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Euxaplotiec

210 onueio auto Ba Bela va euxopLOTHOW OPLOREVA ATOUA Ta oTtola elxav KaBopLloTiko poAo,
oTnNV OAOKANPWON tNG SUTAWMATLKAG MOU €pyaciag OMwEG Kol TwV OMoudwv Pou otn ZXoAn
MnxavoAoywv Mnxavikwv. Apxika Ba nBsha va suxaplotiow BOepuad, tov emPAEnovia TG
epyaoiag, AvamAnpwtr KaBnyntr Zmitd, kabwg pou avéBeae éva tooo evdladEpov Kal cUyXpovo
Béua, evw mapalinAa Bplokotav mavia SUTAQ HOU yla va amavtroel o€ KaBe amopia mou
T(POKUTITE KAl YLA TNV UTIOMOVH TIOU €MESELEE KAl 0 auTr aAld Kal o kaBs GAAn epyacia pou
otn oxoAr. Quowkad 6€ Ba unopovoa va mapaleihw to va euxaplotiow Bepud toug umoPdLoug
S16aktopeg Niko Poyka kat Xpioto KaAAlyepo . Xwpig tnv kaBodnynon kat tnv BorBela Toug emi
TWV TEXVIKWV {NTNUATWYV TIOU TIPOEKUTITOV, OTIWE KAl TIG CUUBOUAEG TOUG, N mapovoa epyoacia
6ev Ba pmopouoe va vAomounBet.

Entiong Ba nBeAa va euxapLloTr)ow TOUG YOVEIG LoU Kot Ta ad€AdLa Lou KAl Tn ylayLld Hou yLa Thv
UTTOMOVI] KOLL TNV aUEPLOTN uTtooThPLEN Toug Ttou €8el€av o OAQ Ta GOLTNTIKA KAl LoONTIKA Hou
XpOovla.

Me tnv mopovoa SUTAWHATIKA OAOKANPWVW TIG OTIOUSEC HoU oTn XIXOAN Twv MnxavoAoywv
Mnxavikwv Tou E.M.M. KoL To XpwoTAw oToug GIAOUC LOU TIOU LOU CUMIMOPAoTABnKav OAa autd
TO Xpovia £lTe O€ gpyaoieg Héoa otn OXOAN €lTe APLEPWVOVTAG TO XPOVO TOUC LE TTIOAUWPEG
oulntnoelg nepl autnG. Mo ouykekplpéva Ba RBeAA va EUXOPLOTAOW TOUG OTEVOUG Hou diAoug
MNapaokevuad Ikiadomouvlou kot Kwvotavtivo NamayltavvomouAo yla T GUVEXH TOUG UTTOoTHPLEN
Kol TEAOC TOUC OTEVOUG Hou GIAOUC Kal OUVEPYATEG PEoa amod tn oxoAn: lwavvn MupoBoAdkn,
lakwpo Kpntikod kat ABavacio Zoupumakn kat Baclikry HAtomoUAou.
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Abstract

The goal of this thesis is to design gear profiles that have a better behavior in the presence of
misalignments as well as to model through Finite Element Analysis the planetary system of a
roller pump. The design of the gears is achieved using MATLAB and KISSSOFT for the development
of the profiles and then SOLIDWORKS for the CAD model. The modelling of the planetary gear
train is achieved via the implementation of the commercial software ANSYS Workbench. The
process begins with the theoretical background of the Hertzian Theory of contact for an aligned
and misaligned pair of gears. Afterwards based on the theory of planetary systems for the
kinematic analysis and for the contact stresses as well as the decoupling of the systems. The
overview of the mechanical phenomena is complete and allowing the further study using FEA.

For the extraction of the results for the planetary system and the roller-pump-carrier system as
well as the verification of the code ANSYS Workbench was implemented. The one-stage gear pairs
were tested in static analysis with three different profiles (involute, modified involute, given
profile). The involute profile was used most of the time both for the planar and for the misaligned
tests as a benchmark in order to have a point of reference that the analysis is working correctly
and follow the conjectures for plastic gears. Completing the one-stage pairs it was necessary for
the Planetary Gear Train to be tested in static analysis to verify the workability of the modified
profiles in the application. The static analysis of the gear systems gave a better understanding of
the pressures that develop during contact. However, it was deemed necessary to check the
Planetary Gear Train in transient analysis as well. This was done in order to determine the effect
of both the misalignments and the roller pump as a whole.

Furthermore, a kinematic analysis as a rigid body motion was done using Motion Analysis in
SOLIDWORKS, in order to determine the trajectories of both the planets-rollers and the sun-roller
of the whole system as a control for the transient analysis of the roller-pump-carrier system in
ANSYS.

Finally, the roller-pump-carrier system was modelled in a transient analysis in ANSYS to see the
effects of plastic rollers on the compression of the tube in a deep occlusion model, as well as how
the real model moves due to the loose fit of the planets on the carrier.
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MepAnin

2TOX0G AUTAG TNG SUTAWMOATLKNAG gpyaciag eival o oxeSlaouog mpodid 0dovtwTwy TpoXWV Tou
€XOUV KaAUTepN cuumneplpopd mapouaia ansuBuypappicswyv kKabBwe Kal n povteAomnoinon HEow
™¢ Avaluong lMemepaopévwy ZTOLXEIWV TOU TAQVNTIKOU OCUCTAHOTOC HLOG TIEPLOTOATIKAG
avtAiag. O oxeSLaoUOC TV 060VTWTWY TPOXWV ETUTUYXAVETAL LE XPHoN TwV Aoylopikwv MATLAB
kat KISSSOFT yiwa tnv avamtuén twv mpodiA Kal otn CUVEXELD N XPHON TOU AOYLOHLKOU
SOLIDWORKS yia to tplodidotato povtéAo. H povtelomoinon tou MAAvNTIKOU CUOCTHUOTOG
ETUTUYXAVETOL LEOW TNG EDAPLOYNC TOU EUMOPLKOU AoyLlopikou ANSYS Workbench. H Stadikacia
avaAUel pe TOo Bewpntikd umoPabpo tnNg Oewplag TOU Xept¢ TG emadng ywa Eva
€UOUYPAUULOUEVO KOL KOKWG EVBUYPAUULOMEVO {eUYOG 080OVIWTWY TPOXWV. TN CUVEXELX UE
Baon ™ Bewpla TwWV MAAVNTIKWY CUCTNUATWY YLO TNV KIVAUOTIKA aQvAAUCN Kal ylo TIC TAOELG
enadn¢ kabwg Kal TNV anocUVOEon TwWV CUOTNUATWY TOU TAAVNTIKOU CUCTAHATOC KAl Tou
OUOTNUATOG TNG TEPLOTAATIKAG OVTAlaC. Me TNV €MIOKOMNON TWV UNXAVIKWY POLVOUEVWVY va
elval mANpNG Umopel va YIVEL TEPALTEPW UEAETN LIE XPNON TIEMEPACUEVWY OTOLXEIWV.

Mna tnv eaywyn TwV AmMOTEAECUATWY ylo TO TMAQVNTIKO CUCTNUA KAl TO cUOTNUA POOUAWV-
avtAiac-popa kabBwe kat n emaAnbeuon tou kwdikou ANSYS Workbench. Ta {elyn taxutitwv
€voG otadlou Sokluaotnkav os otatikn avaluon pe tpia Stadopetikd mpodiA (e€shypévn,
Tpomomnolnuévn eEelhlypévn, dedbopévo mpodiA). To mpodiA tng e€elhyuévng xpnotpomnolnonke
TIG TEPLOOOTEPEG POPEC TOOO yLa TIG eTtimeSeg 600 Kal yLa TLG SOKIUEG UE AmMEVBUYPAUUIOELS WG
onueio avadopdg mpokelpévou va PBefawwbBel 6tL n avaluon Aswtoupyel ocwotd Kol oTtl
0KOAOUBEL TIG €lkaOleG Yl TOUC MAQOTIKOUG 060VIWTOUG TpoxoUC. OAokAnpwvovtag ta evyn
TWV 0S0VTWTWYV TPOXWV ATAV AMAPALTNTO KOL TO TAQVNTIKO cUOTNUA va SOKLUOOTEL O€ OTATLKNA
oavaAuon yla va emaAnBeuTel n AEITOUPYLKOTNTA TWV TPOTIOTOLNUEVWY TTIPodiA otnv edapuoyn.
H otatikn avaAuon Twv cuoTnUATWY ypavallwv E6woe P KOAUTEPN KATAVONON TwV TILECEWV
TIOU avarmntuooovtal Katd tnv emadn. Qotdoo, KPLBnKe anapaitntog o EAeyxog Tou MAAVNTLKOU
CUOTNHATOG KAl O€ N HOVIUN avaAuon. AuTo €yLve yla va TipoodLopLoTeL N emidpacn TOoo Twv
AavOacuévwy euBuypappicewy 600 Kal TnG eMidpacng TnG avtAiag oto MAAvNTIKO cUCTNUA WG
ouvoAo.

ErumA€ov, €yLve KLVNUATIKN avaAuon we ovAAuon Kivnong AKOUTTTOU OCWUATOG XPNOLLLOTIOLWVTOG
Vv AvaAuon Kivnong oto SOLIDWORKS, mpokelpévou va mpocSloplotouV oL TPOXLEG TOCO TWV
TIAOVNTWV-POOUAWY OCO KOl TOU pO.OUAOU TOU NALOU OAOKANPOU TOU CUOTHHOTOC WG EAEYXOC yLa
TN KN HOVLUN OVAAUCT TOU CUCTAHUATOC paoUAwvV-avtAiag-popéa oto ANSYS.

T€A\og, To cUoTNUA PAOUAWV-AVTALAG-PopPEaG LoVTEAOTIOLNONKE OE pLa Un LOVIUN avAAuon oTo
ANSYS yia va e€axBoUv Ta amoteAEoUATA TWV TAACTIKWY KUALVOPWV 0T GUUTIECT TOU CWANVA
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o€ €va povtélo Bablag anddpaing kabBwg Kal MW KWVEITOL TO TIPAYHUATIKO HOVTEAO AOYW TNG
XaAapr ¢ TPooapUOYE TOU oL TAQVNTEG OToV dopEa.
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1. Introduction-Theoretical Background

1.1 Peristaltic Pumps. Functionality and Characteristics

1.1.1 Basic operation of peristaltic pumps

In this section the operation of peristaltic pumps will be discussed for the most used two rolled
tube pump. However, this operation differs somehow for some of the pumps discussed in the
rest of the paper.

At the beginning of the sequence the first roller closes the tubing inlet. As a result, the roller
moves forward and pushes the pump segment to the manifold. Hence, it pushes the fluid inside
the tube forward and generates a pressure wave. Before reaching the outlet, the other roller
closes the tube inlet, and in this way, it prevents the black-flow. After the first roller leaves the
outlet, the other roller's task will be to generate the next pressure wave. The described
sequence is repeated over time and can be seen in Fig. 1.

Pump casing Suction side

Pump hose Discharge side

Figure 1 Peristaltic Pump flow scheme

1.1.2. Types of Peristaltic Pumps

Peristaltic pumps can be distinguished by many points. One of the most important differences
can be characterized by tubing. From this aspect two types can be distinguished: the tube
pumps and the hose pumps. The difference between them is the hose pumps contain a pump
segment, which is a reinforced tube, called hose. These hoses are harder to be pressed and this
way they need bigger and stronger motors for the same flow; hence, they are more expensive
to operate. The main advantage of hose pumps is that they can operate against much higher
pressure than tube pumps working up to 16 bars.

The tube pumps contain silicon, PVC, fluoropolymer, or other polymer as material of tubing.
These are the most common type of peristaltic pumps tubing and as materials are improving
the difference between hose pumps and tube pumps are melting. Tube pumps can operate
against less pressure, but they need smaller motors and force to operate; hence, this way they
are space-saving and cheaper to work with [1].

11
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Comparing to other pumps the (linear) peristaltic pump is more accurate, when the pressure
gradient is under -13.3 Pa (-100 mmdHg). In other cases, piston pump is more accurate.

The next difference between peristaltic pumps can be the type of propulsion. The most current
type contains a central rotor and on these rotors, it has rollers. The task of these rollers is to
press the lining and by this way to force the transport, but also to prevent the back-flow.

There is a solution, which only needs one rotor to operate with. This 360-degree peristaltic
pump is a rarity, common pumps contain at least two rollers. On some occasion one of the
rollers roles could be only to prevent back-flow, but usually the entire rollers task is to force the
fluid movement.

With increased number of rollers, it is possible to generate more pressure waves over time and
this way to decrease the deviance of pressure on the output. However, this means more
occlusion for the same transferred volume; hence, it reduces the lifetime of lining.

The pumps can be distinguished by how their rollers are fixed. The simplest solution is the fixed
occlusion. The rollers have fixed locus; hence, they keep the same distance from the manifold
during the entire rotation(s). This method is simple, robust and undemanding. However, fixed
occlusion reduces the lifetime of the tube segment because it depends on its wall thickness.

Alternatively, the rollers can be spring loaded. In this case the rollers are mounted on springs,
and this way the rollers keep almost constant pressure on the tubing. The advantage of using
spring loaded rollers is the elevated tubing lifetime, the constant pressure and that they can
handle a broader range of wall thickness. The shape of the rotor and the housing is usually
symmetric; however, there are solutions, where the asymmetry of the system is used to
increase lifetime and stability.

Above, the rotor type peristaltic pumps were discussed, but it is not possible to transport fluid
in circular tubing, where there could be linear pumps as well. These linear pumps are often
called “finger pumps”. In linear peristaltic pumps cams generate the necessary pressure and
also cams prevent the back-flow. The name finger pump shows well how they work. The cams
close each other one-by-one; hence, pushing the fluid forward. After this the cams release the
lining. At the other end of the pump before the last cam release the tube segment the first cam
closes again, and this way the pressure is kept and back-flow is prohibited. This process is called
peristalsis and is used in many biological systems such as the gastrointestinal tract.

The advantage of linear peristaltic pumps is they are space-saving, but on the other hand they
need more complex mechanics.

12
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1.1.3 Advantages and Disadvantages

Advantages of peristaltic pumps can be summarized as follows.

As the transported fluid flows in the tubing and the driving force is generated by the
compression the fluid will not get contaminated, neither the pump head nor the pump
mechanism. It is appropriate to use only clean tubing, and the pump mechanism does not need
any cleaning. Hence, it is easy to keep them clean and sanitized. As the fluid does not leave the
tubing these pumps are virtually immune to abrasive media and many chemicals. Some of the
tubing material can be autoclaved; consequently, sterility can be kept.

Peristaltic pumps do not need any specific action for priming as they are capable of self-
priming. They are also insensitive to dry running as the fluid is not necessary as lubricant and
the tubing does not damage if compressed empty. Moreover, pumps do not contain any valves,
seals or glands; hence, they are easy and cheap to maintain and the chance of malfunction is
also lower.

They can operate reversibly against other type of pumps. Furthermore, during the use mostly
the tube is worn by time, which is cheap to replace. Multi-channel systems can be built easily as
well.

Their suction height is excellent and when stopped, no siphoning effect will occur. The viscosity
of the fluid does not influence the transport; hence, suspensions and sludges cannot influence
the transport.

The delivery is gentle due to the low shearing forces; by this way they are ideal for shear-
sensitive fluids such as blood (due to the blood cells). Moreover, their high repeatability makes
them suitable for auto-analyzers.

However, disadvantages of peristaltic pumps can be formulated as well:

Due to deviation caused through the production and the replaceable tubing, the pump system
must be calibrated to reach acceptable accuracy. Due to the wear the tubing it needs to be
changed and recalibrated over time. In case of extensive use or in absence of exchange the
tube may leak. In some case their chemical inertness can be disadvantage as well.

Slight pulsation is inevitable at work. The flow rate is sensitive to varying differential pressure
conditions and their maximal differential pressure is lower comparison to gear and piston
pumps, as shown in figure 2.
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(a) (b)
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Figure 2 Principle of operation of a roller pump

Peristaltic pumps can be found in many applications. Below a review can be found with the
practical property which is necessary in the given application.

By the utilization of the minimal shearing forces we could have:

e Hemodialysis machines

e Open-heart bypass pump machines

e Beverage dispensing
By the utilization that they are capable to deliver both suspensions and sludges we can
distinguish:

e Concrete pump

e Sewage sludge

e Pulp and paper plants

Regarding if one would like to help that fluid does not get contaminated we could have:

e Medical infusion pump

e Pharmaceutical production

e Chemical analytical equipments

From high repeatability point of view:

e Autoanalyzers
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Regarding the chemical compatibility there is:

e Carbon monoxide monitor
e Dosing systems
e Calcium reactors

Regarding the space spare solution, one should consider:

e Mobile peritoneal dialysis pump .

There are three materials currently used for tubing in the medical device industry: silicone;
latex and polyvinyl chloride (PVC). Regarding microparticle releasing, the PVC is the best
material for tubing because the latex generates more hemolysis and the silicon tube releases
more microparticles than the PVC. One of the common problems in blood pumps is the tube
occlusion. Occlusion can be controlled by either increasing or decreasing the compression of
the tube by the rollers and the optimization between increasing and decreasing the
compression is very vital in pumping the blood, because more compression increases hemolysis
and less generates occlusion, although the priority is with forward output of the blood.

1.1.4 Current Model

In this thesis the peristaltic pump that is studied is shown in figure 3. This pump differs from the
typical pumps because of the existence of greater misalignments than in most cases.

Figure 3 Current Model of the Peristaltic Pump
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Those misalignments are caused by the loose fit of the rollers that are used to press on the tube
as shown in Figure 4.

Figure 4 Fit of the planet and the carrier

The rollers deform the tube and are designed make a 2° angle relative to the vertical axes of the
planetary system that is used to rotate the rollers, as shown in figure 5. Those misalignments

greatly affect the performance and the efficiency of the of the PGT and cause extra noise and
disruption of the flow rate.

L

Figure 5 Misaligned Planet due to compression
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1.2 Epicyclic gear train

An epicyclic gear train (also known as a planetary gearset) consists of two central geared
members mounted so that the center of one member revolves around the center of the other.
The inner central member is named as “sun gear” whereas the outer central member which is
an internal gear is called “ring (annulus) gear”. A carrier connects the centers of the two gears
and rotates the planet and sun gears mesh so that their pitch circles roll without slip. A point on
the pitch circle of the planet gear traces an epicycloid curve. In this simplified case, the sun gear
is fixed and the planetary gear(s) roll around the sun gear.

An epicyclic gear train can be assembled so the planet gear rolls on the inside of the pitch circle
of a fixed, outer gear ring, or ring gear. In this case, the curve traced by a point on the pitch
circle of the planet is a hypocycloid.

Figure 6 3D printed Planetary Gear Train
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The combination of epicycle gear trains with a planet engaging both a sun gear and a ring gear
is called a planetary gear train (PGT). In the case of this thesis, the ring gear is fixed and the sun
gear is driven. The mechanics that govern a PGT will be analyzed thoroughly.

1.3 Plastic Gears

Plastic gears have a long history in autos, appliances, office equipment, tools, medical equipment
industries. Designers continue to extend their use in transferring torque and motion as polymers
improve and processing gains in sophistication. They often choose plastic for gears over metal
because of the many benefits plastic offers.

1.3.1 Abrasive advances

Plastic provides great design freedom, allowing for gear configurations too difficult or expensive
to create in metal, such as cluster gears, in which more than one gear is created in a single molded
part. Plastic gears also offer good loading properties, relatively low noise, excellent wearability
and lubricity, and good chemical and thermal resistance.

A growing preference for plastic gears is evident in the industry, where electrical systems are
eliminating hydraulics and cables in both interior and exterior applications. These systems
depend on plastic gears for the smooth and quiet operation of lift gates, tracking headlights,
window movements, under hood electronic throttle body controls, and much more.

Plastic gears are also preferred in the medical industry due to their dimensional stability across a
wide temperature range, as well as for their chemical resistance and processability.

Cost alone is a strong motivator for selecting plastic. Powdered metal gears often cost about
twice as much as a comparable thermoplastic gear. The same gear hobbed from a metal gear
blank typically costs three times as much.

1.3.2 Gear Design Advances on Many Fronts

Plastics are primarily used in involute gears, most commonly spur gears. New plastic designs are
pushing the boundary on plastic gear size, structure, and geometry in these and other gear types
to gain greater power, improved function, and lower cost. In many cases, current plastic gear
concepts translate configurations used successfully in metal gears. In others, they involve new
approaches specially developed for plastic gears. These approaches include:
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Non-linear gears that have a tailored output. Such gears involve a variety of design
methods, including those having eccentric shaft locations and thus varying
displacement profiles, elliptical, and other out-of-round gears that cycle through
various speeds and torques with each rotation, and gears having step changes in radius
so power output shifts suddenly to meet the needs of an application.

Epicyclic gears, one approach to split power paths, which offer greater power and
torque transfer in a relatively small package.

Herringbone gears, in which two helical directions meet to cancel out axial thrust loads
that are typically detrimental to simple helical plastic gears.

Two-shot molded gears that allow a variety of solutions to common gear issues.
Examples of this include gears having a rigid core and a lubricous surface layer or a
gear ring and hub of the same polymer separated by a shock-absorbing material.
Crowned gears have been demonstrated in plastic to help maintain transmission
accuracy in transmissions where shaft alignment is less than optimal. One example of
this involves lead crowning, where the teeth can be taller, thicker, or both at the center
of the gear face in order to overcome poor load distribution due to misalignment.
Zero- or low-backlash designs that eliminate clearance between gear teeth. Such
designs help overcome manufacturing errors and bearing run-out. They also help limit
noise in lightly or moderately loaded gears that reverse direction repeatedly.

Tooth profiles having customized pressure angles on their forward and reverse flanks

to enhance efficiency and sliding, tailor bending stress, and reduce heat and noise.

1.4 Crowning

Traditional non-modified gear drive is operated under assembly errors, which leads to very
serious tooth impact at the tooth replacing point, which causes a high level of gear vibration and
noise. Also, ideal spur gears with line contact are very sensitive to axial misalignment and
manufacturing errors which cause the edge contact of gear drive. Concentration of contact load
at one end of a gear tooth produces bending stress concentration and reduces lifetime of a gear
drive. Tooth breakage at one end of a gear associated with misalignment. The light scuff marks
towards the end of the teeth also indicates misalignment. The easiest way to avoid the edge
contact is to localize the bearing contact by crowning gear tooth surfaces. Further crowning
modification is still required to transform the meshing from line contact to point contact. The
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most common way of crowning is the so-called lead crowning. The lead crowning of spur gear
can be considered as the longitudinal deviation from a straight line along the tooth width. This
modification prevents excessive loading at the ends due to misalignment, tooth inaccuracies,
deflection, or heat treatment. As the load increases, a smooth spreading of the contact occurs
until the entire flank is loaded. There are different forms that can be chosen for the modified
tooth profile including linear and parabolic variation. Nowadays, in order to pursue the
development of a higher quality of transmission, the former method of using parabolic functions
need improvement. The parabolic function demands a shrinking of the tooth face inwards near
the top land and fillet, which results in a decrease in bending strength of the tooth fillet. But, for
a fourth order polynomial function shrinking near the tooth fillet is smaller and thus the tooth
fillet is stronger. An increased magnitude of crowning weakens the pitting durability, and too
small crowning decreases the ability to stabilize the bearing contact. Although crowning is a very
important manufacturing technique in gearing field, a sufficient analysis for the proper amount
of crowning has not been provided. It is preferable to crown the pinion tooth surface than the
gear tooth surface since the number of pinion teeth is smaller. The conjugation of crowned pinion
tooth surface and an ordinary gear tooth surface should be a subject of special investigation
directed at minimization of transmission errors and favorable location of bearing contact [2].

Cs Cus

Figure 7 Involute Barreling Ca, lead C8 and lead slope CHB

However, the method that is used in this thesis do not create conventional crowning rather than a
surface depended on different parameters that are analyzed thoroughly.

2. Design for optimal gear profiles

2.1 Constraints and design of undercuts

In this paragraph a code that was produced in the MD lab will be analyzed in order to have a
clearer image of the profiles that are going to be created and used in this thesis.
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This methodology divides in two parts. The first part is about the study of the mathematical
formulation/derivation of the geometrical constraints. The second part concerns the study of
various types of misalignments that develop in gears and the development of a general method
of designing spur gears with misalignments while maintaining a steady transmission ratio.

2.1.1 Basic Law of gear theory of involution

The development of the method was based on the basic law of gear theory of the involute.

[P

/

Figure 8 Condition of no penetration

C=(51X§1)'W=(52X§2)-W (1)
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Figure 9 Condition of steady transmission ratio

W1
R,, = w—Z-RO1 =gtaf (2)

2.1.1.1 Theory of involution

Derived from the theory of involution the term for the basic local circle Rgwas used.

Xty dG|
G G’ d_
R — x (xGnyG) (3)

g 2
G
1+ (— )
\j dx |(xG'YG)
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e\ dx gy

R,

For a random point in a random profile, Rg, Rg, Ro define a local involute profile. From the local
involute profile, the corresponding contact point is known. The theory of involution defines
unequivocal and analytical, for any gear profile, the corresponding contact trajectory. However,
the contact trajectory is not always on the real plane.
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2.1.2 Geometrical Constraints during profile designing

With the theory of involution known, the method focuses on the geometrical constraints.

First, it is relatively easy to predict whether or not there could be a real contact trajectory.
Intuitively, three different profile points with three different sized local basic circle and the
common rolling circle are created. Thereafter, an angle U is considered to create the
corresponding point as shown in figure 10. Angle ¢ is defined by the intersection of the vertical
line to the tangent line of point G with the rolling circle, more specifically point K. However, it can
be observed that when the local basic circle is bigger than the rolling circle the angle ¢ is not
defined, therefore a contact point does not exist.

2 WACED) Y€ G ve) . Y Gy
M2 . dG ? - dG
i a L =
-~ jx (x6.ve) ,1 ) / o @l ) T ’\ Rc/-' o @ gy
A S\
R, \ 8| |/ R, \ / R
° ¥ / o \ o ¥
e/ \
e Ra f\/ f / ’ R \ / /,,/
\ @ / \ -
¥ T
1 2 3

Figure 10 Different positions of point K to define angle &

2.1.2.1. Prediction of real contact trajectory (Geometrical Explanation)

In order to have the contact trajectory in the real cartesian plane, the involution relations need
to have as input all the profile points that satisfy the requirements Rg < Ro.

e If Rg< R, therefore the corresponding contact point is always real.

e If Rc > Ro therefore the corresponding contact point is always real

e SoRe>Rg

—X6Y6¢—Ro fxcz;ﬂ’cz;—RcZ)
—o00

—x¢YG+Ro /xé+yé—R§

9ye
If (y2>R?) —=f¢ o0 6
(yG > 0) dxc ’ ycz;_Rg ycz;_Rg ,+ ( )
_ _ 2,2 _p2 _ 2..2_p2
If (v2 < R2) v e XGYG—Ro fo+3/@ R5 —x6YGtRo [XG+3’G Rj 7
G o - 2_p2 § 2_p2
Y 0xg Y¢—Ro Y¢—Ro ( )
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These relations agree with the theory of involution, because if Rg > Ro then the contact points
would be on the imaginary plane.

2.1.2.2 Prediction of existing unacceptable edges working profile

Every gear profile is characterized either as a driver or a driven profile. The curve of the profile
appears to change monotony, and this creates micro teeth that violate the no penetration
criterion. In order to solve this problem, the curve of the profile was converted to polar
coordinates with center the axis of the gear and it is supposed to be genuine monotonous, to
avoid the micro teeth. Therefore, a parameter s was considered that runs (from 0 to 1) a random
profile from beginning to end. The contact trajectory is then calculated as a function of the
parameter s. Finally, it is demanded that the derivative of the function have the same sign
throughout to maintain its monotony and the contact trajectory, therefore the profile of the gear.

Gear 1

G (%6, (), 76,(5)) (8)

Contact Trajectory (In cartesian coordinates)

yc(Rol,yal(sanl(s, > ),xc<Rol,yal(s>,xal<s) e (s)) ©)

Contact Trajectory (In polar coordinates and as a center the center of the 2"? gear)

R¢ <R01'YG1(S) xGl(s) (S)> <R01’J’61(S) xGl(s) (5)> (10)

Relation of the derivatives

dRg,

- dRg,
Js

>0 (11)

2" Gear profile working
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2.1.2.3 Prediction of existing double contact points

For the final geometrical constraint there is an engineering need that needs to be covered. It is
preferred not to have double contact points during the cooperation of two gear profiles,
because those create dynamic phenomena. It can be observed that in order to avoid the
existence of double contact point, this depends on the local curvature radius of a point
compared to the norm of the corresponding line segment KG as shown in the figure 11. If the
local curvature radius is bigger for every point G then it is impossible for double contact points
to exist.

In order to approach the mechanism of the appearance of the double contact points as shown
in the figure 11 there are some steps that need to be taken. A gear profile is considered that
consists of three arches with different curvature radius comparable to the length each line
segment FG.

For the blue arch with the bigger curvature radius, it can be observed that scanning though this
segment from G to G’ the contact point F moves counter to the rotation.

For the black arch the local curvature radius is identical with the F'G’ part the point F stabilizes.

And finally for the dark blue arch with the smaller curvature radius the contact point moves
with the same direction as the rotation.

As a result, the points G and G””” make contact at the same time. In order to avoid that the local
curvature of the desired profile for each point is bigger than each line segment FG. In this way
for a point F always exist only one point G.
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Figure 11 Curvature for point G
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Figure 12 Avoidance of double contact points
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2.1.3 Form Optimization with respect to Misalignments

For the second part of the designing process for the optimal profile the misalignments have to
be taken under consideration

2.1.3.1 Analysis of the phenomenon of the angular error

In order to approach the problem of any type of misalignment two centers of error are
considered (one for each direction x and y). Also, a gear that has the misalighment is considered
and a cooperating second gear that remains the same in terms of the coordinate system as
shown in figure 13-14.

Figure 14 Error along Y axis
Eccentric gear

e Given geometry
e Takes up all the misalignment errors
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Cooperating gear
e Geometry based on the eccentric wheel and its errors

The design also takes under consideration 4 different conditions in order to be complete.

2.1.3.2 Analysis of the phenomenon of the angular error of 1°t and 2" different position

Firstly, two different conditions are considered for the modelling of the problem, both for the
positioning of the gears.

The first position is considered according to the plane of the rolling circle (XY plane) that is due
to the relative axial position of the profile with the axes of the error.

The second position is considered according to the same plane XY, but this time due to the
relative position of the profile with the axes of the error in the XY direction, as shown in figure
15.

Mparypater ketertopu Dawvopevn Kozrom)m
N \

|

Figure 15 Differentiation due to errors

Differentiation along the thickness from the axis of error
Ay, = Sin(xerror,(rad)) -t (15)

Ax, = Sin(yerror,(rad)) -t (16)
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Differentiation due to the distance of the contact point from the center of the errors
Ay, = (1 - Cos(xerror,(rad))) “(Ry — chenter) (17)

Ax, = (1 - COS(}’error,(rad))) “(Rx — chenter) (18)

As a result
Ay = Ay, + 4y, (19)
Ax = Axq + Ax, (20)

2.1.3.3 Analysis of the phenomenon of the angular error of 1° and 2" different position and 3™ along the
thickness direction

As a third condition, a different position is considered along the axial direction, due to the
relative position of the profile to the axes of error along the XY directions.

xCT?"OT
Figure 16 Overlapping X and Z error

Dtickness = (Ry — ¥g,,....)  SiN(Xerror) + (Rx — x¢_ ... ) - SINVerror)

2.1.3.4 Analysis of the phenomenon of the angular error and 4" different vertical contact velocity
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The fourth and final condition is the differentiation of the velocity vertical to the tangent line of
the contact points due to angular errors.

Figure 17 Differentiation of speed

u'=u- \/(COS(QD) ’ COS(Yerror))z + (sin(e) - Cos(xerror))z (21)

2.1.3.5 General Design Method based on the 4 different conditions

From the profile that has taken the misalignment error the design of the profile is proceeded
with the new corrected working profile.

More specifically there are some steps that need to be followed in order to complete the
method.

1. The angle 0; of Gy pefore is calculate and then the profile is rotated along the angle 6,

2. The displacements 4, and 4,, are applied along the whole profile

!
3. Taking under consideration G t,4ns the ratio of the apparent speed % is calculated.

4. Inthe newly displaced profile G; t,-qns @ New contact point is required.

5. After acquiring the corresponding contact point the G; ¢1-qns is rotated with angular velocity

1
_ u Ro1
Wy = —((1)1 . 7 . R_oz.
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6. Finally, the point G 4f¢er has returned to its original position G, pefore-

7. Gy pefore is granted the property of thickness based on the relation Thicknessgeqr1 +
Dthickness and is calculated.

8. This procedure is repeated for every point of the profile of the eccentric wheel

Ay

Figure 18 Final theoretical Result

After completing the procedure, it is of the utmost importance that the results are verified.

2.2 CAD of the Modified Profiles

In this paragraph KISSSOFT, SOLIDWORKS to verify the results and produce the final profile of
the gear before the FEM analysis.

2.2.1 Design Trials

In order to confirm the results of the aforementioned methodology they should be tested in
CAD to see if the results agree with the thought and the execution of the MATLAB program.
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2.2.1.1. I*' Test

To create the computed profiles a set of data is generated by the MATLAB code. The code
requires as inputs the module, the number of teeth and the misalignment error that exist in
order to generate said data set.

The cloud point that is generated is then inserted into SOLIDWORKS as curves.

To assure the profiles would show results the positions of the surfaces were made to be
tangent. Thereafter, a theoretical transmission ratio was applied and during the rotation it
could be observed that there were no gaps or penetration of one geometry to another.

Figure 19 1st Test

2.2.1.2 2" Test

After the 1% test the profiles should be tested in different angular errors.

In this test the design was done using the 1% profile of the computed data sets, because it is the one that
penetrates the furthest while applying different errors. In this case, the cooperation was good for the
different applied misalignments.
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2.2.1.3 3" Test

For the final test the center of the error was considered in a different axial position. The profiles were
designed using different angles and the furthest from the center produced profile, because it was the
one that penetrates the furthest.

The cooperation of the profiles was as good as the previous ones.

txerror-i"’l(lg

_d
Ly errorimag
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2.2.2 Gear assemblies using KISSSOFT and SOLIDWORKS

In this chapter the procedure that was followed to create working gears is going to be
decomposed. In order to have a way of producing gears with the optimal profiles with the
previous method a way for consistently producing gears was needed.

2.2.2.1 KISSSOFT Gears

After the computation of the optimal profile gears with MATLAB in module 1.5 and 0.4 it was
necessary for the study to have the whole gear. Therefore, knowing the parameters number of

teeth and distance from the center of the gears, KISSSOFT was used to extract the 3D MODELS
as shown in figure 20.

Figure 20 Involute profile m=1.5

The KISSSOFT models were then inserted into SOLIDWORKS to perform the necessary changes
in order to have the optimal profiles that were computed.

KISSSOFT gears both the driver and the driven have the involute profile generate by the
program. However, in this thesis the gears have modified profile in order to accomplish there
were some steps that need to be followed.

2.2.2.2 SOLIDWORKS Designing
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The geometries produced by KISSSOFT were inserted in SOLIWORKS and two separate
assemblies needed to be created to have a clearer image of the problem.

The first assembly had the gears produced by unchanged as a control. The second assembly has
the gears as the first on with the same center distances and all. However, the key difference is
that in this assembly the data set computed by the MATLAB code is inserted. The first data sets
contain the unchanged involute profile of the gear that is going to be used as control. The
second data sets contain the modified profile.

2.2.2.2.1 Control Gear Assembly

In order to check the results of the MATLAB code the profile of one of the KISSSOFT produced
gears is mated with the generated profiles. If the involute profiles did not mate, then the code
would not produce correct profiles as it was planned to do. However, the profiles produce by

the code mated with tangent relation with the KISSSOFT produced gears. That meant that the
code was working properly, and the modelling could continue.

In this thesis, the second gear which would have the modified profile is the conjugate gear,
because it is going to be used further in the planetary gear train as the sun. Therefore, after
inserting the second data sets with the rolling circles and the center of the gear produced by
MATLAB code the conjugate gear produced by KISSSOFT was inserted.

It was mated to be concentric with the center of the theoretical gear by MATLAB. Then using
the first set of the second data sets it was calibrated to be tangent with those data. Those data
always produce the central plane of the gear and it contains the profile that is involute.
Therefore, it can be used as in the first gear as a control to see if the code is working properly
and to have a point of reference for the rest of the profiles as shown in figure 21.
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Figure 21 Tangent Involute Profiles

The initial conditions of the MATLAB as was written above was the module, the number of
teeth and the misalignment error. However, there is an extra condition that provides better
quality of the produced modified involute profile. The number of planes determine the
precision of the profile along the facewidth of the tooth. The number of planes required for the
certain model in order to be precise enough and not redundant was 4 planes. One central plane
and three more along the facewidth.
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2.2.2.2.2 Modified Gear Assembly

To create the modified profile in the assembly the conjugate gear was edited as part in order to
convert the segments of the profile from the different planes to the corresponding planes in
the part.

After converting the desired entities to each corresponding plane, the editing of the part in the
assembly is finished. The next part of the process requires only the conjugate gear, so the
assembly is closed and the part alone is opened. In the part it can be seen that the converted
entities from the assembly have been transferred to each of the planes as it was desired. Then,
using the Loft cut command and connecting the profiles the modified profile is created as
shown in Figure 22.

Figure 22 Scanning of the tooth facewidth
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2.2.2.3 Finished Gear Assemblies

The final product then can be seen in the SOLIDWORKS assembly. The gears mesh correctly and
using the identify penetration tool it can be tested where the gears make contact. As expected,
the control assembly of gears from KISSSOFT with parallel planes make contact along the whole
facewidth of the tooth. The gears in the assembly with the modified profile make contact in a
certain point with parallel planes. If the gears are not parallel but misaligned the control assembly
have penetration in certain area at the edge of the tooth. The modified assembly again has
contact only at a certain point of the profile further confirming the workability of the code and
its ability to have a better transmission and minimum deformation.

However, because SOLIDWORKS is not accurate enough ANSYS will be used in order to ascertain
whether the modified profile has less deformation and stresses in a misaligned plane than the
control involute group.

3. Overview of the mechanical phenomena

In this chapter the mechanical phenomena that are going to be encounter are explained
thoroughly. There are certain phenomena that this thesis tackles, as it has been mentioned the
model that is studied is a plastic PGT with misaligned spur gears due to forces acted upon the
rollers attached to the gears from the tube. Those phenomena can be broken down to separate
problems to be more understandable. The phenomena that are going to be studied are the
contact of the plastic gear in static stress analysis, misaligned contact of gears, the effect of the
misalignment in a PGT in a transient analysis and the compression of a silicon-based tube with
variable fittings of the rollers.

3.1 Contact Theory with and without Misalignments in one-stage pair of gears

The contact of metallic gears has been thoroughly studied in the bibliography and it is a very
important phenomenon with great implications in the industry. However, in this thesis the
material of interest is plastic and based upon studies done for the plastic gear it is going to study
the contact stresses and deformation in a static analysis in ANSYS.
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Figure 23 Basic Gear geometry

The contact stresses occurring during meshing of two gear teeth can be estimated using Hertzian
theory. This well-established theory is used in most of the standardized calculations. The contact
stresses can be expressed as function of the load, contact stiffness, reduced radius of the contact

and the width of the contact, according to:

_ FE,
Oz = 27bR, ( 2)
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Where F is the force (load), Er reduced modulus or contact stiffness (see equation 33), b is the
width of the gear and Rr is the reduced radius of the contact (see equation 34).

1

) — .2
2(1 ve 1 v)

Eg Ep

E. = (33)

Where Er is the Young’s modulus and v is the Poisson’s ratio of the gear.

R, = (34)

where Rr is the local radius of curvature of the tooth flank of gear/pinion.

Misalignments are a very common occurring phenomenon with gears, either due to
manufacturing errors on the axes or the gears themselves or even in the assembly. Therefore, it
is critical to have a better understanding and modelling of the phenomenon in order to deal
with it. Misalignments have been known to cause vibrations and contact nonlinearities, which
in turn cause load distribution shift on the gear tooth. [3] The load distribution shift of the gear
pair results in increased contact and bending stresses with the maximum stresses leaning
towards the edge of the face width. These stress changes cause failures and gear performance
variations, such as pitting, scuffing, crack initiation and eventually tooth breakage. In this paper,
the contact and bending stresses of a misaligned spur gear pair were evaluated by employing
corresponding analytical methods and finite element method (FEM. The stress concentration
was found to be higher at the contact point and at the tooth root of the gear with the
augmentation of the misalignment distance and angle. Finally, the relationships between the
normalized stress and misalignments (both axial and angular) were established.
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Figure 24 Gear Misalignment (a) axial (b) angular

Misalignments in gears are considered as one of the major contributing factors for increased
stress concentrations at specific locations of the gear tooth. The stress concentration region is
the initiation point of a failure or fracture of the gear tooth. Recent research has concentrated
on using the FE approach to determine the stress concentrations on the spur gear tooth.

Frictional stress analysis of spur gear with misalignments concentrations generated due to
misalignments influence the gear tooth contact stresses significantly. Hence the study of the
effects of misalignments on gear contact stresses is important. In gear contact, the gear
misalignments imply the axial shift in position of the mating surfaces due to deflections or
errors in manufacturing of the gear and their housing. The main causes of misalignments on the
gear are lead slope errors, lead wobble, bore parallelism and shaft bending deflections. Several
studies and research have been conducted and different methods have been used for the stress
analysis on the misaligned gear teeth.

There are three types of misalignments in a gear shaft which are parallel misalignments,
angular misalignments parallel to the plane of action and angular misalignment perpendicular
to the plane of action.

The studies conducted on the stress distribution of gear subjected to the axial misalignment
condition. They found that the equivalent stresses at the root increased almost twice as the
equivalent stresses at the contact region. The stress concentration was found to have increased
proportionally to the misalignment angle at the contact region and at the tooth root. Bending
stress analysis is also an important objective of static performance investigation because it is
the primary reason of various gear tooth failures. Bending stress is investigated in similar
fashion to that of a contact stress investigation. The only difference between the two is that the
bending stress depends on the gear tooth geometry compared to contact pressure which is
much straight forward evaluated the bending stress on the spur gear tooth with angular
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misalignments and discovered that the bending stress and load distribution factor increases
with the increasing misalignment angle. The load is assumed to be uniform when the gear
contact is aligned as shown in Figure 25(a) but when misalignment occurs the load will be
shifted to the gear tooth flank as shown in Figure 25(b).

Figure 25 The load distribution of gear surface (a) aligned (b)misaligned

3.2 Contact Theory of a PGT

Torque is transferred from one gear to the other through tooth contact. Depending on the tooth
geometry, various amounts of sliding can occur. Sliding results in wear and it is therefore
important to minimize the amount of sliding that occurs in the contact. One important feature in
minimizing sliding is the curvature of the tooth, which usually follows an involute function. An
involute profile ensures that the force vector or line of action (figure 26) is perpendicular to the
surface at every point along the contact path. Figure 26 shows how the involute profile is
generated, depending on the size of the tooth.
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Figure 26 Involute profile and tooth-to-tooth contact

Due to manufacturing and elasticity, there will always be some misalignment of the involute
profiles and deformation of the tooth surface, leading to wear and fatigue. Misalignment
between the contacting teeth occurs due to twisting and bending of the internal components of
the gearbox, such as shafts, carriers, and the housing. The misalignment leads to non-symmetric
stress distribution across the face of the gear tooth and stress concentrations which can be
explained by studying the spline connection.

Following the ISO 6336-2 (2006) standard, nominal contact stress values are given by formula
(12): cHO=ZHZEZeV F' db - u+1 u (35)

where: Zn — zone factor, Zr — elasticity factor, Ze — contact ratio factor, F ' — circumferential
force, d — drive gear pitch diameter, b — ring width, u — gear pair ratio. [4].

3.3 Kinematic analysis of PGT and the system and simplification of the model

3.3.1 Decoupling of the system

For the transient analysis of the system, it was critical that the model run as a whole to
demonstrate as realistic as possible the phenomena that develop during the operation of the
pump. However, due to computational limitations as well as unexpected phenomena due to the
nature of the model, it was decided that the decoupling of the system was necessary.
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The decoupled system consists of two different mechanisms. The PGT and the roller-pump-
carrier system (RPC). In order to achieve the decoupling, it was necessary to consider how each
system influenced the other.

The PGT is the power train of the whole mechanism that moves the roller pump, therefore this
motion should be included in the RPC system, so that the rotational motion is captured in the
rollers as well as the tube.

The RPC on the other hand produces frictional forces, moments and misalignments on the PGT
that will be later added in FEM analysis to simulate as close as possible the effects of the pump
on the PGT.

Therefore, the decoupling of the model simplifies the problem as a whole and reduces
computational power but also reduces the accuracy of the model. However, with certain
constraints it will assure a certain accuracy that is going to be exploited to evaluate the results.

3.3.2 Kinematic analysis of a PGT

The kinematics of a PGT are known in the bibliography and are worth mentioning in this study.

Planetary gears have a wide range of use as they provide a compact design, capable of
transmitting high torques and achieving high gearing ratios. A planetary gear system consists of
a sun gear, a set of planets and a ring gear. The layout of a typical system is shown in figure 27
The figure shows the most common configuration where the sun acts as the input and the planet
carrier acts as the output, resulting in the highest gearing ratio [5]

- Carricr plate / e —
[ /- . L -
‘ -
4
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Sun gear

— SUN gear

Ring gear Ring gcar

Figure 27 Structure and schematic diagram of a planetary gear train
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The gearing ratio for a planetary gear system depends on the configuration of the system as well
as the individual gears. Figure 28 illustrates the motion of the planets which is described by
equations 36-42.

Considering the planets rotation around the sun due to the carrier’s rotation:
¢pl = ¢c (36)
The planets rotation around its own axis due to the carrier’s rotation:
¢p2 = pcrsrp (37)

Where rp and rs is the radius of the planet and the sun. And the planets rotation around its own
axis due to the sun’s rotation:

¢p3 =-¢psrsrp (38)
Gives through super positioning of the individual motions:
¢p = pc+ persrp - psrs rp (39)
Which can be written as:
nprp =nc(rp +rs) - nsrs (40)

Where np, nc and ns is the revolution of the planet, the carrier, and the sun. Given that ¢ = 2nnt,
where t indicates time [6]. Or with the number of teeth as:

npzp = nc(zp + zs) — nsz (41)
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Figure 28 Superposition of motions

The relationship between the velocities Vr, Vp, Vc and Vs of the gear is described in figure 29
and is determined by equations 42-43.

Vr=Vp+Vc(42)
Vs=Vc-Vp (43)
Which eventually gives the velocity of the planets as:

nprp = (nrrr - nsrs)/2 (44)

Given the peripheral velocity v=2nn
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Figure 29 Velocity distribution on the rotating planet gear with moving carrier
Combining equation 2.5 and 2.9 gives:
ey = Ne (rr+ 1s) = nsts (2. 10)
Or
NrZr = Ne (2r + Z5) — Nszs (2. 11)
For the configuration where the ring gear is fixed, equation 2.11 gives the gearing ratio as:
nsnc=i=zr+zszs=1+2zrz

3.3.3 Modelling of the system in SOLIDWORKS

Before the initial testing of the RPC and the PGT system it was deemed necessary to run the
whole model through a rigid body dynamic analysis. This was done using motion analysis in
SOLIDOWORKS which enables the analysis of the model without great computational power.

The model of the pump was inserted in the motion analysis. The boundary conditions of the
model determined the contact of its body. Therefore, the gears had contacts with each other,
the carrier and the tube. However, the tube was replaced by a thin sheet of metal that simulated
the tube via the use of springs, as it was computationally more strenuous as shown in figure 30.
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Figure 30 Model of the pump in Motion analysis

A shaft was then added to the model in order to simulate the shaft of the motor that was going
to rotate the sun and the whole system. The motor was set to rotate at 10 RPM to match the
actual rotation of the pump. After setting the boundary and the initial condition the model run.

The trajectories of both the planets and the sun were calculated by SOLIDOWORS. They show a
relatively mild vibration but that is due to the fact that the model is rotating at such a low
speed and the ring has as a very tight support that does not allow the sun to wobble. Also, the
trajectory of the planets follows the predicted pattern of a point on a planetary system and do
not wobble as well. That is also because the model has very low speed and tight boundary
conditions.
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Figure 31 Trajectories of the planets and the sun

This whole model gives a very good insight in the workings of the pump and what must be done
to model it in ANSYS Workbench.

4. FEM Analysis in Ansys Workbench

In this chapter the CAD models that were produced and designed either with KISSSOFT or by
the MATLAB code are going to be tested either in static or transient analysis in order to
ascertain their behavior under certain conditions and compare them with each other in the
following chapters.

4.1. Three-dimensional modelling of involute spur gears
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4.1.1 Static Analysis of the cylindrical gear pair and the PGT

First and foremost, the static analysis of plastic gears is of utmost importance, because from its
conclusions are going to be extracted vis a vis the deformation, the von Misses stresses and the
contact pressure of the gears, either in pair or in the PGT. The gears are going to be submitted
in these tests either as planar problems or as misaligned, both of which need a certain method
in order to be set correctly. In the following paragraphs the static models of the three-
dimensional spur gears in pairs and in the PGT are going to be fully analyzed.

4.1.1.1 Modelling of involute spur gears

The CAD models of the gears were created in KISSSOFT and after completing the design process
in SOLIDWORKS were imported into Design Modeler of Static Structural of ANSYS Workbench.

The assembly of the gears was initially done using SOLIDWORKS, however SOLIDWORKS is not
an accurate enough tool to position them correctly. Therefore, the positioning was done using
Design Modeler of ANSYS to avoid unwanted penetrations and/or gaps. To insert the model in
ANSYS workbench, when workbench is opened right click on the white background area. There
a window will appear with several choices. At import the geometry of the study will be
imported. In order to import any file in ANSYS it should either be in STEP format, or STL format
or usually in IGES format. So, after inserting them into Design Modeler, there angles were
computed using MATLAB.

With known angles the models were then modified in DM. In order to achieve the desired angle
for the gear contact in DM the Rotate tool was used which is found in Create - Body
transformation—> Rotate and the rotation of the object depends on the plane selection in axis
definition and the sign of the angles on the direction of the axes of rotation. After having
defined the angles to reduce computational power and the gears were sliced as shown in figure
32, because the regions of interest in the static analysis are only the ones that come in contact,
therefore the gear teeth.

Lastly, two cylindrical bodies are created at the points of contact as shown in figure 32
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Figure 32 Cylindrical Bodies in DM

These bodies will be used later in the meshing process. However, it is preferred that they are
created in the DM before starting the Static structural analysis to save both time and limit the
possible mistakes especially in the Connections/Contacts section afterwards.

4.1.1.1.1 Static Analysis

After finishing the model in DM in the Workbench environment there should be a choice where
it says static structural by clicking on it and then inserting the geometry in the study the analysis
can begin.

4.1.1.1.1.1 Material

The material used for this model was plastic and more specifically PVC (Polyvinyl Chloride) The
selection of this material is explained in the previous chapters. Therefore, after the material
choice it must be inserted in the ANSYS model. In order to do that, the section Engineering data
must be selected. There by selecting Engineering Data Sources the materials offered by ANSYS
are found. Then the desired material is chosen. However, in this case the material is different
than the default ones, therefore it is made. To create the material ANSYS have options for the
properties of the material.
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4.1.1.1.1.2 Contact parameters

The most important part of this study is the way the gears make contact. By default, when
opening the model in ANSYS at the contact selection it may already contain possible contacts
that the program has predicted. However, those are not desired, therefore they should be
deleted. Then by right clicking at Contacts from Connections - Contacts—> Insert it shows to
insert a manual contact region. Choosing that the following parameters should be changed as
shown in figure 33.

- Scope
Scoping Method Geometry Selection
Trace
Target 1Face
Contact Bodies
Protected No

! Definition
Type Frictional

Friction Coefficient 0,2

Scope Mode Manual
Behavior Auto Asymmetric
Trim Contact Program Controlled
Suppressed No

=l Advanced
Formulation Augmented Lagrange
Small Sliding Program Controlled
Detection Method On Gauss Point
Penetration Tolerance Program Controlled
Elastic Slip Tolerance Program Controlled
Normal Stiffness Factor
Normal Stiffness Factor 10,
Update Stiffness Program Controlled

Figure 33 Contact Parameters

This must be done for both contact regions of the gear teeth with the same parameters as
shown in figure 34.
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Frictional - Solid To Solid
19/10/2022 2:25 mu

[l Frictional - Solid To Solid (Contact Bodies)
. Frictional - Solid To Solid (Target Bodies)
. Frictional - Solid Te Solid (Contact Badies)
B Frictional - Solid To Solid (Target Bodies)

Figure 34 Final contact regions

In order to assure that the contacts that have been made are correct by right clicking on
Contacts—> Contact Tool is created and then by right clicking the newly made contact tool->
Insert general information. The general information panel will show whether the gears show
any gaps or penetrations. The optimal initial information for this kind of study.

4.1.1.1.1.3 Meshing

Correct meshing is essential in any study as it can affect both the computational power needed
and the results. The easiest and less user demanding way of meshing a structure is to use
tetrahedral elements, these elements are highly adaptive and can be automatically applied to
any geometry. An alternative to tetrahedral elements could be to instead use hexahedral
elements. Hexahedral elements are generally considered to be better than tetrahedral since
they can be used more efficiently to mesh parts that are of low interest. The reason for this is
that HEX elements can have large aspect ratios, meaning that the elements can be made long
and fill a larger volume of the geometry. TET-elements, however, require an aspect ratio that is
close to one, meaning that all sides of the TET-element must be near equal. This means that
many elements must be used to cover the same volume as one HEX-element. Most FE-software
achieve convergence by continuously reducing the element size, this approach is known as the
H-method, the alternative is known as the P-method, and means that instead of reducing the
element size, the element order is increased. Increasing the element order increases the
number of nodes, a 1D linear element consists of two nodes, and a quadratic element consists
of three nodes and so on. Software that achieves convergence through the H-method often
only provides linear or quadratic elements. The option to use quadratic elements is often useful
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since linear elements can experience shear locking. Shear locking occurs when a geometry
meshed with linear elements is subjected to bending. A deformed linear element can be seen in
figure 35. The figure shows that the bending moment, (represented by a tensile and
compressive force) causes the horizontal sides to compress and elongate, this causes the
vertical sides to twist from their 90 degree angle, indicating that the element contains shear
strains, which should not exist in pure bending.

Figure 35 Deformation of a linear element under pure bending

Figure 36shows the deformation of a quadratic element. Due to the quadratic elements ability
to represent a curved surface, it is possible to maintain the 90-degree corner between the
horizontal and vertical sides and prevent shear strains.
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Figure 36 Defomration of a quadratic element under pure bending

The use of quadratic elements is however more important when analysing thin structures, such
as beams and plates. Quadratic elements can on the other hand prove problematic when
dealing with contact problems and cause the solution to converge slowly or not at all. The
reason for this is the same reason why quadratic elements capture bending better than linear
elements. If an edge and one corner node of an element are in contact with a surface, the
guadratic interpolation of the edge shape causes a penetration of the elements. This can be
seen in figureQuadratic elements should be accompanied by a surface-to-surface contact
behaviour rather than a node-to-surface behaviour if they are used in a contact analysis [7].
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Figure 37 Contact between second order elements

The meshing of this thesis is a fine mesh at the points that were needed. The element of the
mesh plays a significant role in the analysis. In order to achieve the meshing, in the default
section the CFD physics preference is chosen. The element order is chosen to be Quadratic and
by right clicking on Mesh the Patch conforming Method and sizing are introduced. At the patch
conforming method, the three bodies of gears are chosen to have Tetrahedrons and at sizing
the bodies of influence is selected. There at the geometry the gears are chosen and as the
bodies of influence the two cylindrical bodies are chosen. The size of elements of the bodies of

influence should at least be so that 20 elements fit at the point of contact. The result of the
mesh is shown in figure 38.
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Figure 38 Final Mesh

4.1.1.1.1.4 Application of Misalignment

Gears most of the time due to assembly errors develop errors such as misalignments that have
significant effects on vibration, noise, strength and in this case the efficiency of the system.

The model of the peristaltic pump of this thesis appears to have significant misalignments caused
by the geometry as shown before and those should be included in the model. The misalignment
error of the gear shafts on the plane of action can be expressed by an inclination angle of the
contact teeth on the plane of action.

In order to create those misalignments, the setting up of the simulation is similar to the previous
ones. The necessary modifications that need to be made will be done in DM to create the
misalignments in the assembly on purpose.

The misalignment errors in general are made using the following method. Frist of all from the
definition of the error we know that one of the two gears-for instance here we choose the pinion-
must be acquire a relative angle to the other gear in the direction of the plane of action. For this
purpose, a line drawn at the point of contact in position which is perpendicular to the contact
trajectory of the gears which as explained previously is a line that passes from the center of the
plane XY and has an incline of angle equal to ao.. This line will serve as rotational axis
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Secondly, by using the Rotate tool and giving as inputs the line created as axis of rotation and the
value of the degrees for the angle of rotation the misalignment error is created. Now the setting
up of the model can continue with the setting up of the parameters discussed in the previous
paragraphs.

However, in this case this is a trivial problem which requires a 2° rotation around the axis.

4.1.1.1.1.5 Positioning with Crowning

Crowning as explained previously is simple way to reduce the effect of misalignment both in
transmission and at the contact stresses. However, it has been mentioned that in this thesis the
gear profile does not have crowning, but a surface computed by MATLAB and designed in
SOLIDWORKS. The modelling of the computed surface in ANSYS, is the same as crowning. As far
as the setting up of the simulation in concerned it is very similar to the previous modeling as in
planar spur gears.

4.1.1.1.1.6 Boundary and initial Conditions

The boundary conditions that are applied were the following. Firstly, we want to prevent the
pinion gear from rotating and from moving axially or radially. The latter is already fixed since the
analysis is two-dimensional. The radial and rotational displacement could easily be prevented if
we just fix the edge of the gear hub by using the option of Fixed Support, Displacement or
Cylindrical Support. Even if this way of modelling does not make much difference in the results it
is not sufficient because, we would like to fix the centre of the gear and not the edge of the hub.
To do that we use the option of Remote Displacement that allows us to impose the displacement
and rotation values in a Remote Point and in this case the centre of the gear, and we can select
the edge of the hub to be correlated with this point. So, for the gear we set and the rotation
around Z axis to be zero. For the gear in collaboration, we also set displacements along X axis and
Y axis to be zero but the rotation around Z axis will be left free because in this gear the moment
is applied. The boundary conditions of the two gears.

As far as the load is concerned, a moment of 60 mNm is applied in the Remote Point at the centre
of the gear in collaboration. Again, the moment could also be applied directly to the edge of the
hub of the gear without having much difference in the results, but this would be a less realistic
way to model the problem.
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4.1.1.2 Modelling of involute spur gears in PGT

In order to model the PGT of the involute spur the same method as for the pair of gears was
followed only this time it was not simplified by slicing the gears but as a whole model of a
planetary system. Furthermore, all the boundary and initial condition are the same as before.

Due to the misalignment induced by the pump the PGT was only tested in a misaligned analysis
and for the two profiles of interest, the modified and the given profile. The rest of the analysis
remains the same as before for the misaligned tests.

4.1.2 Transient Analysis of the PGT

4.1.2.1 Modelling of the PGTs

The transient analysis of the PGT required a different root than the one for the static analysis.
First of all, this analysis requires an extra part the carrier, in contrast to the static analysis that
the carrier’s forces could be simulated by constraints provided by ANSYS.

Furthermore, because the material that is used is plastic, either is chosen in the material
section of ANSYS or created, it requires three things. The density of the material the Young’s
modulus and the Poisson’s ratio.

After setting up the materials for the analysis the boundary and initial conditions should take
place.

Contacts

The transient analysis requires for all the gear teeth to mesh with each other; therefore, all the
faces of each working gear should connect with the face of each gear. In order to save time and
not choose each face one by one, it could be done more effectively. If the gears that first want
to be connected are the sun and the one of the planets, first all the components must be
hidden, except the two components of interest. Afterwards, the choosing as a target body the
one that is going to be mostly deformed hide the other body and select all for the unhidden.
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This will select all the faces of the existing body in this case the planet because the planet is
going to be mostly deformed. After, selecting all the faces by continually pressing control
deselect all the faces that do not belong to the teeth, those would be the hub and the faces of
the gear. Following this method assures minimum time selecting each tooth of a gear. This is
done to all the other gears as well.

Furthermore, after completing the selection process of the faces of the gears, it must be noted
that the contact parameters remain the same as in the static analysis above.

However, the setting up of the connections is not finished, because the PGT requires rotation.
This is achieved by inserting Joints. The joints are used on the PGT are all revolute joints which
indicates the rotation of the parts. The sun gear has a revolute joint from body to ground
because its rotation around a fixed center. The planet gears each one interacts with the carrier,
therefore the joints of these are body to body with the carrier surfaces. Finally, the carrier as
the sun gear rotates around a fixed center, therefore a joint body to ground is needed.

Meshing

The meshing that is used is the same meshing as in the static analysis only in the transient
analysis bodies of influence do not exist therefore there is no way to select different regions to
mesh differently such as the contact points of the gears. However, the rest of the parameters
for meshing remain the same only smaller overall elements, it should be noted that the PGT
transient is computationally strenuous analysis
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Figure 39 Meshing of the PGT in transient analysis

Boundary and Initial Conditions

Completing the meshing process, the initial and boundary conditions of the system should be
applied. The ring of the PGT in this application remains still, therefore it was fixed in place. The
planets should spin be able rotate around the sun gear in the XY plane. Therefore, a remote
displacement is applied which allows the free movement and rotation except for the movement
along the Z axis as they should not move up or down. Then, a joint rotation is applied in both
the carrier and the sun, as the sun spin the planets and the carrier rotates the planets around

the ring.

4.2 Modelling of the RPC system
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4.2.1 Transient analysis

The RPC system transient analysis was done in order to deduce what forces and moments
should be applied on the PGT in order to have a more realistic approach in its modelling.The
modelling of the RPC had to take under consideration many different parameters and was a
computationally strenuous problem.

The geometry was first designed in SOLIDWORKS and then inserted in DM. Afterwards, because
the gears were not going to be used for the analysis, they did not matter whether they made
contact or not, only for this analysis, in future studies they should be taken under
consideration.

4.2.1.1 Materials

The material used for the analysis is the PVC used in all the previous analysis. Except this time
the model had the tube which is made mostly of silicone. Therefore, the PGT was from PVC and
the tube from silicone, both in the ANSYS material library.

4.2.1.2 Contact Parameters

The model consists of many different areas that come in contact, therefore each of the areas
should be checked and selected manually due to the complexity of the model. The most
important parts are the contacts of the planet-rollers with the sun-roller and the planet-rollers
with the silicone tube.
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Frictional - Solid To roller 1
24/10/2022 449 .

. Frictional - Solid To roller1 (Contact Bodies)
. Frictional - Solid To roller1 {Target Bodies)

Figure 40 Frictional contact of the planet-roller with the tube

As before the joints provide the rotation for the rollers, the sun and the carrier, only this time
the gears do not mesh, and a fifth joint is added which allow the tube to move in the X direction
that will be useful in the initial conditions.

4.2.1.3 Meshing

The complexity of the model has increased therefore the meshing should be done carefully the
model provides all the meshing parameters

4.2.1.4 Initial and boundary conditions

The rotations on model were applied to simulate the rotation of the gears and their effects on
the compression of the tube. The remote displacements 1 and 2 are applied on the rollers of
the gears to assure the free movement on the ZX plane and the spin in the Y direction. Finally,
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the joint displacement is used to move the tube in its position compressing itself against the

rollers.

The

B: Transient Structural
Transient

Time: 6,5

Iters: 10 of 12 indicated
241072022 4:54 .

[B Joint - Rotation: 936, °

Bl Jaint - Rotation: 536,

B Juint - Rotation: -6, *

B Fixed Support

[E] Remote Displacement
Remate Displacement 2
Rermote Displacement 3
[Hl Juint - Rotation: 288 *

[l Joint - Displacement: 2, mm

Figure 41 Initial and boundary conditions for the RPC
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5. Results

In this chapter the results of the tests that run will be examined and discussed. Completing the
modelling process as well as understanding the theoretical background of the problems tackled
in this thesis, the tests were set in motion. The results are used in order to examine whether the
code produces a better profile than the involute profile in the presence of misalignments and to
determine whether this optimal profile is better than the existing one. Furthermore, the results
compare the theoretical model of the RPC [8] with a more realistic version of it. Finally, it used
to determine whether the profiles in the PGT

5.1. Analysis of cylindrical gear pair and PGT

5.1.1 Static Structural Analysis

These tests run with consistent initial conditions such as the meshing and the moment applied
to the gears, as well as the boundary conditions that have been explained in the previous chapter.
The initial conditions of each test will be shown for a better overview of the whole process.

TABLE WITH THE INITIAL CONDITIONS for the statics

Table 1 General Characteristic for m=1.5

z1 25
22 20
ao(°) 20
xerr(°) 2

moment(Nmm) -60

5.1.1.1 Test 1 Involute Profile m=1.5

In the following test the involute profile generated by KISSSOFT is being used and examined both
as a control and a comparison for the rest of the tests.

As it can be seen the deformation of the gear as well as the contact stresses follow the pattern
that was established before in the other studies. The plastic gear does not follow the Hertz Theory
as well as its metallic counterpart. Plastic gears show lesser stresses than the ones calculated by
Hertz theory and this can be shown below.
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5.1.1.1.1 Deformation

The deformation of the gear is highest at the teeth of the driven gear, as it is going to experience the
moment from the driver gear and as it is fixed at the hub, its teeth will deform.

B: Static Structural
Total Deformation
Type: Total Deformation
Unit: rarm

Time: 15

Max: 0,0124

Min: 1,21e-5
22/10/2022 1:06 pp

0.0124
am
000962
0,00824
000687
0,0055
0.00413
0,00276
Q.00138
1,21e-5

...

Figure 42 Frontal view of deformation

5.1.1.1.2 Equivalent Von Misses stress

The stresses that develop on the surface of the teeth for each gear create a parabolic pattern as it can
be seen at it’s of the contact points of each gear. The stresses do not follow the Hertz theory as they are
lesser than it is estimated by the theory, as shown in table 123 and the following pictures.
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B: Static Structural

Equivalent Stress

Type: Equivalent fvon-hises) Stress
Unit: MPa

Tirne: 15

Max: 81257

Min: 0,00028157

22/10/2022 1:08 up

81257
72429
63201
54172
45144
3,616
2,7088
1,8059
0,90311
0,00028157

Figure 43 Equivalent von-Mises Stress frontal

TABLE

5.1.1.1 Test 2 Modified Involute Profile m=1.5

For the second test the modified profile was used to compare it with the involute profile. As it
can be seen the optimal profile has reduced deformation compared to the involute profile and
the contact stresses focusing them only on a point of the gear and not the whole tooth, as it
was desired. Therefore, the MATLAB code worked for the first part. However, this has only
proven its workability at a planar level further testing is done in order to ascertain its capability
with misalignments.

5.1.1.1.3 Deformation

The deformation of the modified gear profile is similar to the normal involute profile and that is
to be expected, as the point at which makes contact is the same as in the involute profile due to
the nature of the code.
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B: Static Structural
Total Deformation
Type: Total Deformation
Unit: ram

Time: 15

Max: 0,0172

Min: 4,58e-5

23/10/2022 6:03 mp

00172
0,0153

0,0134

00115

0,00956
0,00766
0,00576
0,00385
0,00195
4,58e-5

Figure 44 Deformation of the driver gear
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B: Static Structural
Total Deformation
Type: Total Deformation
Unit: mm

Time: 1

Max: 0,0172

Min: 4,58e-5
23/10/2022 6:03 Ty

00172
0,0153
] goisa
L] oons
L1 000056
1 0,00766
] gos7s
L] o00s5
0,00195
4585

Figure 45 Deformation of the driven gear

However, the contact stresses are far greater than the ones at the involute profile. This is since the
modified profile has a singular point at its whole facewidth, where the involute profile could distribute
the pressure more evenly along the whole tooth. This was expected for the involute to outperform the

modified profile in planar testing.

5.1.1.1.4 Equivalent Von Misses stress
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B: Static Structural
Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 15

heax: 62,867

Iin: 0,00010256
23/10/2022 &:06mp

62,067
55,62
48,89
41,91
34,006
27,941
20,256
13,97
6,853
0,00010256

Figure 46 Equivalent von Misses stress of the driver gear

B: Static Structural
Equivalent Stress

Type: Equivalent fvon-Mises) S
Unit: MPa

Time: 15

hax: 62,867

Min: 0,00010256

23/10/2022 &:05 My

62,067
55,62
48,89
41,91
34,006
27,941
20,056
13,97
6,853
0,00010256

Figure 47 Equivalnet von Misses stress of the driven gear
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5.1.1.1 Test 3 Involute Profile m=1.5 with 2° misalignment along the Y axis

After completing the benchmark tests to ensure that the involute was working correctly and
the optimal profile as well. Then the gears were tested with misalignments set up as it was
explained above.

With the following test it can be observed that the involute with misalignment produces
contact stresses at a certain point of the tooth more specifically its edge. Due to the triviality of
the problem the induced misalignment was 2°along the Y axis as explained. The misalignment
is the center of this thesis due to its appearance at the application of the peristaltic pump.
Therefore, it was natural to examine the gears with this misalignment.

The deformation of the gear follows the expected pattern as it has deformed most at the edge
of the tooth at as it moves further from the contact point there is less deformation.

5.1.1.1.5 Deformation

B: Static Structural
Total Deformation
Type: Total Deformation
Unit: mm

Time: 15

Max: 0,0381

Min: 2,12e-5

14/10/2022 4:00 pu

0,0381
0,0339
0,0296
0,0254
0,0212
0,0169
00127
0,00848
0,00425
2,12e-5
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DEFORM OF THE DRIVEN GEAR

B: Static Structural
Total Deformation
Type: Tatal Deformation
Unit: mm

Time: 13

Max: 0,031

hin: 2,12e-5
14/10/2022 %02 pp

0,0381
0,0330
0,0296
0,0254
00212
0,09
oma7
0,00548
0,00425
2,12e-5

The contact stresses follow the same pattern as it was described in the previous chapters.

5.1.1.1.6 Equivalent Von Misses stress
VON MISSES OF THE DRIVER
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B: Static Structural

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 15

Max: 99,69

Min: 0,0039%4

23/10/2022 6:29 p

99,69
88,62
7754
66,46
55,39
31
33,23
22,16
11,08
0,00304

VON MISSES OF THE DRIVEN
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B: Static Structural

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 15

Max: 99,69

Min: 0,0039%4

23/10/2022 6:29 p

09,60
88,62
7754
66,46
55,30
M3
33,23
22,16
11,08
0,003094

5.1.1.1 Test 4 Modified Involute Profile m=1.5 with 2° misalignment along the Y axis

The results from the involute profile with and without misalignment followed the predictable pattern,
when misaligned it showed five times worst behavior in contact stresses and three times worst behavior
at the de

5.1.1.1.7 Deformation
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B: Static Structural
Total Deformation
Type: Total Deformation
Unit: mm

Time: 15

Max: 0,01735

Min: 1,8498e-5
23/10/2022 3:40 pp

0,01735
0,015425
0,013499
0,011573
0,0096473
- 0,0077215
0,0057958
] 0,00387
0,0019443
1,8498e-5

DEFORM OF THE DRIVEN GEAR

B: Static Structural
Total Deformation
Type: Total Defarmation
Unit: mm

Time: 15

hax: 0,01735

Min: 1,8408e-5
23/10/2022 940 pu

0.01735
0,015425
0,013409
0,011573
0,0096473
0,0077215
0,00579528
0,00387
0,0019443
1,8408e-5

5.1.1.1.8 Equivalent Von Misses stress
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B: Static Structural

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 15

heax: 64,107

Melin: 8,1856e-5

23/10/2022 9471 pu

64,107
56,084
49,861
42,738
35,615
28492
21,369
14,246
7183
816565

VON MISSES DRIVEN

B: Static Structural

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 15

hax: 64,107

hdin: 8,1856e-5

2310/2023 01

64,107
56,084
49,861
42,738
35,615
5402
21,369
14,246
7,123
8,18568-5
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Table 2 General Characteristics for m=0.4

z1 15
22 24
ao(°) 20
xerr(°) 2

moment(Nmm) -6

5.1.1.1 Test 5 Involute Profile m=0.4

This test was done in order to have a benchmark test. The involute profile follows already established
rules therefore, it must be tested so it can be compared with the rest of the unknown profiles.

5.1.1.1.9 Deformation

The deformation is similar to the deformation of the previous gear with different module as it was
expected. The contact stresses behave the same way as well.

B: Static Structural
Total Deformation
Type: Total Deformation
Unit: mm

Time: 15

Ielax; Q0074997

Mlin: 3,8464e-5
23/10/2022 2:48 pu

0,0074997
0.0066706
0,00584186
0,0050126
0,0041836
0,0033546
0,0025255
0,0Mm 8965
0,00086749
3.646de-5

5.1.1.1.10 Equivalent Von Misses stress
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B: Static Structural

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 15

hefax: 22,841

Iin: 0,0022933

23/10/2022 947 pu

22,60
20,304
17,766
15,228
12,601
10,153
7,6153
5,076
2,54
0,0022933

VON MISSES DRIVER

VON MISSES DRIVEN

5.1.1.1 Test 6 Modified Involute Profile m=0.4

The modified profile tested first a planar level is another benchmark test that helps to assure both that
the previous test was done correctly and gave the same results and so that it can be compared to other
profiles.

The deformation of the modified profile follows the same pattern as with the other module, which is
encouraging proving that it can be scaled up and down and that the designing process was done
correctly and consistently for both modules. The contact stresses as expected all concentrate in a point
in the center as it should according to the previous tests.

5.1.1.1.11 Deformation
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B: Static Structural
Total Deformation
Type: Total Deformation
Unit: mm

Time: 15

hax: 0,0062406

Mlin: 2,2192e-6
23/10/2022 10:52 pp

0,0062486
0,0055546
0.0048605
0,0041665
0,0034724
0,0027784
0,0020844
0,0Mm3903
0,00069626
2,2192e-6

DEFORM OF THE DRIVER GEAR

DEFORM OF THE DRIVEN GEAR

5.1.1.1.12 Equivalent Von Misses stress

VON MISSES DRIVER

VON MISSES DRIVEN

5.1.1.1 Test 7 Given Profile m=0.4

The profile used in this application does not resemble the involute profile nor any other similar profile. It
can be assumed that it was an involute profile modified as well in order to better fit the mechanism it is
in because of the great misalighments. However, because it is not surely an involute and this can be
seen because when there is distance between the gears the degree of overlap falls dramatically. Then it
is an unknown profile.
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The deformation and the contact stresses of the profile are calculated using the FEM analysis and the
results are shown below.

5.1.1.1.13 Deformation

B: Static Structural

Total Deformation 2

Type: Total Deformation

Unit: mm

Time: 1s

Max: 0.00477

Min: 3.85e-5

Deformation Scale Factor: 1.0 (True Scale)

0.00477
. 0.00424
0.00372
0.00319

0.00267
. 0.00214
i 0.00161

0.00109
l 0.000564

3.85e-5

5.1.1.1.14 Equivalent Von Misses stress

B: Static Structural

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time:1s

Max: 43.1

Min: 0.00334

Deformation Scale Factor: 1.0 (True Scal

431
. 383
335
287
239
19.1
144

[
957
I 479
000334
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5.1.1.1 Test 8 Involute Profile m=0.4 with 2° misalignment along the Y axis

5.1.1.1.15 Deformation

B: Static Structural
Total Deformation
Type: Total Deformation
Unit: mm

Time: 15

Max; 0012652

Mlin: 3,8080e-8
23/10/2022 11:00 pp

0,012652

0.011246

0,0098402
0,0084345
0,0070287
0,005623

0,0042173
0,0028115
0,0M4058
3,8088e-3

5.1.1.1.16 Equivalent Von Misses stress

B: Static Structural
Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit: MPa

Tirmer 15

Mlax: 246,09

Iin: 0,0006836
23/10/2022 11:04 pp

246,03
218,69
191,36
164,02
136,68
109,35
82,011
54,674
27,337
0,0006536
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5.1.1.1 Test 9 Modified Involute Profile m=0.4 with 2° misalignment along the Y axis
5.1.1.1.17 Deformation

5.1.1.1.18 Equivalent Von Misses stress

5.1.1.1 Test 10 Given Profiles with 2° misalignment along the Y axis
5.1.1.1.19 Deformation

B: Static Structural
Total Deformation
Type: Total Deformatio,
Unit: mm
Time: 1s
Max: 0.0103
Min: 1.48e-5
Deformation Scale Factor:

0.0103
0.00914
~ 0.008

0.00686
0.00572
0.00458
[ ]

0.00344 7
0.0023

0.00116
1.48e-5

5.1.1.1.20 Equivalent Von Misses stress
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B: Static Structur
Equivalent Stress
Type: Equivalent
Unit: MPa
Time: 1s

Max: 87.6

Min: 0.00037
Deformation Sc

87.6
779
68.1
58.4
48.7
| 389
29.2

L 19.5
9.74
0.00037

5.1.2 Comparison of the one-stage gear pairs

5.1.2.1 Profiles m=1.5
As it can be seen the behavior of the modified involute profile in the presence of misalignments is linear
compared to the behavior of the involute profile which increases as expected from the bibliography

Contact Stresses(MPa)

250
200
150 Involute

Modified

100
/ Hertzian

50

0

0 0.5 1 1.5 2 2.5

Chart 1 Comparison of contact stresses for m=1.5
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0.04

0.035

0.03

0.025

0.02

Deformation(mm)

0.015 /

0.01

0.005

1.5

Chart 2 Comparison of deformation of m=1.5

Involute

Modified

2.5

No Misalligment

Results

Testl

Test2

Normal profile

Modified profile(z2)

Comparison(%)

Total Deformation(mm) 0.012088 0.017178 0.296309233
Von misses(MPa) 8 62.867
mesh(#of elements) 402679 568586
Hertz 15
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5.1.2.2 Profiles m=0.4

Misalligment

Results

Test3 Test4

Normal profile | Modified profile(z2)

Comparison(%)

Total Deformation (mm) 0.038088 0.01735 0.54447595
Von misses (MPa) 98 64.107
mesh(#of elements) 388975 559546
Herzt (MPa) 200
Contact Stresses (MPa)
350
300
250
Involute
200
Modifed
150 Given
100 / Hertz
50
0
0 0.5 1 15 2 25

Chart 3 Contact stresses for m=0.4
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Deformation (mm)
0.014
0.012

0.01

0.008 Involute
0.006 Modified

0.004 Given

0.002

0 0.5 1 1.5 2 2.5

Chart 4 Deformation for m=0.4

Summarizing the results in the tables and diagrams there are some conclusions that can be
drawn. The involute profile follows the established theory in the bibliography both at the planar
and at the misaligned testing and performs the worst. The unknown profile used in the
application performs better than the involute in the contact stresses and deformation, however
its degree of overlap is very low as it is and when there is greater distance between the gears the
transmission will be suboptimal at best. Finally, the modified optimal profile performs the best
both at the planar and the misaligned testing. Those are very encouraging results as it can work
as a proof of concept for the method developed in the MD LAB. However, due to limiting the
testing only at a certain misalignment with certain moments applied to the gear, solid conclusions
cannot be drawn, but further investigating should provide the necessary data to establish this
method for producing profiles fitted for misalignments.

5.1.3 PGT test with Modified Involute Profile with 2° misalignment along the Y axis

After the results as a pair of gears the application demands that they should provide better
results in the PGT as well. Testing the model yielded fruitful results as it can be seen with
deformation and the contact stresses in the figure 123.

Deformation
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0.00902
0.00676

0.00451
I 0.00226
9.11e-6

Equivalent Von misses stress

Picture in desktop ntua

5.1.4 PGT test with Given Profile with 2° misalignment along the Y axis

5.1.4.1Deformation
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0.029508

0.024591
u 0.019674
0.014757

0.0098403
I 0.0049234

6.4506e-6

5.1.4.2Equivalent Von misses stress

Picture in desktop ntua

5.1.5 Comparison of the PGT systems

From the comparison of the two PGTs it can be seen that the modified PGT yielded better results both in
the contact stresses and the deformation.

Modified profile Given Comparison(%)
Total Deformation(mm) 0.0202 | 0.044259 54.40%
Von misses(MPa) 22 106.42
mesh(#of elements) 2394929 5200000 ‘

5.1.6 Transient of the PGT

The transient analysis of the PGT system was done using the given profile as it could replicate
better the problem. The analysis was using the two different profiles and what are their effects
on the teeth and the efficiency of the system.
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The transient analysis that was conducted on the PGT had as a purpose to show the effect of
misalignments on the gears with the carrier, as well as the counter moments and forces that were

produced by the rollers effecting the transmission of the gears.

The gears were able to move freely along the XY plane and had a forced 2° misalighnment as
explained before. Due to effect of the misalignment and the rotation the planets were either with
close contact with the sun or with the ring and according to each contact the stresses.

5.1.6.1 Modified Involute Profiles

The modified profiles showed a better behavior when tested in the transient analysis in the presence of

misalignments, with minimum Equivalent Stresses, as expected.

[MPa]
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5.1.6.2 Given Profiles

The given profile performed worse vis a vis the Equivalent Stress applied on the faces of the gears during

the rotation. In the long run this could damage the teeth reducing the life of the product as well as
reducing the efficiency of the system overall.
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5.2 Analysis of the RPC system

5.2.1 Transient Analysis of the Roller-pump-carrier system
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The model of the rollers with the carrier and the tube was the most crucial model as it could show
both the effects of the misalignments on the contact surfaces of the rollers, as well as the
deformation of the tube. However due to computational limitations and the complexity of the
model it was decoupled.

The RPC system consists of the roller-pump-carrier without the gears meshing. Three tests were
done on the model, one with loose fit one with a tight fit and one with a tight fit and deep
occlusion.

5.2.1.1 RPC with tight fit

The tight fit model caused more elastic strain on the tube, as expected because the rollers did
not have any room to move, therefore they acted more as solid body. However, the energy
required to move it and to compress the tube is greater than the one in the tight fit as seen in
figure 48. This also verifies the experimental results of another study

4,3347e-5 P T

[mJ]

Figure 48 Energy consumption for tight fit

5.2.1.2 RPC with loose fit

The transient analysis of the loose fit, even though it yielded worst results regarding the
compression of the tube and therefore the flow rate, also it required less energy.

2595¢+
4,2595¢+5 —— e

[mJ]

r
1,0738e4

Figure 49 Energy consumption for loose fit
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However, it was able to capture more accurately the real model, as the rollers can be seen in
figure 50 having great misalignments due to the compression of the tube as well as the
compression on the roller of the sun.

Figure 50 Rollers movement

5.2.1.3 RPC deep occlusion

The deep occlusion model with the tight fit had the biggest elastic strain as expected
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B: Transient Structural
Equivalent Elastic Strain
Type: Equivalent Elastic Strain
Unit: mm/mm

Time: 3,7895

Max: 0,58494

Min: 6,3813e-9

24/10/2022 717 mp

05844
051995
045496
038996
032497
025007
019408
012099
0,0649%4
6,3813¢-0

Figure 51 Elastic Strain of deep occlusion

Moreover, it was the most energy consuming of the three tests. This can be explained because
the energy required to fully compress the tube as well as the frictional forces that develop
between the tube and the rollers are far greater than in the other two analyses.

5,0954e+5

P

[mJ]

e

e
B Tt et St ot SO

[

2,0171e4

[s]

Figure 52 Energy consumption of deep occlusion

Therefore, this model requires the most energy but would yield the best results regarding the

flow rate.
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6. Conclusion

The goal of this thesis was to give a deeper understanding of the phenomena that govern this
mechanism as well as a more complete image of the modelling that was needed to be done in
order to compare experimental results with the theoretical data of the FEM analysis. In
particular, the most studied phenomenon was that of the misalignments in a one-stage gear
transmission as well as in the PGT. From those FEM analysis it was concluded that the involute
profile while better at handling loads in the planar tests, even with a small misalignment of 2° it
showed an increase in contact pressures of up eightfold comparing to the modified profiles that
showed no significant change. Furthermore, the given profiles while comparing to the modified
profiles when misaligned had a very low degree of overlap comparably to the other two. When

Moreover, after the testing in static analysis of a gear pair of the modified and the given
profiles. It was deemed necessary to compare both profiles in a transient analysis as a PGT
because of the application and they were tested to see the results that yielded. As mentioned,
the modified profile showed better behavior and overall.

Furthermore, the RPC system was found to be greatly influenced by the misalignments cause by
the compression of the tube and by the fits that it had. When applied with a tighter fit it, while
requiring greater energy input due to the power losses in friction it showed better control of
the compression of the tube and therefore of the flow rate.

Therefore, there is great merit in a study of the whole system using the newly required data
from the previous analysis. Also, it could be interesting to see the results of both profiles when
put into testing in order to both evaluate the fittings of the planets as well as the profiles.
However, it should be noted that a new design at certain part of the pump is required, the
support of the sun that is attached to the ring should be improved to reduce friction as well as
increase stability. The fittings on the carrier should, also, be designed as cylindrical surfaces or
at least a part of a cylinder so that it is more feasible to predict the motion of the rollers as well
as the modelling in FEM analysis.

Finally, the model with tighter fittings had a better behavior when compressing the tube
however, it also requires greater amounts of energy, due to frictional forces. Therefore, it is
deemed necessary to use the models developed in this thesis to acquire more information
regarding the flow rate and the power loss of the pump and PGT altogether.
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