R, which act at the shaft supports.

By applying static equilibrium, both force and moment balances determine these
reactions based on the applied loads from cutting forces, tool forces, and the shaft's
own weight. The shaft weight is modeled as a concentrated forég, applied at
the center of gravity z.4, see Figure 2.2, which represents the mass centroid of the
shaft geometry. This accounts for the non-uniform distribution of shaft diameter
and length across its sections.

O F Li+ 5+ Fy BPHlatlatls  Fy zg

R, = 2 (2.3)

Lo La
2+L3+ 2

Ri=F +F+F; R (2.4)

Shear Force Distribution

The shear force distribution describes how transverse forces vary along the shaft's
length. These functions are piecewise de ned based on the positions of the external
loads and reaction forces. This is a key step in performing section analysis and
determining internal force behavior.

Vi(z) = F (2.5)
Vo(z)= Fr Ry (2.6)
Va(z) = Fr  Ry+ Fy (2.7)
Vaz)= F, Ri+Fy; R, (2.8)

12
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The application limits for the shear force functions are:

" Vi(z)isvaldfor0 z<Lj.
" Vy(z)isvalidforL, z<Li+ %2
Va(z) is valid for Ly + 52 z <z,
V4(z) is valid forz.g z L,

wherez.y is the position of the center of gravity, and L is the total shaft length.

Bending Moment Distribution

This section de nes how the internal bending moment varies along the shaft. The
bending moments are calculated using the principle of sections and depend on the
location of the loads and supports. These moment equations are necessary for
determining shaft de ection and stress levels.

Mi(z) = Fa g Foz (2.9)
Mo(z) = My(2)+ Ry (z  (L1+L2=2)) (2.10)
Ms(z) = Ma(2) Fg (2 ze) (2.11)
Ma(z) = M3(2)+ R, (z L1 L2 L3 L4=2) (2.12)

The application limits for the bending moment functions are:

" My(2)isvalidforO z<Lj.
" Mp(z)isvalid forL; z<L+ 2.
Ms(z) is valid for Ly + 52z <z,
My(z) is valid forz,g z L,

wherez is the position of the center of gravity of the shaft, and. is the total shaft
length.

Stress Evaluation Along the Shatft

To analyse the structural integrity of the shaft, the stress formulas below are applied
point-wise along the length of the shaft. The shaft is divided into ve sections, each
with known diameter d(z) and length. At each evaluation pointz, the corresponding
diameter is used to compute cross-sectional properties.

The calculated stresses are:

b(z) bending stress from internal moment M (2)

shear(Z) Shear stress from transverse forceV (z)

worsion (Z) shear stress from torsional load T

axial (Z) axial stress from axial force Fayal

N
N

N

13
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The following geometric property functions are used at each

A(z) = Zdz(z) Cross-sectional area function

I (z) = a1rd“(z) Second moment of area function
J(2) = 3—2d4(z) Polar moment of inertia function
r(z) = d(zz) Radius function

The shaft is modeled in code using a numerical loop over Depending on the
segment (based on length), the local diametek(z) is selected. The bending moment
M (z) and transverse force/(z) come from static analysis.

The axial stress is only evaluated foz  Lg,, whereLg; is the length to R, i.e.
L;+L,+Ls+ L74 (See g. 2.3). Since the axial force is only applied over this portion
of the shatft: 8

< Faxial - 1
()= A Tz Le
axial (Z) - . .
-0 otherwise

Axial Stress (Tension/Compression)

The axial stress is calculated based on the normal force acting along the shaft's axis.
It is important for checking if the component can withstand pulling or compressing
loads.

_ I:axial _ I:axial
axial(z)— A(Z) - Zdz(Z) (2-13)

Torsional Stress
This expression estimates the shear stress due to torque. It's critical in shafts that
transmit rotational power.

Triz_ T % a6r
Jz) W2 d3(2)

torsion (Z) = (2.14)

Shear Stress from Transverse Force (YZ-plane)
This shear stress comes from a transverse force, often approximated for solid circular
shafts using a factors.

V(z) _ V(z) _ 4V(2)
A(z) ;@2 d%(z)

shear(Z) = (2.15)
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2. Theory

Bending Stress (YZ-plane)
Bending stress arises from internal bending moments and varies with the distance
from the neutral axis.

M) rz) _ M2 %2  32M(2)
Iz  gd'@  d3@2

b(2) = (2.16)

Angular de ection from torsional load

The angular de ection is calculated pointwise along the shaft to determine how much
it twists under the applied torque. The de ection at a given pointz depends on
the torque T, the shear modulusG, and the polar moment of inertiaJ (z), which is
already de ned in the cross-sectional properties. The angular rotation is calculated
using the following expression:

o= L0

] (2.17)

The shaft is divided into multiple segments with varying diameters. For each seg-
ment, the expression above is evaluated based on its length and diameter. The total
angular de ection is then obtained by summing the contributions from all segments

along the shaft.

Von Mises stress equation

The von Mises stress equation is used to determine whether a material subjected to
a complex loading condition will yield. It combines the e ects of bending, axial, and
torsional stresses into one equivalent stress value, denoted gg. In this case, the
equivalent stress is calculated from the bending stress, the axial stress 4 , and
the torsional shear stressysion - This relationship is shown in Equation 2.18. If
the von Mises stress exceeds the yield strength of the material, plastic deformation
IS expected to occur.

q
vm — t2)+ A I-l_3 5 (2-18)

axia torsion

Safety factor equation

The safety factor is used to evaluate how much stronger a component is compared to
the load it is subjected to. It is de ned as the relationship between the allowable (or
yield) stress of the material and the resulting stress in the component. In this case,
the von Mises stress ,,, is used as the stress measure. This relationship is shown
in Equation 2.19. A safety factor greater than 1 indicates that the component can
withstand the load without yielding or failing.

n= 2 (2.19)

vm
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Mass of the Shaft

The total mass is calculated by summing the individual masses of each cylindrical
section, using the following expression:

Lo (2.20)
where:

m total mass [kg]
material density [kg/m?3]

A; cross-sectional area of sectian
di diameter of sectioni

L; length of sectioni

n  number of cylindrical sections

This approach provides a good estimate of the shaft's total mass, assuming constant
density and ideal geometry. Deviations from the real mass could occur due to
features like llets, keyways, or hollow regions, which were not considered in this
simpli ed model. Note: This equation is only applicable for solid shafts. For shafts
with internal features such as holes or keyways, the mass calculation would need to
account for these voids, which is not included in this simpli ed model.

16
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2.5.2 Belt Drives

Figure 2.4: V-Belt with two di erent sized pulleys and one belt (Khanal, 2023)

A belt drive system is a mechanical system that is used to transmit power between
rotating shafts, see gure 2.4. It does this using a exible belt that goes over pul-

leys attached to the shafts. One of the shafts is usually powered by a motor and
rotates the pulley, moving the belt, which in turn rotates the second shaft. Power is

transmitted by frictional force between the belt and the pulleys, although there are

some types of belt drive systems that use teeth in the belt and pulleys to transmit

the power, hence avoiding slippage between the belt and pulley.

The belt is made of rubber and contains cords made of steel or polyester strands
embedded in the rubber. The belt gets its axial sti ness from the steel or polyester
cords, and friction is generated from the rubber which then transmits the power
between the pulleys. (Wasfy & Wasfy, 2019)

There are many di erent types of belts for a belt drive system, e.g. round belt,
V-belt, at belt and timing/toothed belt. Round belts, or circular belts, has a
circular cross section. They are almost only used for low-torque applications and
designed to run with V-groove pulleys. V-belts are most commonly used to trans-
mit a large amount of power between two pulleys. They have become the standard
belt for power transmission since the V-shape of the belt helps with the alignment
and reduces the slippage. Flat belts are also used to transmit power between two
pulleys through friction. They are usually classi ed as small woven endless belts
or high-strength at belts. Timing belts have teeth that t into matched-toothed
pulleys. They are often used to transfer direct motion for timing and when properly
stressed, they move at a constant speed and have no slippage. They are often used
instead of chains or gears to avoid using lubrication bath and to keep noise down.
(Sabhadiya, 2021)
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2.5.2.1 Calculations

The following part will be divided into three di erent sections regarding calculations:
Geometry of belt drive, force transmission in belt drive and preload. These three
parts are essential when it comes to build a foundation for the design of a belt drive.

Geometry of belt drive

This part will cover the geometry of a belt drive, as a system, and relevant calcula-
tions that can be done regarding this. Figure 2.5 shows the most relevant dimensions
for a belt drive with two pulleys. The following equations are from (Magi et al.,
2017)

R:1 & R;: Radius on the driving
pulley and the driven pulley.
" 1 & ,: Wrapping angle of the
driving and driven pulley.

: Deviation from belt drive
systems with parallel pulleys.
a: Axis distance

Figure 2.5: Geometry for belt drive with
two dierent sized pulleys (Magi et al.,
2017)

Wrapping angle

The wrapping angle is the part of the pulley that is in contact with the belt. The
wrapping angles is calculated as following:

sin( a) = R: S Ry (2.21)

where
1= 2 (2.22)
= +2 (2.23)

Belt length and Axis distance

How to calculate the belt length (L) and Axis distance (a) depends on which one is
known. In order to calculate one of these, the other one needs to be known. If the
axis distance is prescribedsin( a) can be directly calculated with Equation (2.21).
The belt length can thereafter be calculated as following:

L = 2aCOS( )+ R; 1+ Ry » (224)
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If the belt length is prescribed and we want to calculate the axis distance, the
method is a iterative process to calculate a in order to thereafter calculate the
axis distance with Equation (2.21).

2(R, Ry)
L (R2+ Ry)

i+1 = arctan(1 + itan( ) ) (2.25)

Force transmission in belt drive

The gure below (2.6) shows the forces and torque on an operating belt drive during
ideal conditions, it does not take conditions regarding slip and internal tensions and
forces in the belt into consideration, this will be covered later on. The majority of
the following equations are based on (M&gi et al., 2017), unless otherwise speci ed.
Any deviations will be clearly indicated where applicable.

M1 & M,: Torque on the driv-
ing and driven pulley.

" 1, & !5 Angular Velocity on
the driving and driven pulley.
Fi1 & F5: Tension forces

v: Belt velocity.

~

Figure 2.6: Forces an torque in an ideal
belt drive (Magi et al., 2017)

The speed ratio is calculated as following:

't1 Rz
I, R

(2.26)

Power is calculated as:
P = Mll 1= ( F2 Fl)V (227)

When forces will be calculated, note that variation of force fronfr; to F, is based
on the friction between belt and pulley. Centrifugal force can be considered to be
independent of the local curvature of the belt, and is calculated as following:

Fo = mY%Z;, (2.28)

where m' is the belt weight and can be taken from ISO 4184. Ang is the speed
of the belt and is calculated as following:

Vpelt = 2 Rio Vv pulley =60 (2.29)
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Note that R should be the radius of the same pulley used to determine the value of
VpuIIey .

With the speed of the belt can we now calculate the tensile force:

P
F, = 2.30
! Vpelt ( )

If the system requires more than one belt, the centrifugal force is based on the
number of belts. The amount of belts is a relevant parameter regarding design of
belt drives system due to that the loads get distributed over the belts, i.e stronger
system.

The number of belts is calculated as (Swedish Standards Institute, 1967):

prf cf d

(2.31)

where the de nitions of the input parameters are provided in the table below (2.1).

Table 2.1: Parameters for calculating required number of belts

pq | Operating Power € pg), Where e
is the load factor

pr | Transmittable power including
additional power (which is taken
from tables in SMS 2479 to 2485
f. | Correction factor for the belt
length

f4 | Correction factor for the wrap-
ping angle

F. and F, can be divided into centrifugal force and a e ective force. Where the
de nition of F¢ (E ective force) is:

Fen= Fn+ Fc (2.32)

In order to determine the e ective force do we need to look into a a measure of the
belt drive load which can be expressed with:

_ Fe

2.33
= (2.33)

As can be seen, is the expression of the relation between the forces on the belts
upper and lower side.
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In order to determine the relation and taking the actual slip into consideration
do we need to introduce gji:

F
sip = (£ )sip = € (2.34)
el

is the slip coe cient for at belts, in order to get ¢ which is for v-belts can we
calculate it with:
= — 2.35

sin( ) ( )
Where is the groove angle of the pulley. The groove angle can be taken from ISO
4183 and is based on the datum diameter of the pulley, note that if the pulleys got
two di erent datum diameters, which results in two di erent sizes of groove angle,
take the smaller one.

S

With belts with only controlled mikroslip, i, is calculated:
- e 3 (236)

is the degree of utilization, which is a measure of how much of the belt's grip
capacity is actually utilized.

By combining Equation (2.33) with the following:

Fez Fel _ 1

= = 2.37
Fo, * Fu 771G ) (2.37)

whereFe, Fo = M=R

Can F¢; and Fe, now be calculated as:

M
Fei= ———— 2.38
el ( 1)R ( )
Fe= Fa (2.39)
The condition for avoiding slip is as follows:
F
Fei < slip (2.40)
e

Preload

Preload is a way to assure some pressure on the slack side of the belt, this condition
must be ful lled in ordet the get the belt drive to operate correctly (Magi et al.,
2017). There are several ways to assure a preload:

Increase the axial distance between the pulleys by a givena.
Use a given axial load
Tensioner pulley
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Weight of pivot-mounted drive unit
Self-tensioning balanced drive unit
Speci ed axial clamping force (V-belt)

Concerning this report will only the approaches regarding axial distance and axial
load be addressed.
Given a

Note that the load factor, is the from Equation (2.37)

_ M +2RF,

0= 5 (2.41)

Given axialload

The axial load is, in this case, an outer forceH,yuer) applied on on of the pulleys
that's resulting in a required tension on the belt.

Fouter = Fe1 + Fe2 (2-42)

in order to determineF, do we need to calculate a new load factor.

M
= 2.43
RFouter ( )
(Mégi et al., 2017, p. 369) gives:
M ) Fo= % (2.44)

= 2R(Fy Fo) 2R

By setting up an equilibrium equation over the belt drive system can we now calcu-
late F1 and F,, see g 2.6, with the preload and tensile force.

Fu= Fyo+ F2 (2.45)
F2 = Fo qu (246)

This study does not consider stress-related conditioning e ects or the load-bearing
capacity of speci ¢ belt types. Standard belt performance criteria, such as long-term
material behaviour under repeated loading or speci ¢ design ratings, are beyond the
scope of this theoretical analysis.
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2.5.3 Rolling Bearings

Rolling bearings are used to support and guide rotating or oscillating machine el-
ements such as shafts, axles, or wheels, while minimizing friction. They also serve
to transfer loads between di erent machine components. Thanks to their precise
operation and minimal friction, rolling bearings allow for high rotational speeds and
contribute to lower levels of noise, heat, energy use, and mechanical wear. They are
also cost-e ective and interchangeable, typically conforming to national or interna-
tional dimensional standards.

There are two main types of rolling bearings, categorized by the shape of the rolling
element: ball bearings and roller bearings.

Ball bearings use balls that make point contact with the bearing's ring raceways.
When a load is applied, the contact point becomes an elliptical area. This small
contact area results in low rolling friction, allowing ball bearings to operate at high
speeds. However, the limited contact area also restricts their ability to carry heavy
loads.

Roller bearings, in contrast, use rollers that make line contact with the ring race-
ways. As the load increases, the contact line expands and takes on a more rectan-
gular shape. The larger contact area leads to higher friction but also allows roller
bearings to support heavier loads than a ball bearing of the same size. However,
this comes at the cost of lower permissible speeds. (SKF Group, 2018)

2.5.3.1 Calculation

The calculations presented in this section are based on the properties of spherical
roller bearings, as the analysis primarily concerns this bearing type. The outer
parameters a ecting the bearing are radial load, axial load and rotational speed,
as shown in Figure 2.7. The calculation of bearing life for spherical roller bearings
follows SKF standards and involves several steps. The equations are from the book
Maskinelement (Magi et al., 2017), if nothing else is stated.
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Figure 2.7: Free body diagram of a bearing (Findling Walzlager GmbH, 2022)

First, the equivalent dynamic bearing loadP is determined based on the relationship
between the axial loadF; and the radial loadF,. If the ratio F;=F; is less than or
equal to a given factore, the equivalent load is calculated as:

P=F +Y: Fq, (2.47)
Otherwise, the following expression applies:
P=067 F,+Y, Fa (2.48)

whereY; and Y, are load factors, ance is the load ratio factor, all of which are bear-
ing speci ¢ and found in the SKF Rolling Bearings catalogue (SKF Group, 2018).

The basic rating life L9, expressed in millions of revolutions, is then calculated
using:
Cc P
Lip= 5 (2.49)

where C is the basic dynamic load rating in newtons (N)P is the equivalent dy-
namic load, andp = % for spherical roller bearings.

To express the bearing life in operating hours, the following conversion is used:

L 10
= 2 (2.50

wheren is the rotational speed in revolutions per minute (RPM).

To account for environmental conditions such as contamination, the contamination

factor . is introduced as:

P
c F“ (2.51)
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where P, is the fatigue load limit [N]. This value, together with the viscosity ratio
, IS used to determine the SKF life adjustment factolasxr from standard SKF
diagrams.

The viscosity ratio is de ned as:

1

where is the actual operating viscosity of the lubricant, and ; is the required (or
rated) viscosity based on bearing size and speedre ects the lubrication condition
in the bearing and plays a critical role in estimatingasxr (SKF Group, 2018).

The adjusted bearing lifeL ,,,, considering reliability and operating conditions, is
then calculated as:
Lom = a1 askr Lio (2.52)

The reliability factor a; accounts for the probabilityR that the bearing will reach or
exceed its calculated basic lifea; can be determined using the following expression
for reliability levels R 0:9, which is typically the case in practical applications:
e
nR *°

=0:05+0:
a; = 0:05 +0:95 09

(2.53)

This expression re ects the statistical distribution of fatigue life and enables the
calculation of modi ed bearing life at any desired reliability level. For instance, at
95% reliability (R = 0:95), the factor becomesa;  0:62, while at 99% reliability
(R=0:99, a; 0:21 These reductions in life re ect the increased safety margins
required for higher reliability.

Finally, the SKF-adjusted bearing life expressed in hours is:

Lom 1C°
L = — 2.54
nmh 60 n ( S )
In summary, this procedure allows for the determination of both the basic and the
adjusted bearing life, incorporating real-world in uences such as contamination, lu-
brication quality, and required reliability levels in accordance with SKF and ISO
methodologies.

This study does not account for varying load conditions, nor does it consider the
e ects of bearing systems involving multiple interacting elements. The in uence of
load variation over time or the distribution of forces across complex bearing assem-
blies falls outside the scope of this theoretical analysis.

25



2. Theory

2.5.4 Bolted joints

A bolt is a threaded fastener commonly used in mechanical assemblies to join two
or more components together with a nut or by blind connection. Bolts are designed
to withstand tensile and shear loads and play a critical role in ensuring structural
integrity. When analysing bolts, it is important to consider parameters that a ect
their strength and function, such as geometry, material properties, applied loads,
and the tightening moment.

2.5.4.1 Calculation

In this project, the calculations for the bolted joint are focused on analysing the
preload force and tightening moment of the bolt to ensure the avoidance of leakage.
The bolt of choice is an ISO M16 x 65 connecting two plates with a blind connection.
All calculation formulas in this example are taken from the course literature (Magi
et al., 2017).

In order to make it possible to perform calculations on the bolt, a free-body diagram
with all relevant forces acting on the bolt and the ange is required. The free body
diagram in this case can be seen in Figure 2.8 below:

Figure 2.8: Free body diagram bolt

The equation for this free body diagram is as following:

Fe=Fs F« Fn=0 (2.55)
Now the resulting force in the screwrs and the clamped partF, can be determined:
_ Cs
Fo= Fo+ P (2.56)
Ck
Fk=F F 2.57
= Fo o Fn (2.57)
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