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Abstract

This study is data driven research, focusing on injection moulded polymer gears. With
the help of big data, python scripts were created to summarise academic papers
automatically, and bibliometrics research was conducted to discover the main
challenges in polymer gears. Challenges were found in the whole life cycle of polymer
gear manufacturer including design, manufacturing, and testing. As a practical research
topic, the study on polymer gears crossed with many disciplines including mechanical
engineering, material science, computer science, electrical engineering and statistics.
Following the literature based review, a targeted experimental programme was
undertaken using injection moulding. Mould designs were examined and improved to
create optimum mouldings and high quality gears were produced. A study on the effect
of injection moulding parameters revealed the relationship between the injection
moulding parameter settings and the polymer gear performance for material
reinforcement in gears with optimisation in the injection moulding process. Further
research was undertaken on widely applied POM gears and it was concluded that the
homopolymer and copolymer POM gears perform in service differently. It was a novel
finding for this commonly applied material. Further, a new effective polymer gear
analysis procedure was introduced, putting more emphasis on the material science
aspects. This procedure successfully explained differences in performance between
POM types was due to the inherent crystallinity. Finally, a new cloud-based Internet of
Things (loT) solution for polymer gears was explored. This offers a potential future
ability to collect data from real polymer gear applications and to help secure

applications with real-time gear status monitoring.
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1 Introduction

This chapter introduces polymer gears. It identifies the current application limitations
of polymer gears in industry, which leads to the project aims, plans and thesis structure.

1.1  Background

As a key element in a machine system, gears perform duties including load transmission
and changing speed and changing rotation direction. Gears transmit motion providing
high accuracy and efficiency even with the heavy loads. Gears have a long history
tracing back to about 400 to 200 B.C. of Chinese compass [1]. The earliest gear in
Europe was designed by the Greek polymath Archimedes [2] between 150 and 100 B.C.
The design of gears has been upgrading and developing since 17th century. Then in the
18th century Leonard Euler, regarded as the originator of modern gears, discovered the
involute curve and conjugate motion [3]. By the late 19th century, the machine tools
were invented so that involute gears were manufactured and widely applied in industry.
Meanwhile, gears characteristics have been studied such as gear lubrication [4] and
failure [5].

The environment has become an increasingly important factor in the developing world.
For instance, air pollution has become one of the most serious issues, phasing diesel
cars out from the market. At the same time, electric vehicles are being rapidly developed
to complete with traditional fossil fuel ones. Each demands an increase in the work
efficiency. One method to do this is to replace with polymer gears the metal ones that
are present in any system containing a transmission mechanism. This method not only

increases the transmission efficiency but also decreases the weight of the system.

For polymer gears manufacturing, injection moulding (IM) is one of the most popular
techniques and around one third of plastic products are produced with this method in
industry [6]. IM offers accurate geometry in short cycle times, and can produce
complex shaped products [7]. When compared with 3D printing production, IM can
meet higher volumes manufacturing demands with a much higher production speed and

a lower component cost.

Polymer gears have unique advantages over metal ones such as lower weight, quieter

running, lower cost, self-lubricating and excellent mouldability. However, the potential



application of heavy-duty polymer gears is limited due to the lack of heat resistance and
mechanical strength. That is why polymer gears are mainly applied in light load
applications such as food machines, toys and textile machines. To solve that problem,
research to enhance polymer gears performance is an effective method to expand
utilisation. When it comes to the material aspect, this enhancement is usually
implemented by adding third party components such as carbon fibres, glass fibres and

nanotubes [8].
1.2 Scope of the thesis

Section 1.1 highlighted some reasons why the polymer gears provide pressing industrial
research needs especially for high load applications with the gear qualities such as
mechanical performance needing to be improved in order to fulfil the requirements. As
polymer gears are real industrial products, the gear reinforcement could be considered
in each part of the manufacturing process which includes gear shape design, injection
moulding mould design, injection moulding process setting, material formulation and
the study of tribology mechanics. A two-dimensional study structure is proposed in this
project. One dimension addresses the inherent material science in polymer gears
because the material influences performance. The other dimension considers the
process more widely encompassing design, manufacture and performance carrying out

improvements in each of the section with the help of data collection and analysis.

Moreover, further implications are considered in trends for digital transformation which
influences not only science development but also people’s daily life. Therefore, in this
project, a novel creation utilising techniques such as cloud and the Internet of Things

(10T) has been applied to solve the bottleneck of polymer gears usage.
1.3  Research objectives

The overall aim of this project is to study and optimise the manufacturing process of

injection moulding polymer gears as well as the working performance.
In order to achieve these aims, the objectives are:
e To study injection moulding and gear testing methods and procedures.

e To undertake injection moulding optimisation for gear manufacturing.



e Explore potential sample analysis methods which can be applied on polymer

gears to enhance development.
e Design new polymer gear solutions for practical applications.
1.4  Layout of the thesis

Chapter 2 summarises the research review related to this study. It includes gear design
methods as well as the commonly used reinforcement methods in material aspect. Two
further methods are used to enhance the literature review. The bibliometrics analysis is
applied to find out the main challenges in the study of polymer gears. And a specific
python script is designed by the author to automatically summarise the academic

publications.

Chapter 3 describes the details of the polymer gear designs. It describes different kinds
of gear shapes as well as designs of the injection moulds. They are compared and the
optimised design confirmed as the primary design in this project. It describes
methodology used to make the polymer gears compatible with the test rig used for the

testing.

Chapter 4 presents the injection moulding process for the polymer gears. A study is
carried out to find out the impact factor on each of the parameter settings before final

optimisation.

Chapter 5 presents a study of a representative polymer gear. As Polyoxymethylene
(POM) are one of the most applied material in polymer gears, this chapter shows some

new findings related to the POM gears.

Chapter 6 presents a new procedure for the polymer gear sample analysis, using
advanced techniques for material analysis rarely applied on polymer gear studies.
Frequently studied POM gears have been re-examined to confirm the new procedure is

meaningful.

Chapter 7 introduces a creative solution for the application of polymer gears using the
0T and cloud technology. This solution will help gain testing data more efficiently and
can monitor the real-time working status of polymer gears. This chapter will explain

the concepts as well as the architecture building up procedures.



Chapter 8 presents the conclusions, the novel contribution of this research and draws

future recommendations for the future of polymer gear research.



2 Review of polymer gears

2.1 Introduction

This chapter reviews the research on polymer gears. First, a general review is generated
focusing on the design, mechanism and reinforcement of polymer gears. On the other
hand, as a practical project, the polymer gear has connections to many categories such
as manufacturing, material science and mechanical engineering, and there are a lot of
related publication resources available online. Those resources are extracted and then
statistical methods, namely bibliometrics, are applied to study the topic further. Finally,
a specifically created Python script is applied to generate the literature review
automatically and some of the most important literatures are selected for the

demonstration.
2.2 Design and mechanisms of polymer gears

Even though there is a large quantity of knowledge for metallic gears in practice, they
cannot been applied directly on polymer gears because of the unique character of
polymers such as sensitive to temperature and easier to deform. However, polymer
gears mechanisms have been evaluated with some formulas which were originally
developed for metal gears, with correction factors to eliminate the differences between
them. The characters of polymer gears were summarized in ref [9] covering the material
variety, thermal behaviour, wear performance, failure modes, dynamic mechanism and

acoustic emissions.
2.2.1 Design methods of polymer gears
2.2.1.1 Bending strength

The Lewis equation for the bending stress S of metal gears is

FiPq
—__t4d 2.1
7 (2.1)

where F, is the tangential force, Py is the diametral pitch, b is the face width of the

tooth, and Y is the Lewis form factor of the gear tooth.

In order to make the equation fit for polymer gears, a more precise equation for root
bending failures was suggested by Yelle [10]. The maximum root bending stress

Sy, allowance is
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where S is given by Equation 2.1, K] is lubrication condition factor, Kj, is humidity
condition factor, K, is temperature condition factor, K, is speed condition factor (pitch
line velocity), K. is manufacturing process condition factor, K is material grade
condition factor, K,,, is mating gear material condition factor, K; is metal gear surface

roughness condition factor, and C; is service condition factor.

Later, the British Standard provides an equation for non-metallic gears to calculate the

maximum bending stress Sy, [11]:

S, = SY.K, (2.3)

where S is given by equation 2.1, Y, is contact ratio factor, and K is application factor.
2.2.1.2 Surface contact strength

One widely used equation on maximum contact stress is provided by the British

Standard [11]:
S. = ZnZo7s Leutly, (2.4)
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Z¢ IS contact ratio factor, and K, is application factor. v; and v, are Poisson ratios of
material 1 and 2 respectively. E; and E, are elastic moduli of material 1 and 2
respectively. u is the ratio of the number of teeth of the large gear to that of the small

gear.



2.2.1.3 Design method introducing wear and surface temperature

Mao [12] provided an equation specifically for polymer gears which took the surface

temperature into consideration. The maximum surface temperature is calculated as

Omax = 04 + kT + k,T3/* (2.5)
where
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0, is the ambient temperature of surround air. T, p and c are transmitted torque,

specific gravity and specific heat, respectively. ry, 7, b, Z and u are outside radius,

reference radius, tooth face width, tooth number and friction coefficient, respectively.

k,E, R, V, and V, are thermal conductivity, elastic modulus, relative radius, sliding

velocity for gears 1 and 2, respectively.
2.2.2 Failure modes of polymer gears

Up to now, the service life of polymer gears is difficult to predict because the polymers
are not as stable as metal. Each tiny variation in either manufacturing or working
condition could lead to huge difference in performance. In order to study the
mechanisms of polymer gears more deeply, it is important to understand why polymer

gears fail.
2.2.2.1 Wear

Wear is a natural phenomenon which occurs when two surfaces contact with each other
with a relative motion. AGMA [13] defines the gear tooth wear as a mechanism in
which layers of material are uniformly removed from the meshing surface. Halling [14]
summarised wear into four types, which are abrasive, corrosive, adhesive and fatigue
wear. Abrasive wear is the displacement of material caused by hard particles. Corrosive
wear is a process where electrochemical or chemical reactions occur. Adhesive wear is
that the material transferred from one surface to the other during relative motion.

Fatigue wear is that the small amount of material gets removed during sliding cycles.



2.2.2.2 Fracture

In most cases fracture occurs because of fatigue or overload on gear teeth. For the
fatigue fracture, when the number of working cycles under the load exceeds the
endurance limit of the polymer, crack starts to form, and it usually occurs at the root of
the tooth where the highest stress concentrates. Then the crack develops towards
fracture. The overload fracture happens when the applied load exceeds the tensile
strength of the polymer. What is more, the fracture often occurs at the pitch circle

which occurrence might be related to the temperature.
2.2.2.3 Pitting

AGMA [13] defines the pitting as repeated stresses of surface and subsurface exceeding
the allowance of material. It usually leads to pits on the surface because small cracks
on or near the surface get material pieces removed from the surface. Pitting is
influenced by the working cycles and contact stress; this progress is enhanced as pitting

occurs, leaving non-pitted area unable to hold the load.
2.2.2.4 Scuffing

Scuffing is caused by welding and tearing of small areas which leads to material being
rapidly removed from the tooth surface [15]. The use of high loads is usually implicated
causing friction overheating between surfaces of two meshing teeth, while the low heat

conductivity of polymers makes the temperature rises rapidly.
2.2.2.5 Plastic flow

As a permanent failure, plastic flow results from the yielding of the surface and
subsurface material and is caused by high contact stress during sliding [15]. Material
flow is caused by thermal softening and the whole deformation processed is influenced
by high surface temperature. Also, the deformation rate increases while the yield

strength deceases.
2.3  Review on enhancement of polymer gears

The ever-increasing demands for more efficient applications in engineering have
resulted in a rapid increase in the use of polymer composites due the unique advantages
over metal gears such as low weight, quiet running, low cost and excellent mouldability.

However, the application of heavy-duty polymer gears is limited due to lack of heat
8



resistance and mechanical strength. In these cases, polymer gears cannot be utilised in
current automotive systems. To solve this problem, the enhancement of the polymer
material and therefore the properties of the resultant gears, can be used effectively [8].
Adding fillers is one of the most common methods to strengthen them. In summary, the
enhancement of polymer gear is usually implemented by adding third party components

such as carbon fibres, glass fibres and nanotubes.
2.3.1 Polymer enhancement

As polymers continue to develop, they are more and more widely applied in industry.
But some applications require high load capacities, high temperature resistance or low
wear friction such as gears, bearings, pumps and cans [16]. So, it is necessary to
enhance the particular properties of polymers to enable for example the wear of
composites to be enhanced as much as 1/50 of that of unreinforced materials [17]. The
use of short fibres usually yields an improvement in wear resistance when being
incorporated in a polymeric matrix. In the matrix, any change of materials, or even a
change in the proportion of each material, can lead to huge differences in matrix
properties [18]. Also, the polymeric matrix behaviour is further affected by factors such
as the type, amount, size, shape and orientation of the fibres [19, 20].

2.3.2 Material types

There are common polymers which are frequently used as matrices in gears. Examples
include polyoxymethylene (POM) [21], polyetheretherketone (PEEK) [22],
polyethylene (PE) [23] and polycarbonate (PC) [24]. Fillers can be either inorganic or
organic and they usually improve the wear resistance due to either the enhanced
chemical properties (bonding between transfer films and metallic counterparts) or
improving mechanical properties (modulus and hardness) [25]. Inorganic fillers usually
enhance the mechanical and tribological properties of polymers [26] as they usually do
not bond with matrices except that some inorganic particles are of help to enhancing
the bonding between the transfer film and the metallic counterpart [25]. For example,
if copper acts as a filler in PEEK [22], CuS filled PEEK [27] and SiC filled PEEK [28],
those fillers act as enhancers to the transfer film and help on the reducing of the wear
rate. Commonly used organic fillers are fibres such as carbon fibres (CF)and aramid
fibres (AF) [16], [29-31]. Glass fibre is the most commonly applied reinforcement in



about 95% of fibre reinforced plastics [32]. Organic fillers can affect not only the

chemical but also the mechanical properties.
2.3.3 Effect of filler size

The size of fillers will influence the performance of the final composite. Fillers can be
divided into microparticles and nanoparticles. When compared with microparticles,
nanoparticles, namely particles smaller than 100 nm, perform very differently [33].
Durand et al. [17] undertook experiments with inorganic particles in polymers from 5
to 100 um with the conclusion that large particles (of about 100 um) protect the polymer
matrix better than small particles (of about 20 um). Furthermore, if the sizes of particles
are lower than 20 um, it will not reinforce the polymer matrix because it will be
removed along with polymer debris. Similar results had been found by Friedrich [34].
In contrast, Xin et al. [35] studied the spherical silica particles in epoxy with a filler
size of 120 to 510 nm and concluded that the smaller sized particles seemed to be more
effective to improve the wear resistance. [33]. Not only are the mechanical properties
improved such as strength, modulus and elongation, but also some of the chemical
properties are enhanced significantly [36]. Additionally, Xue [28] compared the nano
with micro SiC particles incorporated into PEEK and concluded that nanoparticles
performed better. In short, the results from researchers are not unified, and are
sometimes contradictory when considering the influence of size. In the aspect of wear

resistance alone, nanoparticles generally perform better than microparticles.
2.3.4 Effect of filler proportion

Generally, the performance of wear resistance gets better when the filler proportion
increases but after a certain amount of filler, it will reach a plateau and not improve
even with more particles added. As show in Fig. 2.1, the volume of particles will affect
the wear coefficient, but when the particle volume fraction is higher than 20%, it does
not significantly increase the wear resistance of the composites [17]. Wang [37] reached
similar conclusions about the wear coefficient influenced by volume of fillers but they
found the relationship between the wear rate and the volume of fillers. It is reported that
when the filler (ZrO,) is 7.7 wt. %, the wear rate is the lowest (Fig. 2.2). As well as
Zhao and Bahadur [38], they concluded that most of the beneficial wear-reducing effect
was achieved with 20-30 vol. % filler proportion.
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For randomly orientated short fibre reinforced polymers, the modulus E can be

calculated with the equation [39]:

3 5

where
E; = EVi+ E\V,
and
E:E
Er = _fFm
En Vi + EfVy

V¢ is the volume fractions of the fibre, V;, is the volume fractions of the matrix, E; is the

modulus of the fibre, and E,,, is the modulus of the matrix.
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Fig. 2.1 Effect of ceramic particle volume fraction on the wear of Composites [17]
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Fig. 2.2 Effect of the content of nanometre ZrO, (size of 10 um) on the frictional coefficient and wear
rate of the filled PEEK (load: 196 N; sliding velocity: 0.445 m/s)[37]

2.3.5 Reinforcement of polymer gears

When it comes to the specific reinforcement of polymer gears, the available
publications are not as many as those for reinforcement of polymer itself. As expected,
reinforced gears perform better in general than the unreinforced ones. For example,
Ikegami et al. [40] announced that the reinforced gears were superior to the gears
without reinforcement as to wearing durability. Gurunathan et al. [41] stated that the
wear rate would reduce with the increase of hardness and crystallinity when adding
fillers to polymer gears. Meanwhile, the thermal property was enhanced so that the
gears can keep the strength for longer times, namely higher gear life. Also, Senthilvelan
and Gnanamoorthy [42] concluded that unreinforced gears (Nylon 6/6) showed more
hysteresis loss than fibre reinforced ones did. Furthermore, carbon fibre reinforced
gears gained less hysteresis loss than glass fibre ones did. In thermal properties, not
only can the reinforcement with fibres reduce the internal heat generation capacity in
the matrix when under periodic working conditions, but also gears reinforced with high
modulus fibres demonstrated lower heat generation when compared with unreinforced
ones [42]. Another reinforcement method showed that gears reinforced with glass
cloths was twice as strong as the epoxy resin gear without the reinforcement in both

static and dynamic bending tests [40].

In contrast, the reinforced gears also bring weakness such as that the lead form deviation

and profile form deviation of reinforced gears are more than those of unreinforced ones
12



because the hard glass fibres on the teeth surface increase the surface roughness. What
is more, the fibres as fillers influence the material homogeneity so that more deviation
of reinforced gears will be created than that of unreinforced gears [43]. And it is obvious
that gears reinforced with high modulus fibres generate higher noise compared with
unreinforced gears [42], which weaken the advantage of the quiet operation of polymer
gears. An experiment demonstrated that reinforcement with carbon cloths did not
improve the tooth strength due to the low interlaminar strength in the reinforcing layers
[40].

Importantly, the influences of the above factors to polymer gears are not that clear, and
they are much more complicated to research than those of polymer materials. For
example, not only does the form of carbon fibre worn debris largely influence the wear
properties, but also the formation of the transfer film that will affect the depths of gear
teeth. Furthermore, the more abrasive the carbon fibre becomes, the more wear occurs.
In addition, the difference in the compression modulus and the surface hardness
between the paired gears also has an influence on intervention of the carbon fibre worn
debris at the engagement region [44]. Kurokawa [45] found that the gears did not
perform better in line with increasing of the high strength in mechanical properties.
But the more amorphous fractions in the base polymer, the stronger the lubrication
effect of grease on the engagement region. Most importantly, the teeth fracture usually
occurs in the fibre direction, in other words, it will change the failure mode in some

occasions [40].
2.3.6 Conclusions

Even though there are a lot of articles focusing on polymer enhancement, they could
not be applied directly because the gear pair meshing is a complicated process in which
the teeth thickness, pressure angle, surface roughness, pressure value and temperature
will affect gear performance and even these factors will affect each other under working
condition. For example, the chemical and mechanical properties of polymers are related
to the temperature, which could not be controlled during meshing. In this case, the
future work may consider more about the relationship between general material studies
and the specific polymer gear studies. For example, it has been shown that there are
many factors which may influence the mechanical behaviour of a material, but it
deserves further study to find out what are the main factors which affect the wear

13



behaviour when the material is applied on polymer gears. Meanwhile, undertaking more
laboratory experiments to obtain sufficient data for gear study is always valuable.
Finally, if more design methods or standards can be created for polymer gears, it will

be helpful to apply polymer gears more widely in industry.
2.4 Review with bibliometrics

Bibliometrics is the application of statistical methods to analyse publications. In the
field of scientific publications, it is called scientometrics. In order to review the
development process of the polymer gear industry further, the software CiteSpace was
applied to study this topic from the aspect of bibliometrics, which included the countries
which are studying this topic, the cooperation between different groups, the citing
conditions and the most related topics. This method helped understand the most relevant

areas to polymer gear and made a prediction on the future development of this topic.
2.4.1 Review with Web of Science

1441 articles including reviews from the database of Web of Science (WoS) were
found. The keyword search process was as follows: The first keyword group was a set
of keywords—“polymer”, “plastic”, “PC”, “PE”, “acetal”, “POM”, “nylon” and
“PEEK?”, all connected with the or function. The second group was “gear”. Then these
two groups were combined with the and function in the advanced search section of
WoS. All the data were filtered with “All languages” in the language setting and
document types were set as “articles” or “reviews” or “books” to exclude unwanted
resources such as presentations and meeting abstracts. After a quick check, it was found
that many resources related to marine and pollution were selected because they used
“fishing gear” as another name of the fishing tackle. Thus, ‘fishing gear' as a compound
using the and not function to exclude the relevant publications. Finally, 1179

publications as extracted as the final output.

Firstly, from the WoS, the analysis results of “Total Publications” (Fig. 2.3) and “Sum
of Times Cited Per Year” (Fig. 2.4) were exported. Fig. 2.3 showed that the number of
publications increased from 1991 and from 2014 it increased faster. Fig. 2.4 showed
the total number of citations to the 1179 found results per year. It showed the number
of citations started to rise from 1995. From the two figures, the increase of these two

numbers proved that the studies related to polymer gears got more and more popular,
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and researchers became more interested in this area. From 1970 to 1990, the average
publications per year are less than 10, and the condition of citation is similar. During
that period, the study of polymer gears had just started, and researchers were more
focused on the material choice as well as the production methods for polymer gears
[46-48]. Then the number of citations kept increasing every year. When it comes to the
number of publications, from 2014, the number of publications was more than 50 every
year and the number of citations per year were more than 950. The researching outbreak
continued till 2020. As the data for 2021 is not complete, it is not included in this study.

When undertaking the “Analyze Results” function in WoS, it showed that this topic
was related to 126 science categories, while the main studying areas were Engineering
Mechanical (33.3%), Materials Science Multidisciplinary (24.0%), Polymer Science
(9.8%), Engineering Manufacturing (8.2%), Engineering Multidisciplinary (6.7%),
Metallurgy Metallurgical Engineering (5.3%), Mechanics (5.2%), Physics Applied
(5.1%) and Nanoscience Nanotechnology (5.0%). There were 519 publication sources,
and the five main sources were from “Wear” (3.8%), “Tribology International” (2.5%),
“International Journal of Advanced Manufacturing Technology” (2.0%), “Proceedings
of the Institution of Mechanical Engineers Part C Journal of Engineering Tribology”
(2.0%) and “Bulletin of the JSME Japan society of mechanical engineers” (1.9%),
which covered the area of mechanics, manufacturing, wear and tribology. In summary,
the topic of polymer gear is a practical research direction with highly interdisciplinary

connections.

Total publications
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Fig. 2.3 Total publication numbers from 1972 to 2021 according to the Web of Science. Note: Data
updated to January 2021.
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Fig. 2.4 Sum of cited publication numbers from 1972 to 2021 according to the Web of Science. Note:
Data updated to January 2021.

2.4.2 Review with CiteSpace

The data gained from WoS were imported to the CiteSpace 5.7 R4 software for further
bibliometric analysis. These data were originally exported from WoS in plain text
format with the record content setting “full record and cited references” to get the most
details. In CiteSpace, they have been filtered to remove duplication. Then the setting
for CiteSpace was undertaken. As the earliest article found was in 1970, the time slicing
range was set from 1970 to 2021 (as the time range for the bibliometrics purpose), and
the slice is set as 1 year per slice by default. The term sources—“Title”, “Abstract”,
“Author Keywords” and “Keywords Plus”, were all selected for analysis. These four
terms covered the most important information from the raw data, which could then be

processed by the software.

Firstly, the co-authorship analysis was taken which included country type and institute
type. For the country type analysis (Fig. 2.5) regarding the citation numbers, the top 10
countries are the USA, China, Japan, India, Germany, England, South Korea, Canada,
Poland and France, meaning that these countries have been cited more for their
publications in the field of polymer gears. Then these 10 countries were ranked again
by centrality. In CiteSpace, the nodes (each node here represents a country) with
centrality higher than 0.1 means that they have relatively high influence in this field
and are coloured as purple (Fig. 2.6). In this condition, the high influencing countries
are Germany (0.4), the USA (0.32), England (0.25), China (0.23), France (0.22), Greece
(0.16), India (0.14), Belgium (0.12) and Australia (0.11). What is more, the thickness

of the connected lines between different counties determines how well the countries
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cooperate with each other in general. The USA and China had cooperation with most
of the main countries while Japan, Germany and England have relatively low

cooperation with each other.
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Fig. 2.5 Contribution of the main countries. Ranked by number of citations.
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Fig. 2.6 Contribution of the main countries. Ranked by centrality.

When it comes to the institute analysis (Fig. 2.7), it showed that most of the main
countries had at least one institute ranked top in this list, e.g. the Indian Institute of
Technology, the Chongging University in China, the Chinese Academy of Sciences,
the University of Birmingham in the UK and the University of Warwick in the UK.
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India is developing fast in this field. It began studying this area only from 1993 but with
a relatively high citation number of 88 during this period and ranked fourth in the list.
They gathered 23 universities as one institute, namely the Indian Institute of
Technology, making it rank first among all the institutes in regard to citation numbers,
which also gained influence due to the result. It showed that the Chongging University,
Chinese Academy of Sciences and the Wuhan Technology University played an
important role in China. The University of Warwick and the University of Birmingham
are the two major institutes in England. For Germany and Japan, Technology University
Munich and Nagasaki University are the most representative institutes, respectively. It
is interesting to see that there are no key institutes in the USA ranking top even though
the USA is one of the main countries researching on this topic. It is because there are
many institutes in the USA doing this topic such as Georgia Institute of Technology,
the Pennsylvania State University and Massachusetts Institute of Technology but the
average number of publications per institute is low. What is more, the USA is regarded
as one of the earliest countries studying this topic. This fact also contributes to the

influence.
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Fig. 2.7 Contribution of the main institutions.

The main contributed authors were also researched. When ranking by the citation
numbers (Fig. 2.8), the top five authors were N. Tsukamoto, K. Mao, R. Gnanamoorthy,
S. Senthilvelan, Huaiju Liu and Caichao Zhu (tied for fifth). When ranked by the

centrality (Fig. 2.9), the five authors were K. Mao, D. Walton, Huaiju Liu, Caichao Zhu
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and Jinyuan Tang. As marked with the most influence, K. Mao worked on a variety of
topics on polymer gears which included wear analysis, peformance simulation and test
facility designing[12, 49, 50]. D. Walton was mainly focusing on gear geometry design
and peformance of both metallic and non-metallic gears[3, 51, 52]. Huaiju Liu and
Caichao Zhu were in a same group, they had various research areas such as gear
lubrication, gear application and gear coating; and their group is mainly focusing on
transmission of both metallic and polymer gear systems[53-55]. Jinyuan Tang’s interest
was on dynamic responses of gears[56, 57]. N. Tsukamoto contributed much to the area
of transmission efficiency of polymer gears[58, 59]. R. Gnanamoorthy and S.
Senthilvelan were frequently working together on polymer gear performance related to

material, manufacturing methods and profile design[41-43].
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Fig. 2.8 Contribution of the main authors. Ranked by number of citations.
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Fig. 2.9 Contribution of the main authors. Ranked by centrality.

The keywords analysis could help find out the main topics in polymer gear research. In
CiteSpace there are two methods for keywords analysis. The first one uses the keywords
in publications directly; and the second one summarises all the keywords in titles,
keywords and abstracts to generate the keywords. In this study, we used the first method
and Table 2.1 shows the top 10 keywords sorted by frequency and centrality. The two
sorting methods are both effective to reveal the importance. The “by frequency” method
shows the most used keywords and the “by centrality” method lists the keywords which
occur in wider categories of publications. The keywords such as “gear”, “polymer”,
“plastic gear”, “plastics and “spur gear” define the research area. The keywords such as
“behaviour”, “performance” point out the research purpose. And the “friction”, “wear”,
“deformation™, “temperature” and “damage” are the main research objectives most
related to the research outcome. Finally, the keywords like “simulation”, “model

design” and “composite” are possible solutions for the research issues.
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Table 2.1 Most important keywords.

Rank | Keywords Frequency Rank | Keywords Centrality
1 behavior 111 1 polymer 0.07
2 gear 109 2 model 0.07
3 wear 103 3 growth 0.07
4 friction 91 4 damage 0.06
5 polymer 85 5 Surface 0.05
roughness
6 performance | 69 6 plastics 0.05
7 plastic gear | 63 7 water 0.05
8 simulation 55 8 design 0.04
9 temperature | 54 9 composite 0.04
10 spur gear 50 10 deformation | 0.04

The document co-citation analysis is a method pioneered by Henry Small [60] to
synthesise research networks. The synthesised network is divided into co-citation
clusters of references to show an overview of the research process. In this study, the co-
citation analysis was undertaken based on publications from 1970 to 2021. The top 80
most cited publications were collected to build a cited reference network for each
individual year. Then all the results were combined into one network. As recommended
by the software designer, the log-likelihood ratio (LLR) method was applied and the
keywords of publications were chosen for analysis. The whole network contained 9555
references, namely the nodes in the pictures. It had 2388 clusters in total and there were
523 clusters which had more than one reference. The network had a modularity (Q)
value of 0.50 and a mean silhouette score of 0.80 (S). Generally, if Q has a value larger
than 0.3, it means that each field represented by a co-citation cluster inside the whole
network is clearly defined. If the S value is greater than 0.5, it means that the clustering
effects are reasonable, and the level of homogeneity is relatively high, suggesting that
clusters are well matched with each other[61]. Thus, the cluster results are considered
reasonable. The top 10 clusters were shown as Fig. 2.10. The colours of the clusters
were related to the citation time which would be analysed later. It also showed that the
fields were ranked as: #0 “polymer gears”, #1 “material valorisation”, #2 “block
copolymers”, #3 “polymer matrix composites”, #4 “quality improvement”, #5 “three

dimensional printing”, #6 “electrochemical properties”, #7 “cycloidal gear”, #8 “gear

21



mesh and contact path”, #9 “soft robotics”. The overlapping area implied that the
clusters had close relationship with each other such as #4 with #5, and #7 with #8. In
summary, it covered different aspects including materials (#1, #2 and #3), applications
(#7 and #9) and mechanics (#8) of gear.

#3 polymer matrix composites

#2 block copolymers

#5 three dimensional printing

#4 quality improvement

#6 electrochemical properties

#1 material valorisation
#8 gear mesh and contact path

#0 polymer gears

#7 cycloidal gears

#9 soft robotics

Fig. 2.10 A landscape view of the co-citation network.

Then the timeline visualisation was presented which depicted the top 10 clusters along
horizontal timelines (Fig. 2.11), according to the time of publication on the top of the
picture, from left to right. Clusters were vertically listed in the descending order of size.
The coloured arcs represented the co-citation links. The larger the nodes (solid dots on
the horizontal lines) were, or the denser tree rings the nodes had, the more importance
these fields had because it meant that they were highly cited or had citation bursts or
both. Those references were listed below each timeline. From the timeline view, the
clusters showed different levels of sustainability represented by arc lengths. Some kept
active for 15 to 20 years while some were alive for a relatively short time. Important
nodes deserved deep studies as they were key references. Thus, more research will be

carried out in Section 2.5.

It was interesting to see that there were no co-citation links (represented by coloured
arcs) found before 2000. One possible reason would be that there were not as many
citations in that duration. Another possibility was that prior to 2000, the information
from the database was not as detailed. To get a better understanding of the whole
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development process of polymer gears regarding the circumstance above, the co-

occurrence term analysis was then taken.
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In CiteSpace, the co-occurrence term analysis can extract noun phrases from the content
of the bibiographic records. Then it finds out important phrases from titles, authors and
keywords of publications. The phrases with count numbers greater than 3 were
summarised in Table 2.2, with the years indicating the first time they occurred. It
showed that from 1970 to 1979, the studies on polymer gears started; and the research
was relatively more basic and focusing on the concepts such as wear rate, deformation,
rolling methods and wear resistance. Then from 1980 to 1989, the topics extended to
material, gear tooth design, transmission system, etc.. When it came to 1990-2000, one
of the key characteristics for polymer gears, namely temperature has been paid
attention; advanced techniques such as finite element analysis were applied in

simulation, and composites were introduced in material.

Table 2.2 Most important topics from 1970 to 2000.

Noun Phrases Year

Plastic gears; nylon gears; wear resistance; 1970-1979

wear rate; plastic deformation; rolling method(s);

Power transmission; gear teeth; tooth profile 1980-1989
change; plastic material; tooth surface; mating

metal gear(s); lubracating;

Degrees; temperature; gear pump; flow rate; 1990-2000
finite element analysis; tooth profile; surface
layer; high strength; composite gear(s); fatigue;

friction coefficient; carbon fiber(s);

Furthermore, the reference burst analysis adds up more details about the references
which have relatively high importance due to the burst in cited numbers. The results
were shown in Table 2.3. The Begin and End years displays the burst duration for the
reference. Year means the year of publication. And the Entity column lists basic
information of publications. Those publications will be reviewed later with a new

method in Section 2.5 using computer science.
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Table 2.3 Top cited publications by bursts.

Begin | End Strength | Year | Entity

2010 | 2014 | 25971 | 2010 | Mao K, 2009, WEAR, V267, P639, DOI
10.1016/j.wear.2008.10.005

2018 | 2010 | 3.4797 | 2017 | Walvekar AA, 2017, INT J FATIGUE, V95, P264, DOI
10.1016/j.ijfatigue.2016.11.003

2018 | 2019 | 29819 | 2017 |Li S, 2017, INT J FATIGUE, V98, P8l, DOI
10.1016/j.ijfatigue.2017.01.020

2018 | 2021 |2.9684 | 2016 | Evans SM, 2016, TRIBOL INT, V97, P379, DOI
10.1016/j.triboint.2016.01.052

2019 2021 | 8.516 2015 | Mao K, 2015, WEAR, V332, P822, DOI
10.1016/j.wear.2015.01.084
2019 2021 | 6.494 2015 | Pogacnik A, 2015, MATER DESIGN, V65, P961, DOI

10.1016/j.matdes.2014.10.016

2019 2021 | 5.6379 2018 | Fernandes CMCG, 2018, TRIBOL INT, V120, P255, DOI
10.1016/j.triboint.2017.12.027

2019 2021 | 5.4936 2018 | Tavcar J, 2018, J ADV MECH DES SYST, V12, PO, DOI
10.1299/jamdsm.2018jamdsm0006

2019 2021 | 5.0102 2018 | Singh PK, 2018, TRIBOL INT, V118, P264, DOI
10.1016/j.triboint.2017.10.007

2019 2021 | 5.0102 2018 | Hasl C, 2018, J ADV MECH DES SYST, V12, PO, DOI
10.1299/jamdsm.2018jamdsm0016

2019 2021 | 4.6747 2015 | Bravo A, 2015, ENG FAIL ANAL, V58, P113, DOI
10.1016/j.engfailanal.2015.08.040

2019 2021 | 4.3828 2018 | Singh AK, 2018, P | MECH ENG J-J ENG, V232, P210, DOI
10.1177/1350650117711595

2019 2021 | 3.6597 2017 | Zorko D, 2017, J ADV MECH DES SYST, V11, PO, DOI
10.1299/jamdsm.2017jamdsm0083

2019 2021 | 3.4095 2016 | Duhovnik J, 2016, TEH VJESN, V23, P199, DOI
10.17559/TV-20151028072528

2019 2021 | 3.129 2017 | Hu ZzD, 2017, TRIBOL INT, V116, P394, DOl
10.1016/j.triboint.2017.07.029

2019 2021 | 3.0616 2018 | He HF, 2018, INT J MECH SCI, V141, P512, DOI
10.1016/j.ijmecsci.2018.03.044

As another overview on polymer gears, Fig. 2.12 is a dual-map overlay of the polymer

gear publications in the context of the global science map based on more than 10,000
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journal records in the Web of Science. It showed the relationship between the
disciplines (map part on the left) and the science categories (map part on the right).
More information about this method is on the publication of Chen and Leydesdorff [62].
In this dual-map overlay, the node area on the left are the disciplines of the citing
publications, i.e. the more than 10,000 publications in our original datasets. The node
area on the right were the disciplines of the cited publications, which were the
references cited by the publications in the original datasets. Generally, the disciplines
on the left showed what categories the searched topics were related to; and those topics
are either related to or based on the disciplines on the right. In this figure, the curves
stood for reference clues; and the ellipses contained information of the number of
authors (monitored by the minor axis length) and the number of publications (monitored
by the major axis length). It showed that the polymer gear publications occurred in
many disciplines. This topic mainly belonged to two major disciplines, which were
“physics, materials, chemistry” and “mathematics, systems, mathematical”. When it
came to the cited publications, the disciplines became much wider, such as “systems,
computing, computer” and “sports, rehabilitation, sport”. It might be because the
polymer gears were widely used in many areas and as practical research, it was related

to many scientific areas as well.

27



"yaJeasal Jeab JawAjod 10) uonesiensia Aejiano dew-fenq 21z b4

1¥2LLIT0d JINON 4
TVIDOSNOILVINGT ‘ADOTOHIAS 'L

30NYS ‘VI9OT0ISd ‘VASIAIY ET wt’

HLTV3H ‘NOIL¥ANA3 ‘ADOTOHIASA "9
A u__>_020uw SUIaN0O o >UOA_OS:<LHILO\mhzO”_m quJ_Oz:wz..w
VIHOOIOWTVHIHAO DINTYHLHAO ‘ADOTOWIVHLHAO ST AVIINTD “TYIIGINLINIDICIN T

$QY0D3Y ‘AHAOSOTIHA ‘AHOLSIH ‘8T 140dS ‘NOLLYLITIGYHIY ‘SLN0dS 64

AYIOUNS ‘AYLSLINIA ‘ADOIOLYINYIA 'vT A¥IDYNS ‘ADOTOLYINYEIA ‘AYLSILNIA ‘6

INIDIGIN-ONISHNN ‘HLIVIH 'S

A -

oS JINID KDOTOIEHYINIIIOW '8

H3LNdINOD ‘ONILNDIAIOD ‘SILSAS ‘T 7 o
~AS010USYHVd “IVININY ‘AYVNINILIA TT

NOILIYLAN ‘ADOTOIIXOL “IVINIAINOHIANT Z R b IVIILYWIHLYIA ‘SINILISAS ‘SOILVINIHLVIA °T

‘ ‘ mu_m.>Immev ,>mu0._0mu;I._yx(ymo._OON.)UO'_OUmFZ(JQ.Oﬁ
SANVHIIN “SIILVINTHLVIN TV R 2 v AL SINEHD 't




Finally, this bibliometric method was used to target the main challenges for the research
of polymer gear. Fig. 2.13 is the category analysis which presents the most related fields
to polymer gears. Each node stands for one category. Nodes are linked by curved lines
showing that they are related. Generally, the bigger the node size is, the more important
its category stays; The thicker the line is, the stronger the bonding between two nodes
is [63]. In this project, it shows that “engineering”, “engineering mechanical”, “material
science”, “material science multidisciplinary” and “polymer science” are the most
important categories for polymer gears. But “engineering” and “engineering

mechanical” have relatively weaker connections to nodes related to materials.

Similar conclusions were drawn when checking the publications in detail. There are a
large amount of polymer testing references [64, 65]. However, only few of them are
currently applied to polymer gear analysis. In polymer gear applications, reported
research methods stayed at a macroscopic level such as the wear performance [66-69],
temperature influences [70-73] and oil influences [74, 75] on different kinds of
polymers [76-80]. Due to the complex interactions in gear applications, the vast
majority of findings could not be directly applied on polymer gears, meaning that there

is a gap between the study of polymer science and polymer gear performance.

//—\‘

{ ENGINEERING
\

ENGINEERING, MECHANICAL

MATERIALS SCIENCE, MULTIDISCIPLINARY

MATERIALS SCIENCE

POLYMER SCIENCE

Fig. 2.13 Category cluster

In summary, this method helped on the review of polymer gear research and studied
more on the relationships among different disciplines. However, it should be noted that
the results presented are also limited by the keywords chosen. For example, the
variability of key words such as “PE” and “Polyethylene” will influence the
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bibliometric results. Further exploring on the influences of keywords variability would

be worthwhile in future research.
25 Automatic literature review

As shown previously, the study of polymer gear covers many categories which bring
in a large number of publication resources. For higher study efficiency, the author wrote
a script using Python (Python 3.7.3) to automatically undertake the literature reviewing

process.
2.5.1 Design of the auto-review script

The commonly downloaded publication files with the format of .pdf can be used for
reviewing. Due to legal requirements, using a web crawler method to download a large
quantity of academic papers automatically is not allowed. So, all the publications are
searched and downloaded manually. Then all the pdf files are transferred from pdf to
text in script. Many third-party libraries had been tried such as pdfminer, pdfminer.six,
PyPDF2 and pdfPlumer. The pdfminer.six has the best performance and it is applied in
this project. Then the text files are extracted into the script. All the pdf files in the target
folder will be read through one by one. An excel file is created to store all the results,
each row stands for a paper. There are four parts of the output results. The first part list
the titles. The second part extracts the information of authors and publication years. The
third part snips the abstract because it provides the essential information for quick
understanding of the publication. The final part provides a summary which is based on
the conclusions or results part of the publication. In the excel file, each column stands
for one part of the results. As for the methodology of the process, most of the
publications are highly formatted, the script tries to track the general format then
extracted the required information from the publications which are mostly relying on
the regular expression. For example, the abstract part usually begins with the title of
“abstract” or it usually follows the author & year part. And the next part is usually called
“introduction”. The keywords indicating the start and end of the abstract are searched
then the section between them is outputted. When it comes to the summary part, the
script tries to search all the sentences with some landmark root words, for example the
“conclu-”, “result-”, “show-" and some conjunction such as ‘“however” and

“furthermore”.
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The script gathers important information from different publications in one table
automatically, which increases the efficiency in roughly reading large quantities of
publications. And it tries to find out some of the most evident conclusions in the
publication, which may help gain further understanding than only having information

from the abstract.
2.5.2 Results of the auto-review script

Due to the limitation of the thesis length, only some literatures are auto reviewed. The
literature burst analysis using CiteSpace in Chapter 2.4 list some important references
(Table 2.3). Those references are selected and the results of the auto-review process on
them are detailed in Appendix A. Fig. 2.14 demonstrates two examples of successful
and failed processing, respectively. This tool brought in some advantages. First, it listed
some information of different publications such as the titles, authors and abstracts in
one table, which would help the researchers on review and comparison of the
publications. Second, it summarised some key conclusions from the content
automatically, researchers could extract more information without reading deeply on
each publication or at least receive more information about each publication in few
minutes. This would be helpful to support the literature review process especially when
the subjects are within a lot of different publications: this tool can be used as a filter to

help researchers highlight more interested publications.

Title Year;Authors Abstract SUMMARY
ARTICLEINF O This study investigates the potential of three different thermoplastic
materials viz. Acrylonitrile Butadiene Styrene Keywords: (ABS), High Density Polyethylene  The results obtained in m s stu dva e concluded as follow: 1. It resul \\s n a reduced wear rate
(HDPE) and Polyoxymethylene (POM) to be used in plastic gearing applica- Polymer gears ~ of gear tooth at higher
2018 Failure tions. The gears are manufactured by injection molding process. Thermal and
Prashant Kumar  we: vior of th eseg ears are Wear rate examined at different torque levels of 0.8,
Singh *,
Siddhartha,
Akant Kumar
Singh

An investigation on the
thermal and wear behavior

otati
ear of gear teeth while HDPE
of polymer based spur gears

performance. machine cu
a dtof

the gears made b

be fabricated to inve

n be compared with
form of gears such as he\(a\c bevel gears can

2016
S.M.Evans  experil

olymer-steel spur gear
o pur g ab.n, P.S. Keogh
a

pair from slip/roll ratio
fundamentals

i
performance without Gear ncy testing full gear pai
2016 Elsevier Ltd. All rights reserve ed Slip/roll r. alaTemue ature prediction 1.

Fig. 2.14 An example of auto automatically literature review results.

2.5.3 Limitations of the design

First, this model doesn’t work on non-searchable pdf files because they are created with

image format, but the current tools can not convert them into text. Second, the model
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will only work on English publications. The ones with other languages will generate an
error output. Third, on some occasions there are issues when attempting transfer pdf to
text such as the failed example shown in Fig. 2.14. It is because the text extracting
process starts from left to right, from up to down in each page and many of the
publications have a two-column lay out. If the words on the right column are higher
than the ones on left column such as Fig. 2.15, it may lead to disorder of text extraction
then a failure in the summarising process. In short, the current tool does not work well
when transferring a pdf file with multi-column format to text. This issue was optimised
by adjusting the setting values as well as adding more conditions by the author, but it

may still need more optimisation to completely overcome this issue.

SM. Evans, PS. Keogh / Tribology International 97 (2016) 379-389 389

the gear centre 70 pm was considered appropriate and was shown
to give rise to the under-prediction of 25 °C.

Two models were also presented to predict the temperature rise
in the aligned rod on disc experiment. The FE model considered an
averaged circumferential heat input, whilst the analytical model
included the rotational and cyclic nature of the heat input to the
polymer disc. There was good correlation between both models and
the experimental data, which provides a degree of validation. It is
therefore concluded that the combination of aligned rod on disc
modelling and experimentation, together with time averaging over
a gear contact load profile is sufficient to predict the running
temperature of a spur gear pair. This avoids the need for complex
transient analysis of the multiple interactions of teeth in a gear pair,
which would be excessive if undertaken by FE modelling. Hence the
methodology is appropriate for the design of new gear pairs in
terms of the defined contact load profile.

3 — Ro
B Rt S S Ar
H ——FE
i et L

2 L T
0 200 400 600 800 1000 1200 1400 1600 1800
Time (s)
References
Fig. 17. Comparison of rod on disc temperatures with the model.
[1] Breeds AR, Kukureka SN, Mao K, Walt
correction of 0.5 mm has been applied. This is to the addendum pairs, W
and dedendum of the gear teeth, which effectively moves the 2] 1

Fig. 2.15 Example of pdf file with failed auto-review process [81]

In the future, with the help of Natural Language Processing (NLP) in Artificial
Intelligence (Al) [82], it is believed the automatic literature review process will be much

more efficient.
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3 Design and manufacturing of polymer gears

3.1 Introduction

As the first step, the design of the gear needed to be confirmed. This chapter describes
the gear shape chosen and the details of two iterations of the IM mould design. A
comparison between two moulds is made and the upgraded mould edition is chosen for
further research. In order to enable the molten polymer to flow symmetrically, the
required keyway as well as pin holes are not added into the mould directly. Thus, the
manufactured gears need to be modified by a secondary machining process which is

detailed here. Once this is all completed, the gears are ready to be tested.
3.2 Injection moulding process

Injection moulding can offer accurate geometry even for complex shaped products

within a short cycle time [83]. The process can be summarised as below:
a) Melting and pre-heating the polymer materials in the injection moulding barrel.

b) Injecting a dosed quantity of this melted plastic into a closed and heated mould

cavity through a sprue under a pre-set injection pressure.

c) Hold a relatively low pressure until the moulded part becomes solid to minimise

shrinkage and add extra material to compensate for this.
d) Open the mould and eject the solid part from the mould.
e) Dose a new fixed weight of material in the injection cylinder
f) Starta new IM cycle.

An overview of the parts of an IM machine is shown in Figure 3.1:
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Fig. 3.1 Common IM machine Schematic [83]

The polymer is stored in the hopper as preparation and is fed onto the screw by gravity.
The injection cylinder, which contains the screw, is heated by electric heaters, and heats
the material to a pre-set temperature. A measured dose of material is injected into the
tool cavity through the combination of heat and high pressure. A hydraulic ram is used
to generate melt pressure. The screw not only helps melt the resin but also conveys
material through to the screw tip. Hydraulic pressure moves the melt plastic through a
nozzle then into the part cavity of the mould. Then the ram holds a lower pressure to
fill more material in the cavity until the plastic in the runner becomes solid. After that,
the pressure is released when part is hard enough and the mould opens, then the part is

ejected.
3.2.1 Injection moulding parameters

During the whole IM process, there are numbers of parameters which can be set on the
IM machine such as melting temperature, cavity temperature, holding time, holding
pressure, cooling time, back pressure, screw speed and injection speed. Most of them
are set through manufacture recommendations, trials and experience. Some of the main

factors for consideration are listed as below:
e Melting temperature

This is the material specific temperature of the heater set to allow material to be
conveyed and moulded. The heater will transfer the heat to the material in the injection
barrel. The real temperature of material will be influenced by the heater, screw pressure
and screw rotating speed [84]. If the melting temperature is set too high, the material
will be burned. If it is too cold, the materials may not inject, or the moulded part may
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have defects such as being brittle. Cold material will also place higher demands on

injection and holding pressure.
e Mould temperature

The mould temperature is the temperature of the mould cavity inner surfaces which can
be controlled by the mould internal cooling system. This is usually either a water or oil
system [85] depending on the tool temperature required. It is a key parameter for IM
because firstly, it will affect the surface quality, material viscosity, shrinkage,
deformation and moulding cycle aspects. Secondly, maintaining the cavity temperature
to a specific value will help keep the product as the same quality in each IM cycle.
Otherwise, if there is no cavity temperature set, it will be highly affected by the injected
material and the injection condition will be varied at each time. Increasing the cavity
temperature will help improve the material viscosity and surface quality but the cooling
time will be extended and the shrinkage will be higher. Decreasing the cavity
temperature will save time for IM cycle and create less material shrinkage, but when
the molten material meets the mould surface, it will cool down rapidly, which will cause

potential problems such as flow lines, blisters and flanking of the surface.

Some studies show that the mould temperature influences the surface quality [86] as
well as the inside residual stress [87] of the IM parts.

e Injection pressure

Injection pressure is the pressure that pushes the liquid plastic into the mould cavity.
The value of the pressure should be high enough to force the material to fully fill the
cavity. The setting is related to a flow-ability character named melt flow rate (viscosity).
If the injection pressure is too low, a related parameter injection time will increase
which may lead to higher frozen layer fraction and lower flow rate. While if it is much
higher than needed, it may cause high residual stress. The higher the injection pressure
needed, the higher clamping force the IM machine should have. Thus, materials with

good flow characters are more widely used [88].
e Injection speed

The injection speed is the speed of the volume of molten polymers injected into the

mould cavity. It will influence the surface appearance, if the injection speed is too high,
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jetting may occur and the shear pressures on the material will be higher causing trapped
air, diesel effects and burning, especially when passing through the thin gate. While if
it moves too slowly, it may bring defects such cold slugs and short shots. It should be
noted that the actual injection pressure cannot been set directly in the IM machine, it is

indirectly changed by adjusting the injection speed.
e Holding pressure

When the injection process is finished (approximately 90% to 98% full of volume), the
holding process will take over. Holding pressure is the pressure against the cooling
plastic in the cavity image while that plastic solidifies. A high holding pressure will
cause overfilling of moulds, flash and potential mould damage. While if the holding
time is too low, it will produce sink marks, rough surface and high shrinkage [89]. As
a thumb of rule, the holding pressure is usually set as 50% of the injection pressure,

however it may go up to 80% sometimes [88].
e Holding time under holding pressure

Following the injection process, the holding process will help fill in the gap of the
mould cavity as well as decrease diesel effects [90]. Once the gate closes or the part
freezes the holding process can stop. If the holding time is too short, the part will have
high shrinkage and the part will be poorly shaped. If it is too long, it will increase the

cycle process time and may have flash as well [91].
e Back pressure

Back pressure is the pressure required to suck material into the screw occurring when
the screw feeds backwards and sucks material from the hopper to the barrel. It can help
homogenise the polymer as well as push out unwanted air. It is usually suggested to
keep the back pressure as low as possible otherwise excess back pressure will cause too
much shearing force in the polymer and it may also lead to thermal degradation [88].
While if it is too low, the screw may not move backwards successfully to the pre-set

material dosage point.
e Cooling time

The cooling time is a duration in which the component is left in the closed cavity before
mould opening and ejection. If the time is too short, the ejection pins will damage the
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surface of part or warpage will occur because of the ejection force. And it is related to
the defects such as high shrinkage. While if the cooling time is too long, it will not only
increase the injection cycle but also make the part more likely to stick on the mould
which will require extra ejection force. Figuring out a balance between efficiency and
quality is the main purpose in this process [92]. As the most important parameter which
influences the cycle time, much attention has been paid due to the demand of higher

efficiency in industry.

There is a new method named rapid cooling which can largely decrease cooling time
by changing the cavity temperature fast. Nevertheless the uniform cooling is
recommended because it offers better quality with lower level of shrinkage, inner stress,

warpage and easier ejection.
3.2.2 Injection moulding gate design

During the injection moulding process, the molten plastic flows from the nozzle to the
cavity through a runner. A runner is a channel cut into the mould that allows plastic
material to flow from the nozzle to the cavity. And the gate is the part which connects
the IM part and runner. The gate performs an important connection function which
allows molten polymer from the injection cylinder to enter and fill the mould cavity and
should be designed to avoid shrinkage as much as possible. Thus, the design of gate
largely influences the final moulded part. The design of gate mainly contains the
location, number and the type of the gate. There are many kinds of gates, the most

applied ones are as follows:
e Sprue Gate

The sprue gate (Fig. 3.2(a)) is widely used especially for parts with a base. It has the
advantages of direct flow without losing pressure or increasing shearing when
compared to restricted or side gates. It has disadvantages as well, for example, the gate
area may gather high stress concentration and the gate needs to be removed manually
after each IM cycle.

e Restricted Gate

As shown in Fig. 3.2(b), the restricted gate is narrow at the neck, it is widely used in
multi-cavity tools because the gates usually break off when ejecting without moving
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out manually if it is not too large. While if the gate is too small, high pressure as well
as the frictional heating occurring at the gate may cause burning and splash marking on
the parts. As a rule of thumb, the diameter of the gate should be between 0.6mm to
2mm. In order to protect the IM part, the back taper is designed with some distance
(usually 1.5mm) away from the surface of the moulding to avoid any unexpected

cracks.
e Side Gate

The side gate (Fig. 3.2(c)) is usually used in multi-impression moulds when the
components are flat and relatively small. It offers parallel molecular orientation in the
cross section thus has uniform shrinkage in flow direction. The size of the gate is
recommended as 75% of the component thickness and the width is the same as the

runner.
e Fan Gate

Fan gate (Fig. 3.2(d)) becomes wider from the runner side to the part connection. This
design has the advantages of reducing stress concentration at the gate. It fits for relative
thick parts with minimal warpage and good accuracy because the gate chills off slowly

and can transfer pressure even in cooling process.
e Diaphragm Gate

For the best uniform radial mould filling, the diaphragm gate (Fig. 3.2(e)) is usually
considered. This design not only offers symmetrical flow but also reduces weld lines.
For fibre reinforced parts, it helps orientate the fibres symmetrically and make the
shrinkage even across the part. This gate has to be removed manually after each 1M

cycle.
e Spider Gate

In order to save material from diaphragm gate, the spider gate (Fig. 3.2(f)) is designed
especially for large diameter apertures. It should be noted that as a disadvantage, this
design creates several weld lines at the meeting of different flows. This influence on

both appearance and mechanical property should be considered.
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e Hot Tip Gate

The hot tip gate is one of the most commonly used gating methods. It keeps the plastic
inside the runner as well as the gate cavity molten, which means the runner as well as
the gate will not be part of the injected moulded parts. Thus, it reduces the waste in each
IM cycle. It should be noted the hot tip gate leaves a small mark on the moulded part

surface which influences the part appearance.

L - -
i/
(a) (b) (©)
¢ EB
(¢) )

Fig. 3.2 IM gate designs [93]. () Sprue gate. (b) Restricted gate. (c) Side gate. (d) Fan gate. (e)
Diaphragm gate. (f) Spider gate.

3.3  Preliminary gear and the mould design

A gear design for IM includes two parts which are gear design itself and the IM mould
design. For the gear shape, a commonly used design has been applied. With the help of
Moldflow software, the details of mould design were simulated then confirmed such as

the sprue location, runner size and gate style (Fig. 3.3).

Fig. 3.3 Mould design using Moldflow
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3.3.1 Mould design

The IM machine offers a steel tool bolster set with a changeable mould insert cavity
(Fig. 3.4(a)). Thus, a focus on the design of inserts which are compatible with the cavity
size was necessary. Aluminium inserts were designed as shown in Fig. 3.4(a) and the
full details are in Appendix B. The side gate was used in this design. The molten
polymer flows from the sprue inlet hole, runner and gate then spreads from the bottom
to fill the whole gear cavity while trapped air inside exits from both vent and parting
line area. Once the gate becomes solid, the holding pressure is released and leaves the
part cooling until ready to eject. As a two-plate mould design, the right-hand side (RHS)
plate on the injection side is fixed during the IM and the left-hand side (LHS) insert is

attached on the movable side of the mould cavity.

After the cooling time step, the mould opens automatically, then the gear is ejected
manually with tools (Fig. 3.4(b)).

There are some limitations on this manufactured gear part which should be highlighted.
First, the design of the contour on the gear face (Appendix B) makes the gear quite
difficult to eject manually, it needs to be removed (Fig. 3.4(c)). Following further
cooling and shrinkage of the gear, the part line is like Fig. 3.4(d). As the gear teeth are
the contact area for gear meshing, it is believed to influence the accuracy as well as the
performance of the gear. Unfortunately, these disadvantages cannot be eliminated by
simply modifying the current mould insert.
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Fig. 3.4 (a) Preliminary mould design (b) Screwdriver tool for gear ejection (c) Preliminary mould

cavity design (d) A manufactured gear sample with preliminary mould design

3.3.2 Gear shape design

The gear specification is shown in Fig. 3.5. A number of studies have been carried out
with this specification and it has therefore been proven reliable [49, 67, 69, 73, 94].
Thus, it will be easy to make comparison of the results from this study with others. Fig.
3.5 shows the gear geometry design. Four pin holes are cut to insert pins to allow the
gears to be fixed in the gear testing equipment. This is for relatively soft polymer such
as pure acetal as the keyway hole will be easy to break when holding the whole load
during testing. If the gears are relatively rigid such as fibre reinforced polymers, the
keyway is strong enough to bear the whole load itself, the pin holes are not needed

practically.
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Keyway to suit 5x5 Parrallel key

Parameters Gear Module Tooth  Pressure Angle Face Tooth Contact Profile
Category (mm) Number ) ‘Width Thickness Ratio Standard
(mm) (mm)
Value Spur 2 30 20 15 3.14 1.67 DIN
Gear 3960

Fig. 3.5 Gear geometry and specifications.

3.4  Final edition of gear and mould design

As the first gear iteration had some disadvantages which influence the gear
performance, an upgraded design was applied to make better quality gears.

3.4.1 Gear shape design

The gear specification as well as the geometry are the same as Fig. 3.5 respectively. As
a design update without heavy influence on the gear testing results, a rim has been
designed on the gear body (Fig. 3.6) to decrease the body shrinkage as well as the
cooling time in IM process. And the fillets are created for better appearance and to make
the gear easier to eject. If the IM part adheres tightly to the mould, high force will be
necessary when ejecting, potentially damaging the gear. This should be avoided. Thus,
in order to make the part easy to eject, with the help of the toolmaker, draft angles were
added on the gear. It should be noted that the shaft hole was designed as 15mm while
the target is 16mm because a design margin was needed to take account of shrinkage.

Details of gear and mould design are shown in Appendix C.

42



Fig. 3.6 Upgraded gear design with a rim.
3.4.2 Mould design

A centre diaphragm gate is utilised to make the melted plastic flow uniformly in each
direction, the section diagram is presented as Fig. 3.7(a). It helps eliminate the influence
of differences of molten plastic flow in each orientation on the gear wear performance,
especially for a polymer with additives such as fibres. Moreover, the keyway as well as
the four-pin holes used for gear installation are not created on the mould directly so as
not to create any melted plastic turbulence and weld lines during the injection moulding
process. In summary, this design keeps the flow direction as well as the shrinkage
uniform in each direction to make the gear accurate in geometry and easy to study
without unwanted noise from the IM process. As shown in Fig. 3.7, RHS (Fig. 3.7(b))
is the fixed side and the melted polymer flows from the runner in the centre then spreads
into the whole cavity through the diaphragm gate. As the gate was designed as a
diaphragm gate instead of a sprue, it needs more time than a sprue gate for the gate to
solidify. The LHS (Fig. 3.7(c)) insert contains the whole cavity of the gear part, and is
the side the component can be found when the mould opens at the end of each IM cycle.
It is ejected automatically by 6 ejection pins. What is more, this design eliminates any
embossment produced by the gap of parting line as the previous design and the vent is
designed on each side of the gear body face. The full details of mould design are

attached in appendix C.

This design overcame all the defects from the previous mould design with better design

quality. What is more, the ejection pins allowed automatic gear manufacture once the
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IM parameters were confirmed, increasing working efficiency. Therefore, this edition

was chosen as the primary IM tool and it was used in the following research.

Fig. 3.7 (a) Gear cross section from Moldflow. (b) and (c) Gear moulding tool.
3.5  Gear modification

The gears were manufactured using the mould design showed in section 3.4 and the
gear specifications were shown in Fig. 3.5. As the gear injection moulding process were
different regarding the materials applied as well as the specific aim of study, it will be

explained in more details in each study independently later.

When gears were manufactured from the IM machine, they looked like Fig. 3.8(a). The
sprue part as well as gate were connected with the gear and there were no pin holes or
keyway. In order to make them available to be tested on the test rig some machining

and cutting steps were undertaken.
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3.5.1 Removing of sprue and gate parts

The sprue and gate need to be removed first. As the gate is thin, when it was pushed by
a press (Fig. 3.8(b)) along with a pin whose diameter was smaller than that of gear shaft

hole, it was removed from the gear part easily.
3.5.2 Shaft hole expansion

It was mentioned in the previous section that the diameter of the final shaft hole should
be 16mm while it was designed as 15mm. Because different polymers or different IM
processes may create very different values of shrinkage, enough allowance should be
left in order to avoid making the shaft hole larger than required as it might lead to
installation issues. Therefore, the shaft hole was smaller than 16mm hole and expansion
was required. A cutting machine tool (Fig. 3.8(c)) was used to expand the shaft hole. It
should be noted that the machine needs to be calibrated including centroid and height

before cutting. Each gear was cut twice to achieve the target and accuracy.
3.5.3 Cutting the keyway and pin hole

Firstly, a keyway was cut to fit the test rig. The press as well as a keyway broach set
are applied to cut a 5mm x 5 mm keyway. For some gears, such as glass fibre reinforced
acetal, they are hard enough to bear the load with only one keyway, thus they are ready
to be tested on the test rig. For soft materials like pure acetal gears, deformation may
occur holding the whole load with only one keyway and deformation around the contact

area of keyway occurs. In this situation, pin holes are required to share the load.

With an automatic cutting machine, it was difficult to position the pin holes and to keep
the relative distance with the keyway accurately, therefore a special clamp (Fig. 3.8(d))
was designed and manufactured to help cut pin holes. The clamp can hold two gears at
a time. Firstly, the drill was calibrated to fit with the directive holes when the drilling
power was off. Then the electric drill is used to cut the holes by going along the directive

holes on the clamp.
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Fig. 3.8 (a) manufactured gear sample. (b) press for gear modification. (c) cutting machine tool for gear

modification. (d) clamp for gear modification.

After modifying the gears, they were ready to be installed on the test rig for testing.
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4 Injection Moulding Process Impact Analysis

4.1 Introduction

Injection moulding (IM) is one of the most commonly used methods and about one
third of plastic products are produced using this technique in industry [95]. It has the
ability of offering accurate geometry in short cycle times even when producing complex
shaped products [96]. The quality of the IM product is very important because once the
moulding tool has been designed it usually remains unchanged over thousands of part
manufacture. Unfortunately, unlike metal manufacturing, plastic IM consists of setting
many separate processing parameters for each component. The optimisation of
parameter settings is usually carried out in production by experienced engineers using
the trial-and-error method [97]. Taguchi is a method which can be readily applied to
this process. A large quantity of research has been carried out on the influence of mould
geometry in the IM process [98-102], while fewer researchers have focused on the
influence on other characteristics such as strength [103, 104] and weight [105]
validation. Polymer gears are core mechanical components under complex working
conditions [66, 71, 106]. Hence the research on working gears is largely different from
basic character studies on plastic bars [107, 108] and discs [109-111]. On the other
hand, a number of researchers on polymer gears are studying the performance of the
gear itself [12, 112-115], overlooking the effect of manufacturing techniques on the
product leading to unreliable results due to the outcome of this study. The service life
of polymer gear is difficult to predict because it is influenced by many factors such as
temperature, wear and pressure. Moreover, they, along with the characteristics of
polymer types, all influence each other during the process. As well as research in
mechanism of material and wear, it also requires an attempt to focus on real applications

in respect to data analysis.
4.2 Methodology

The process flow of this study is shown in Fig. 4.1. First, the IM parameter settings
were designed from the starting point of the manufacturers recommended settings and
the Taguchi method was applied to produce a factorial design for IM polymer gears.

Selected gears were then tested to reveal the service life. Finally, the results were
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analysed using Taguchi, analysis of variance (ANOVA) and artificial neural network
(ANN).

Gear and IM
Paramefer
Settings Design

Gear
Result Analysis

Manufacturing

Fig. 4.1 Flow chart of work process

4.2.1 Taguchi Method

Taguchi method [116-118] is acommonly used statistical method to improve the quality
of manufactured products and reduce the trial-and-error attempts. It is being widely
applied in marketing[119], biotechnology [120, 121] and engineering [122, 123], in
which parameter design is one of the most trusted applications of the method [124]. To
simplify the setting combinations, the four variable factors with three-level Lq
orthogonal array (OA) were selected for this study as shown in Table 4.1. This design

is relevant to the choosing of the IM parameters which are explained in chapter 4.3.1.

Table 4.1 Layout of the Ly orthogonal array (OA)

Deney No.
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4.2.2 Injection Moulding (IM) Process

The plastic IM process for acetal (POM) can be very simply summarised: a polymer
material is plasticised and heated (melting temperature) until it is molten and can flow

under pressure. The molten material is rapidly injected (injection speed) into a heated
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mould cavity (cavity temperature). A holding pressure is applied to counteract the
effects of material shrinkage. Finally, the pressure will be released; and the moulding

is allowed to cool and solidify before it is injected.
4.2.3 Artificial Neural Network (ANN)

ANN is a method usually applied in machine learning in which a model learns to
perform classification jobs from the data directly. The more layers it has, the deeper the
network is. This method has been applied in the IM industry by some researchers [105,
125-127]. It is widely used in industry but most of the research is focusing on big data
projects [102, 128, 129].

4.2.3.1 Backpropagation (BP) Neural Network

The BP neural network is one of the most used training methods for the feedforward
ANN [130]. The neural network contains multiple layers in three types: input, hidden
and output layers. As shown in Fig. 4.2, each neuron is connected to all neurons of
adjacent layers; but within the same layer, neurons are mutually not connected to each
other. Each solid arrow from a neuron A to B has a weight value, which represents a
level of importance of neuron A to B [131]. For a BP neural network with M input
neurons, one hidden layer consisting of N hidden neurons, and P output neurons, in the
direction of arrows, i.e. how signal is transferred, the following information is obtained.
The input at the j-th hidden neuron is given as the weighted sum of signal from all

connected input neurons:

M
u}“=zauxi, j=12,..,N (4.1)

where a;; is the weight from the i-th input neuron X; to the j-th hidden neuron Y;, and

x; is the output value from X; towards all hidden neurons.

Then inside hidden neurons, an optimisation function is applied to shrink all input
values to an output of range (0, 1). Therefore, the output value from the j-th hidden

neuron Y; is
wt = f(uf +bias),  j=1,2,.,N (4.2)

where the optimisation function f is a sigmoid function of S-shaped curve, as
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fx) = (4.3)

1+ex’
There are many kinds of optimisation functions. The sigmoid function was proved to
be a precise method [111], and hence is chosen as the optimisation function in this
study. However, due to the range of the inputs u}“ causing deviation from the centre of

the original sigmoid function domain, a bias adjusted according to the inputs could be
introduced to make sure the sigmoid function provides more evenly spread outputs.

For output layer, an input signal is received at the k-th output neuron Z,, as
N
v]i(n = Z bjkuj‘-’“t (4 4)
j=1

where bj is the weight from the j-th hidden neuron Y; to the k-th output neuron Z.

Finally, with the help of another activation function g, typically a linear function, the

output at Z; would then be
vt = g(vid). (4.5)

BP neural network has the powerful ability to generate nonlinear functions
([132],[133]) with different learning methods ([134-137]). After data are transferred
from the input through hidden layers to the output, the algorithm of backpropagation
starts the training of weight by returning from the output to the input and adjusting
weights layer by layer, along the path of reducing the error. After the weights from the
input layer to the first hidden layer are adjusted, one iteration of backpropagation is
completed. The new set of weights will be used for another iteration of signal going
forward and then backpropagation. Simulation of a large enough number of loops
optimises all weights between neurons and stabilises the model.
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Fig. 4.2 Backpropagation (BP) neural network structure
4.2.3.2 Garson’s Method for Relative Importance

Relative importance is a key concept to express the relationship between two quantities
such that how much one could affect another. In neural network it is useful to see how
much the change of one input parameter could affect the output. Garson introduced a
method of partition connection weights to determine the relative importance of various
inputs[138].

First, a neural network of M input neurons X4, ..., X, and N hidden neurons Yy, ..., Yy is
set up. For each hidden neuron Y;, we have a sum of connection weights from all input

neurons to this hidden neuron, as Z’i”:l|Wij | where W;; is the weight from the i-th input

neuron to the j-th hidden neuron.

Then a data set of M x N elements can be constructed, containing the ratio between the
weight of an individual input-hidden connection, and the sum of all weights connected

to that hidden neuron Y;, i.e. the importance of an input weight among all inputs

connected to Y;. One such element is represented as
M

S

i=1

, j=12,..,N. (4.6)

Qij = |Wij|/

By applying summation across all hidden neurons, Q;; will be used to find the relative

importance of each input towards all outputs. Note that in the equation there is no
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output-related term involved since connection towards all hidden neurons are covered.

The relative importance of the i-th input neuron is shown as

N N M
=1 - .

j=1i=1
4.3  Experiments
4.3.1 Influence Factor and Level Setting for the IM Process

The experiment of IM process was based on various parameter settings. Past researchers
studied the influence of process parameter settings on the characteristics of products
[99, 100, 111]. General parameters were melting and cavity temperature, injection
speed, holding pressure and cooling time [139]. Thus, in this study, the design of
experiment (DOE) included melting temperature (MT), cavity temperature (CT),
injection speed (IS) and holding pressure (HP). The cooling time was set to a sufficient
value to eliminate the influence of itself. The levels of the MT and CT were referred to
the material data sheet [140] in order to make sure that the manufacturing process
fulfilled the quality requirement. The IS values were optimised with the support of
Moldflow software as well as material data sheet. As the HP is related to the injection
pressure which is also influenced by the IS, the value of HP was defined as 25%, 50%
and 75% of the highest injection pressure, noted as low, medium and high relatively.
As studied in chapter 2.3, the fibre reinforced polymer gears have relatively better
performance than unreinforced ones, thus the polymer used in this study was a
commercial Acetal (POM), grade Hostaform C 9021 GV 1/20, with example materials
properties illustrated in Table 4.2. Following manufacturers recommended settings as

the basis of the DOE, the chosen IM parameter settings were summarised in Table 4.3.

Table 4.2 Injection moulding (IM) material data ~ Table 4.3 IM parameter setting

Density (kg/m?3) 1550 MT (C) | CT(<T) | IS(mm/s) | HP
190 80 20 Low
Tensile strength (MPa) 120 .
200 100 45 Medium
Flexural modules (MPa) 6900 210 120 70 High
Melting point (C) 166
Fibre content (wt %) 20
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4.3.2 Polymer Gear Geometry Design and Manufacturing

The ENGEL Victory 80 IM machine was used for manufacturing. The details of gear
and injection mould design are shown in chapter 3.4. In order to make the IM
environment refreshed for new settings, three times of fully purging was taken each
time after renewal of the setting. Then 10 gears were made at each set of moulding

process.
4.3.3 Gear Wear Test

A gear transition test rig (Fig. 4.3), designed and manufactured in the University of
Warwick, UK, can continuously measure the wear of gears under specific added loads.
A contact sensor was designed to monitor and record the displacement change of gear
wear in the PC with a data-logging software. The layout of the design is shown in Fig.
4.4. The motor provides the power for the gear box then the gear box transmits the load
to test polymer gears through the shafts. The test gears are held on the pivot block on
which the load can be applied by imposing a ‘constant weight’ torque. This pivot
component and loading method offer a large amount of tooth wear without significantly
affecting the applied load. What is more, the pivot block concept provides the ability of
monitoring the progressive wear while maintaining thermal conditions similar to those
in normal operation. The reason is that the gear wear can be measured indirectly using
the degree of the pivot block rotation. The contact between the gear teeth defines the
equilibrium position of the block. When the teeth are worn, the pivot block slightly
rotated from the one set initially by new teeth. Thus, this rotation indirectly provides a
continuous indication of wear during the whole test. In practice, it is measured by the
linear movement of a defined point which is on a rigidly tangent arm attached on the
block with that displacement sensor. More details about the test rig using as well as the
accurate wear measurement methods were published elsewhere [50, 69, 94, 112]. In
this study, all the tests were run at the speed of 1000 rpm and with the torque of 7.5 N
m. As the machine allows testing under deliberate misalignment, in this study, the
misalignment parameter was set to nominally zero. And that tested gears operated at a

centre distance of 60 mm.
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Fig. 4.4 Mechanical schematics and layout for the test rig design[50]
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4.3.4 Data Analysis Procedure

Following completion of the experimental array (Table 4.4), the result revealed the
influence of parameter settings on gear wear performance. The commercial software
Minitab 18 was used for data analysis. After applying Taguchi method to design the
experiment, the response variation was studied by displaying the signal-to-noise (S/N)

ratio in the response table, using larger-is-better (Z,) option, involving the equation
n
Z, = —101 12 ! (4.8)
1=

where n is the number of samples, and Y; is the performance of each sample.

Then the widely used ANOVA [141] was applied to predict the service life of gears and
calculate the factor contribution. It was noted that multivariate analysis of variance was
unavailable due to the shortage of samples of this study. Within ANN there was no need
to define a regression method or which pattern data samples should fit in. Since ANN
was usually regarded as a black-box simulation, it was considered worth consideration
of whether a project with a small sample size works. If it does, IM engineers would
have one more tool in hand on the experiment design. In this project, the original data
of nine training samples were tried with the BP method, the code was finished by the
author with MATLAB. The BP neural network consisted of 9 input neurons, each of
which contained a 4-dimensional vector, whose data came from 4-factor IM samples
describe above, i.e. a 4 X 9 matrix. The output layer contained 9 neurons, each of which
had a single value of breaking point, i.e. a 1 x 9 matrix. For hidden layer, there was
just one containing 5 neurons. This number of neurons were chosen after several
simulation trials since it provided the best simulation result with minimal residual error.
The whole procedure using BP neural network comes with a pre-setup black-box
simulation package of MATLAB. With its theories explained in Section 4.2.3.1, the
user simply configures the input and output sets and the neural network will start its

own training.

The gradient descent method was chosen in this study since it was a frequently used
method to approach the local minimum of a function [142-144]. For a real function

f(x), if itis defined and differentiable at point x,, the gradient descent method involves
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iteration along the direction of —f'(x,) at which the function decreases fastest.

Therefore, the equation of iteration is
Xiy1 = x; — hf'(x) (4.9)
where h is the step size and x; is the value after the i-th iteration using the method.
The general rule of weight adjustment is defined as
Aw = h-§ -vot (4.10)

with Aw as the weight adjustment, h as the step size (also known as the learning rate in
neural network analysis), & as the local gradient and v°"* as the output signal from the

previous layer.

For simplicity with small amount of data only one hidden layer was considered. The

adjustment of weight between hidden and output layers at the n-th iteration is given as
Abjy (n) = héuf* (n) (4.11)

where h is the learning rate; &7 is the local gradient at the k-th output neuron (out of a
total number of P output neurons); u]‘-’“t(n) is the output value from the j-th hidden

neuron at the n-th iteration.

The total error of the network at the n-th iteration is

P

e(n) = %Z eZ(n) (4.12)

k=1
where e, (n) is the error at the k-th output neuron at the n-th iteration.
Due to the gradient descent method

de(n)

e T RRRLACA ) (4.13)

where g’ = 1, since the transfer function g at the output layer is usually a linear
function. Usually in the output layer, the output of a neuron without threshold is
expected, therefore a linear function, such as the identity function, would be a typical

choice.

The adjustment of weight can be simplified to
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Abj (n) = he, (W™ (n) . (4.14)

As the adjustment is going back towards the input layer, in a similar manner the input-

hidden layer weight adjustment at the n-th iteration can be represented as
Aa;j(n) = hé x;(n) (4.15)
where x; is the output value of the i-th input neuron.

Here

N de(n) _ de(n) _ /. m F
KA e Rl el (@) = 1 (e Z‘S (4.16)

k=1

is the local gradient at the j-th hidden neuron (out of a total number of N hidden

WhICh cannot be calculated

neurons). It originally contains the partial derivative m( -

directly due to the invisible hidden layer. Alternatively, it can be written in the form of
the weighted sum of the local gradients of the forward layer. Therefore, the weight

optimisation process in a BP neural network always starts from later to earlier layers.

Table 4.4 Parameter setting applied of the Lo OA

Deney No. MT (<C) CT (<0) IS (mm/s) HP

1 190 80 20 Low

2 190 100 45 Medium
3 190 120 70 High

4 200 80 45 High

5 200 100 70 Low

6 200 120 20 Medium
7 210 80 70 Medium
8 210 100 20 High

9 210 120 45 Low

4.4 Result and Analysis
4.4.1 Gear Wear Testing Results

All the gears with different IM parameter settings were tested on the wear rig. For the

purpose of uniform comparison, the gear breaking point was defined as the instant at
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which any gear tooth ran into a total fracture (Fig. 4.5(a)). It shows like Fig. 4.5(b)
which revealed the sensor reading on wear of gear teeth. The data were collected into
our own data-logging system then figured using Origin 2018b. The breaking point
data were collected in Table 4.5, which included samples of L tables and three extra

samples for result validation.

= Wear

24 ~=—— Breaking point

T T
0.0 2.0x10° 4.0x10°
Running Cycle

(a) (b)

Fig. 4.5 Wear testing of gears on Test Rig: (a) Broken gear pair; (b) Wear testing result

Table 4.5 Service life results for gear meshing

Breaking point
MT () CT (T) IS (mm/s) HP
(10° running cycles )
190 80 20 Low 351
190 100 45 Medium 3.37
190 120 70 High 3.17
200 80 45 High 391
200 100 70 Low 3.97
200 120 20 Medium 3.73
210 80 70 Medium 2.75
210 100 20 High 3.27
210 120 45 Low 3.44
190 120 45 Medium 3.06
200 100 45 Medium 3.97
210 120 45 Medium 3.35
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4.4.2 Data Analysis

The Taguchi method analysed the effect of parameter settings on the service life. The
main effect for signal-to-noise (SN) ratios is shown in Fig. 4.6, in which “the larger the
better” quality characteristic was chosen and the best combination set could be
optimised by selecting the highest value for each of the factor, namely 200 <T of MT,
100 <C of CT, 45 mm/s of IS and low of HP.

ANOVA tested the significance of factors by calculating the mean square against an
estimated error in designed confidence levels. The result of ANOVA analysis is shown
in Table 4.6, where DF is the degree of freedom, Adj SS is the adjusted sum of squares,

Adj MS is the adjusted mean squares. DF is calculated as:

Total DF = number of samples — 1,

Main effect DF = number of factor levels — 1,

Residual error DF = Total DF — sum of DF for all terms included in the model.

It was noted that there are zero degrees of freedom for residual error, since this Taguchi

design was a saturated model.

In order to make the error calculable to get a full picture of the model, the number of
samples needed to be increased. In this situation, the method of replicating the design
was applied, namely adding one more sample by predicting a sample result using
general linear model. The regression function ANOVA simulated was

4+ 0.07889CT; 9o — 0.0111CT; 50 + 0.045561S,, + 0.11561S,5
—0.1611IS, + 0.1822HP, ,5 — 0.1744HP, s — 0.00777HP; 75 . (4.17)

For each factor, the chosen level would be active as value 1 and otherwise inactive as
value 0. The set of 4 randomly chosen levels and the predicted sample result are in
Table 4.7. After adding this result in, the model was regenerated, with results shown in
Table 4.8. Individual factor contribution could be calculated using the equation for
contribution shown below, the Factor SS is the adj SS values of each source and the
Total SS is the sum of all the adj SS values in Table 4.8. Those results are added in

Table 4.8 as well. The factors influence ranking on the gear service life from high to
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low was MT, HP, IS and CT. The MT influenced the service life mostly at about 3/4

contribution, while the CT affected very little at about 3%.

contribution =

Factor SS

Total SS

(4.18)

Finally, three more random experiment results were applied to verify the linear model

(Table 4.9).
Main Effects Plot for Means
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Fig. 4.6 Effect of process parameters on service life
Table 4.6 Analysis of variance for running cycles
Source DF Adj SS Adj MS P-value F-value
MT 2 0.82269 0.41134 * *
CT 2 0.03282 0.01641 * *
IS 2 0.12416 0.06208 * *
HP 2 0.19109 0.09554 * *
Error 0 * *
Total 8 1.17076
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Table 4.7 Add-in data of simulation result

MT (C) CT (C) IS (mm/s) HP (bar) Estimated broken Point (x10° cycles)
200 80 70 low 3.82

Table 4.8 Recalculation of Analysis of variance for running cycles

Source DF Adj SS Adj MS F-value P-value Factor
Contribution

MT 2 0.91673 0.458364 82505.50 0.002 71.13%

CT 2 0.03566 0.017831 3209.50 0.012 2.77%

1S 2 0.13936 0.069681 12542.50 0.006 10.81%

HP 2 0.20908 0.104542 18817.56 0.005 16.22%

Error 1 0.00001 0.000006

Total 9 1.28884

Table 4.9 Extra experimental results validation of linear model

MT | CT IS HP Estimated Broken Point | Real Broken Point Relative
(T) | (T) | (mmfs) | (bar) (x10° cycles) (x10° cycles) Z;:;r
190 | 120 45 medium | 3.28 3.06 7.19%
200 | 100 45 medium | 3.89 3.97 2.02%
210 | 120 45 medium | 3.08 3.35 8.06%

These three sets of chosen levels and breaking points were extra experimental results
not selected in the Taguchi design. The estimated breaking point value was determined
by the prediction using general linear model. Errors of 7.19%, 2.02% and 8.06%
implied the model to be reasonable.

Fig. 4.7 demonstrates a sample of prediction on testing experimental data with a trained
BP model showing an error which was too large to be acceptable (averagely larger than
10%).

The life cycle prediction graph varied for each simulation with a weight initialisation
randomly generated using different seeds. It was found that the result was not the same
each time when the same simulation was run. It obtained different results which even
largely influenced the ranking of factor contribution (Table 4.10). That was because
each time the system generated a random initialisation in weight to start the simulation
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and it usually led to differentials in results. In this situation, the initialisation condition
was set by fixing the initial seeds and optimised using for-loop trials of a large number

of seeds; and the result is in Table 4.11.
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Fig. 4.7 BP neural network prediction

Table 4.10 Factor contribution with Garson’s method

Factor Contribution
MT CT IS HP

Percentage

1 33.3723 20.2875 23.5628 22.7774
2 18.2137 28.7271 36.2583 16.8009
3 29.7704 35.2615 7.7870 27.1811
4 21.4138 34.2266 25.9687 18.3910
5 25.9069 25.8493 20.9183 27.3255

Table 4.11 Optimised factor contribution with Garson’s method

Factor Contribution

MT CT IS HP
Percentage
1 28.2635 20.0373 31.2485 20.4508

This work reveals for the first time, the relationship between IM process and gear
working performance, namely service life of polymer gears. It also shows how
important the IM process is on the gear function quality. This work could not be

replaced by only running well-known software simulations such as Moldflow, Ansys
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and Abaqus, and there are no regulations of gear manufacturing for the purpose of better
performance. It is believed that this work is helpful for improving the gear function
quality without extra cost and giving IM engineers guidelines for future gear

manufacturing.
4.5 Discussion

It is clear that IM parameter settings have an influence on the performance of polymer
gears due to property-processing relationships that exist between the IM process and
the tooling set. Heuristic parameter setting from Moldflow recommendations for
example, can produce mouldings with acceptable appearance but not necessarily
optimum mechanical performance. From this work it appears that choosing the mid-
value manufacturers recommended settings but with a lower holding pressure actually
produced the optimum results, however this could only be considered applicable to this
mould tool design until further experiments are undertaken to confirm whether this had
any wider applicability. Therefore, this chapter provides a suggestion, which could be
easily applied without extra cost, for IM engineers working on polymer gears. For high
volume manufacturing application such as automotive industry, this optimisation

advice may save a lot in cost meanwhile offering better quality of products.

ANOVA, and neural network with gradient descent BP neural network, were used in
order to analyse factors influencing the wear performance of polymer gears, during IM
manufacturing process. Results show that applying general linear model using ANOVA
techniques provides a better prediction in wear performance than the BP neural network

does.

One possible reason is that the sample size is relatively small; and BP neural network
might not be sufficient to handle the case. Modifying the number of hidden neurons
could also cause a big change in simulation results. Another reason could be that the
simulation results of BP neural network also relies on the initial values of weights,
randomly generated by MATLAB. A larger number of simulations using various initial
data, which depends on the seeds of MATLAB’s built-in random number generator,
could possibly improve the performance (as reducing the mean square error), and
therefore make the whole trained network more reliable and better for prediction. Even
though the BP has been proved working successfully in relatively small sample size

such as from about 160 to 230 [105] [145] and even as 27 [146], in this study, at the
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total sample size of 12, BP doesn’t work efficiently. In short, even though BP method
was proved to be helpful in some cases with a relatively small amount of data, in this

study, it didn’t work with a small sample size of 12.

On the other side, there are more options offered in the method of using neural network
to analyse experimental data. There are other training algorithms to fit the neural
network, such as Levenberg-Marquardt, quasi-Newton and gradient descent with
momentum. Relative contribution of input factors can also be worked out by using
methods like partial derivatives method, “Perturb”, and Olden’s method (which took
care of issues of Garson’s method, by concerning signs of connection weights of input-
output interactions into consideration). These other techniques to solve similar
problems are worth further work in the future to check whether those possible methods
work on the small sample size case. What is more, as ANN a powerful tool for data
analysis, if more experimental data can be collected in the future for this study, it still

deserves an attempt and may probably provide a better result.
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5 Wear Performance of Commercial Polyoxymethylene

Copolymer and Homopolymer Gears

51 Introduction

Polymer gear development has shown high potential to replace metal gears, with
advantages such as lower weight, lower cost, higher efficiency, and work without
lubrication. Previous research revealed that polymer gears could provide about 70% in
mass reduction, 80% improvements in inertia, and up to a 9% reduction in fuel
consumption over the use of metal in automotive engineering [147]. However, due to a
lack of research on material performance, polymer gear applications are currently
limited. Further research and implications for the development and application of acetal
gears are therefore timely.

As an engineering thermoplastic resin, and potential substitute for metals, acetal, also
known as polyacetal or polyoxymethylene (POM), has many advantages such as high
chemical resistance, friction wear resistance, fatigue resistance (especially when
normalised with respect to the modulus of elasticity) and creep resistance [148]. It is
applied widely across applications in automotive, medical, electronics, and household
product sectors [149-152]. POM was first introduced by the 1953 Nobel Laureate
Hermann Staudinger [153]. As a formaldehyde-based thermoplastic, POM is thermally
sensitive and decomposes into formaldehyde gas at low temperatures. In 1960, Dupont
Company developed a commercial homopolymer acetal (POM-H) through a
condensation reaction of polyformaldehyde and acetic acid to increase its thermal
stability and named it Delrin™. In 1962, a copolymer acetal (POM-C) was developed
using the reaction of trioxane, a cyclic trimer of formaldehyde, and a cyclic ether, by
Celanese Company [154]. The differences in structure can be seen in Fig. 5.1(a) and
Fig. 5.1(b) and are reflected in different properties whereby POM-H has aligned
uniform chains which allow for the formation of large crystalline domains. On the other
hand, the random comonomer of the copolymer helps block the whole structure even

under thermal influences.
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Fig. 5.1 Chemical structure of polyoxymethylene (a) homopolymer and (b) copolymer [154].

Previous studies of POM polymer offered a comparison between POM-H and POM-C.
Tajima and Itoh [148] studied the creep rupture strength of the two polymers with
different molecular weights. Their work reported that POM-H showed higher creep-
rupture resistance than POM-C due to its higher molecular weight and tensile strength.
However, POM-C performed better in fatigue resistance and yield strength than POM-
H. Archodoulaki et al. [155] researched the degradation behaviour of POM which
indicated that POM-C was more resistant against thermal oxidation than POM-H.
Besides the different chain structures, POM-C had a better thermal aging property than
that of POM-H. Hertzberg et al. [156] studied the fatigue crack propagation of various
polymers and concluded that acetal had the highest fatigue resistance found in semi-
crystalline polymers to date and that the POM-H version performed better than
copolymer. Stohler and Berger [157] found that different chemical reinforcement
methods of preventing degradation could be applied, these included capping of end

groups by esterification to POM-H while adding epoxides as a comonomer to POM-C.

As POM is one of a number of materials of interest in polymer gears, previous work
has been summarised in recent literature reviews of the field e.g. [158-160]. More
specific and pertinent previous studies include aspects such as gear meshing
mechanisms [94, 161, 162], materials [67, 163, 164], and thermal analysis [165, 166].
Interestingly many previous studies that have evaluated the performance of POM in
gear applications, did not report the type of POM [167, 168], i.e. homo- or co-[8, 94,
162, 169]. In addition, most previous studies have assumed commercial POM-H and
POM-C as one and the same, indistinguishably, for performance of these polymers in
wear and fatigue applications like gears. Limited information has been presented around
the comparison between these two types of commercial polymers. Unfortunately, this
makes direct comparisons of performance very difficult as it ignores the effects of

additives to the polymer formulation which can drastically effect properties such as
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friction, crystallinity, and tensile strength. The aim of this chapter is to evaluate the
viability of commercial POM-H and POM-C gears and to compare their performance
under wear and fatigue in a gear application relative to previous findings. These
performance tests were conducted in a novel test rig, designed and manufactured at the
University of Warwick, to study the effects of misalignment on polymer gear contact
and to continuously measure the wear of the gear surfaces under constant load

conditions.
5.2  Sample preparation and experiments
5.2.1 Materials and gear injection moulding

Commercially available injection moulding grades of POM-H (Delrin® 500T BK602,
Wilmington, Delaware, USA) and POM-C (Hostaform C9021, Irving, Texas, USA)
were purchased from DuPont and Celanese.

The gear specimens were manufactured through IM. An ENGEL 60T IM machine
(ENGEL U.K. Ltd, UK) was used for gear manufacturing. The details of gear and
injection mould design are shown in chapter 3.4.

As per the manufacturer's recommended material preparation, the material was predried
for 4 hours at 100 <C. It was then IM as per recommended processing conditions, which
can be found in Table 5.1. IM parameters were optimised in the middle of recommended
ranges [170, 171]. However, the holding time was determined by weighing the sample
until the sample weight reached its maximum as per good moulding practice, allowing
the system to reach a steady state. To apply changes to the IM process parameters on
the samples, two complete material purging trials were carried out and the first 25
manufactured gear samples were discarded on each setting. The average shrinkage of
the material was 1.7%, this was offset by designing a slightly larger mould cavity. After
the plastic sprue bar was removed, and the location hole and pinholes cut, the polymer
gears were ready for testing.
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Table 5.1 IM procedure parameters.

POM-C | POM-H
Parameters

Gear Gear
Melt Temperature (<C) 200 205
Mould Temperature (<C) 100 50
Injection Speed (mm/s) 45 45
Hold Pressure (MPa) 70 70
Holding time (s) 35 35
Cooling time (s) 75 75

5.2.2 Wear performance and material characterisation

To test the real-time wear performance of polymer gear pair, the test rig shown in
chapter 4.3.3 was applied for the wear testing.

The morphology of the worn surface of the gear teeth was observed using a scanning
electron microscope (SEM) ZEISS Sigma (Carl Zeiss AG, Germany). To reduce
surface charging during SEM imaging, a thin film of gold was deposited onto the
samples using an Au/Pd evaporation system. The images were captured using either
secondary electron (SE) mode or the in-lens detector. The gun voltage was set to 5.00

kV and the high current set to OFF to avoid burning the plastic sample.

In order to compare the elastic properties of POM-H and POM-C, dynamic mechanical
analyses of the polymers were performed using a dynamic mechanical analyser (DMA
242 E Artemis, Netzsch, Inc, Selb, Germany). Flat specimens (16 mm in gauge length,
8 mm in width, and 2 mm in thickness) were heated from 20 to 180 <C. The tests were
performed in single cantilever mode at a frequency of 16.67 Hz, maximum dynamic
force of 10 N, and static force of 2 N, displacement of 0.05 mm, and a heating rate of
20 <T/min.

While DMA analysis can reveal the mechanical properties related to the temperature, a
FLIR C2 (Flir Systems, Inc, USA) thermal camera was used to generally monitor the
gear teeth surface temperature in the linear phase (the steady-state constant wear rate

phase of operation) during gear meshing. While the temperature was monitored, only

68



one point was recorded which was the point when the temperature stabilised during the

linear phase.
5.3 Results and discussion
5.3.1 Wear performance

The wear and fatigue performance of the POM gears were evaluated using the rig shown
in Fig. 4.3. In this study, all the tests were set at a rotation speed of 1000 rpm (16.67
Hz) and no misalignments were set for the gear meshing. In each test, a pair of the same
type of gears meshed against each other. Those tested gears operated at a centre distance
of 60 mm. The load was 9 N m and the test was kept running until the teeth broke.
Further analysis revealed that both types of acetal gears had a relatively high endurance,
which was reflected by a very low wear rate. As the driver gears usually broke first,
they were regarded as the focus of polymer gear failure. Thus, all the research was

focused on the driver gears in this study.

The smoothed results of the two types of acetal gears can be seen in Fig. 5.2, this was
calculated from the mean values of 6 experiments, with the error shown as the shaded
regions until gears broke. The end of gear service life was recorded when the gear teeth
broke or when a tooth jumped out from the mesh point. This end of service life is
illustrated as the steep rise in Fig. 5.2. The POM-H gears had an average of 35% longer
service life than POM-C gears. For the POM-H gears, the wear could be divided into
three phases: running-in, linear wear, and finally high wear. The gear pair failed to work
as the gear teeth became softer and jumped out from meshing under high temperatures.
This matched the conclusion in other studies [69]. POM-C gears show a similar pattern
to POM-H gears, with running-in and linear wear phases, however, the POM-C gears
had a relatively higher wear rate in both phases. When it came to the final phase, the
curve of the POM-C gears steepens near the teeth breakpoint. The part 3 of the curve
had a very short range on the horizontal axis. When comparing it to the curve of the
POM-H gears, the curve shape of the POM-C gears showed a much more rapid wear
increase before the breaking point. At this point a crack formed, making the LVDT
(Fig. 4.3) display a sudden increase in readings. This final part of the curve can be called

a crack phase rather than a final massive wear phase, as the gear failed.
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Fig. 5.2 Wear degradation of POM gears.

5.3.2 Dynamic mechanical property

To compare the two polymers and support the wear results, single cantilever mode
dynamic mechanical analysis (DMA) was used to characterise the mechanical
properties of POM-H and POM-C. The average storage modulus (E”), is the energy
stored by the material through elastic deformation [172]. This is higher in POM-H than
POM-C from 20 <C to 160 <C, which covers working conditions from room temperature
to POM melting temperature (Fig. 5.3(a)). A thermal camera was used to check the gear
surface temperature with an emissivity value of 0.92 [173]. Similar results were
provided in other research [12], in the linear wear phase, the surface temperatures of
both POM-H and POM-C gears at the contact area was stabilised at about 110 <C (Fig.
5.3(b)), meaning that the gear pair operated under this temperature for most of the time.
The characterisation of elastic properties with DMA helps to support the results of wear
from Fig. 5.2, because previous studies had established a correlation between elastic
properties and wear properties of engineering polymers. For instance, Lancaster [174]
showed a set of relationships between wear resistance on a polymer-metal system of
polymers and other mechanical properties. Their study, covering a wide range of

polymers, including commercial POM-H and polyamides, suggested that polymers with
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higher elastic modulus tend to perform better in wear applications. Similar correlations
between elastic properties and wear have been shown in other previous studies [174-
176]. Also, POM-H maintains a higher loss modulus than POM-C throughout the whole
testing temperature range (Fig. 5.3(c)). This means POM-H has generally better impact
resistance. As the loss modulus represents the viscous part of the sample [175, 176], the
increase of the loss modulus value of POM-H from around 105 <C leads to a more
viscous performance and resultant higher crack resistance, which means at the stabilised
working temperature (around 110 <C), there is a relatively big difference on viscous
performance between POM-H and POM-C gears. This results in the final breaking
format of gear tooth softening rather than gear tooth break. At the same time, the loss
modulus value of POM-C reduces with temperature, which leads to crack formation

and direct gear tooth breakage due to cracks.
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Fig. 5.3 DMA results of POM-C and POM-H: (a) Average storage modulus; (b) Thermal image; (c)

Loss modulus.

The significant difference in elastic properties and wear properties of the homo- and
co-polymer material grades here is likely due to the differences in their molecular
structures, highlighted in Fig. 5.1. Given that the structure of POM-H presents a more
uniform backbone, it is likely to have more stable, organised crystalline domains as the
polymer solidifies after IM [177, 178]. Also, the uniform structure of POM-H allows
for higher entanglement between crystalline domains. Correspondingly, the acetic acid
molecules along the backbone of the POM-C are detrimental to the formation of
crystalline structures. This difference in structure ultimately leads to higher elastic and
wear properties in POM-H compared to POM-C [177, 178].
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5.3.3 Failure mechanism

To investigate the failure mechanisms of the gears, a high-resolution scanning electron
microscope (SEM) was used. Differences existed between each area (tip, root, and pitch

line) of the gear teeth contact surface of the two acetals.

At the tip area, the POM-H gear teeth look smooth at relatively low magnification of
189 times (Fig. 5.4(a)). Little wear can be seen on the surface. Alternatively, when
looking at the POM-C gear teeth under the same magnification, the tip area is deformed
showing large flaw regions (Fig. 5.4(c)). The POM-H gear teeth only display clearly as
a rough and melted worn surface when viewing at a higher magnification such as 2.99k
times (Fig. 5.4(b)).

The root area also shows different patterns. For the POM-H gear teeth, the surface is
relatively smooth with the melted material flow (Fig. 5.4(d)). For the POM-C gear teeth,
the grooves are visible with lots of debris (Fig. 5.4(e)).

The most significant difference happens around the pitch line, marked as the blue
double-sided arrows in Fig. 5.4(f)—(h). For the POM-H gear teeth, the pitch line area is
clean without much wear (Fig. 5.4(f)). As in the theory of gear meshing, at the pitch
lines of the meshing gears, the gears have no sliding but only rolling against each other
[106]. In this experiment, due to the relative low Young's modulus character of POM,
the teeth generate deformation during meshing, thus the pitch line is extended to a piece
of area instead of a critical line. The two sides surrounding the pitch line area have
much more melted debris than other areas, as shown in Fig. 5.4(g). This is because, on
each side of a pitch line area, the gears slide against each other, with friction leaving
more melted debris. The motion of the gears during meshing makes gears have an S-
shaped profile, as stated by other authors [106]. In the pitch line area image of the POM-
C gear teeth, there exists abrasive wear all around the pitch line as pitting [179] and a
crack occurs there (Fig. 5.4(h)). Finally, the gear breaks because a crack develops on
any one of the gear teeth.

In general, there are no cracks visible beneath the surface of POM-H gear teeth, and the
pasted debris demonstrates the polymer deformation (Fig. 5.4(i)). As also stated by
other researchers [180, 181], the polymer becomes softer first, then is stretched and
finally detached. The main cause of wear is adhesion (Fig. 5.4(k)). While for the POM-

72



C gear, the smear is the most noticeable on the teeth (Fig. 5.4(j)), indicating the wear
mechanism when the polymer wears away from the gear. The smear occurs when the
gears start running and then are stretched and become more noticeable during the gear
meshing. Finally, it reaches a point that the polymer breaks and peels off the leading
edge of the smear (Fig. 5.4(1)). Similar results were found by others [167, 182]. A
possible reason could be that the POM-H and POM-C have different microstructures
after the injection moulding process, and it leads to the variety of failure mechanisms
similar to the other researchers discussed in [111]. Further research to study this

mechanism is reported in the next chapter.

POM-H Gear POM-C Gear POM-H Gear POM-C Gear

Unique Features

Fig. 5.4 Comparison on different gear teeth areas between POM-C and POM-H through SEM.
5.3.4 Performance analysis

The wear rate from the acetal gear test results can be expressed as the ratio of change
in geometry of the worn gear (in terms of length) to the number of revolutions (cycles)

the gear undertook in the test.
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Wear rates under specific value of torque was studied by Friedrich [183], providing an
equation of wear rate kg as kg = I;—VSV , with 1, as the wear volume, F as the normal force

and s as the sliding distance. By adapting the spur gear tooth profile, this equation can

be further expressed as

_ Qbd

ks_ZTN

(5.19)
with Q as the wear depth, b as the gear face width, d as the gear pitch circle diameter,
T as the torque, and N as the number of cycles the gear takes.

In previous research [69], it has been discovered that the critical value of kg, above
which the wear rate grows much faster, is related to the maximum gear contact surface
temperature 6,,,, consisting of ambient temperature 6,, body temperature 6, and flash

temperature 6;. This can be further expressed as
Omax = Oa + O + 0 = 60, + kT + k,T3/* (5.20)
where

. ol ik _111u(R -,
Y bepZ(r2 —r?) and ¥z = rb(2kpca)t/?

(5.21)

with T as the transmitted torque, p as the specific gravity, k as the thermal
conductivity, c as the specific heat, a as the half contact width, r, as the outside radius,
r as the reference radius, b as the tooth face width, /; and V, as the sliding velocities

of the two contact gears [49].
¢, Is a constant relating to the contact ratio of the two gears, as

1 + contact ratio
cr = 2

(5.22)

For Hertzian line contact [12], k, can be further expressed as a more basic form

C111u(R? -y, (nE)

2= 2r3/4p3/4(kpc)/2 \ R

1/4

(5.23)

where E is the effective elastic modulus and R is the relative radius.
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With gear information k; and k., given after tests along with temperatures recorded, the
critical value of torque T, beyond which the wear rate shall increase rapidly, could be
calculated. Then the corresponding wear rate kg at the critical torque could also be
observed using Equation (5.1). Then the prediction of gear performance below the

critical torque can be interpreted using k.

For the current experiment that the maximum surface temperatures reaching the melting
point were 178 <C for POM-H and 166 T for POM-C respectively, similar to the
previous research [69], using Equations (5.2-5.5), the corresponding predicted loading
capacities were 11.5 N m for POM-H and 10.3 N m for POM-C gear respectively. As
the incremental step loading method was approved to reveal the wear rate of various
loads efficiently [12, 69], it was applied for the two types of acetal gears at 1000 rpm
from 6 N m with a step load increment of 1 N m until the gear broke. The results were
calculated by the mean values of 6 repetitive experiments. The errors were plotted as
shaded regions in Fig. 5.5(a), and error bars in Fig. 5.5(b). The wear curves were shown
in Fig. 5.5(a) and it could be seen that the POM-C gear broke at 11 N m and the POM-
H gear failed at 12 N m. The wear rates were calculated using Equation (5.1) and the
wear rate against load plot is shown in Fig. 5.5(b). Similar to the pattern of the POM-H
gear from 6 to 9 N m, the POM-C gear kept a relatively stable low wear rate at the load
of 6 to 8 N m, and then wore more quickly until breaking. These tests prove that the
above equations could offer good prediction on the gear transition torque for both POM-
C and POM-H gears. It is found that the wear rate of POM-H gears tested at the load of
7 N m was lower than the value at 6 N m. We believe this is simply down to the inherent
experimental error at this stage of the process because there are rapid changes of
temperature and wear in the first cycles of the test which are all difficult to control and

introduce variability.

For POM-H, it is possible to use Equation (5.1) to work out the wear rate kg, and then
the gear wear. However, for POM-C gears, before the factor of temperature, fatigue
owns a more noticeable influence on the breakage of the gear teeth. In this situation, it

might not be very useful to use kg for gear wear prediction.

From previous studies on fatigue propagation [156], the stress intensity factor played a

key role in monitoring fatigue crack growth. As a complex and material-shape-

dependent property, the stress intensity factor contains information on both the load
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applied to the cracking point and geometry influence. The growth rate of fatigue crack

of gear teeth could be measured using the Paris—Erdogan equation

da
= C(AK) (5.24)

with a as the crack length, N as the load cycle, K as the stress intensity factor. C and m
are two experimentally obtained material-dependent coefficients. da/dN is the crack
growth and AK is the stress intensity factor range for one cycle given as AK = K., —
K-

In past, there had been a variety of studies on gear fatigue related quantities, especially
the stress intensity factor. A typical solution of stress intensity factor for gear fatigue
[184] was shown as

6FLY
=W\/na, (525)
where
C S
Y = (coscp —Zsin qb) Y, (a) —asinqut(a). (5.26)

F is the load applied; L, S, b and C are length quantities including gear specimen

dimensions; a is the crack length; ¢ = arctan F,/F; Y (a) and Y(a) are shape

factors where & = a/S.

By extending K and F to a range for a cycle, it could be seen that AK = Gi“y Vma,

S2

where AK is the stress intensity factor range and AF is the load range for a cycle.

With a pre-set F, it is possible to produce a logarithmic graph showing fatigue crack
growth as a function of da/dN against AK[156]. With a sufficient number of tests, a
more accurate pattern of fatigue could be obtained, helping to determine when and
where the crack would occur, which could be further studied. This could be used in
future predictions in the performance of POM-C gears. In this study, the fatigue
approach analysis was not conducted due to the insufficient experiment data. It could

be applied in future research on crack development in polymer gears.
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Fig. 5.5 Step loading tests results for acetal gears (a) Wear curve. Step changed per 3 x 10* cycles. (b)

Wear rate.

5.4 Conclusions

Two types of commercial grade POM (POM-H and POM-C) gears were manufactured
to compare the wear performance. The tests found a significant difference in the wear
performance. POM-H gears had three wear phases, namely running in, linear wear, and
final massive wear. The final massive wear was due to the temperature reaching the
material melting point, and the teeth were therefore too soft to keep normal meshing,
namely thermal failure. And similar results have been concluded in other references
[12, 73]. In contrast, POM-C gears have better performance in thermal aging, which
lead to a finding that the POM-C gears shared the same first two phases with POM-H
ones, but also had the third one as the crack phase rather than exhibiting thermal failure.
This finding also matched with the conclusions in [155, 156]. The final breakpoint was
due to the fatigue cracks around the pitch lines of the gear teeth. DMA tests supported
the above findings in the aspect of energy dissipation between the two materials. SEM
images illustrated differences in the material failure mechanism, of which the most
obvious one was that the POM-H illustrated material adhesion while the POM-C
revealed mainly smearing. More tests were carried out with various loads from 6 N m
until reaching their corresponding transition torque values and similar results were
found in the above aspects. In general, the POM-H gear wear performance could be
estimated with Equation (5.1) while the POM-C gear wear performance should refer to

Equation (5.6). It can be concluded that the transition torque prediction for both POM-
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H and POM-C gears was still applicable using Mao’s method [12]. In this study case,
the POM-H gears performed about 35% better in service life on average than the POM-
C gears. Considering the mechanics studied above, the polymer formulation based on
the homopolymer had a better performance than the copolymer formulation for
injection moulded polymer gears. This is a physical phenomenon due to differences in
the molecular structure of POM-H and POM-C which leads to very different
mechanical performances and failure modes. Even though the POM-C performs better
in thermal aging when it comes to the gear application tested here, the crack and wear
resistance play more important roles. Consideration on a case-by-case application basis
may be applicable here.
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6 Polymer gear analysis using a revised procedure

6.1 Introduction

Following an introduction to gears (Chapter 3) and IM (Chapter 3), as well as initial
moulding experiments (Chapter 4), it seems clear that typical procedures currently used
in polymer gear analysis often pay insufficient attention to some significant materials
issues. Thus, this chapter has parallel, interleaved themes that propose, develop and
evaluate a revised, systematic but still practically plausible analysis procedure and
report on its use in further experiments which covered the entire process including gear
manufacturing, characterisation and sample analysis. Computerised Tomography (CT)
scanning was used to ensure gear quality. Then wear testing was carried out to reveal
the wear performance during the whole meshing process. Later, further analysis was
undertaken to determine hardness and crystallinity, utilising scanning electronic
microscopy (SEM), dynamic mechanical analysis (DMA), optical microscopy (OM)
and SAXS/WAXS applications to give an insight into gear sample structure. The
experimental suite forms a whole set of procedures to progressively study the
engineering performance and material science behind polymer gears. The aim is to
further investigate the challenge which was found in Chapter 2.4, namely that there is
a gap between the study of polymer science and polymer gear performance.

As the POM gears have been studied in Chapter 5 and differences were found between

POM-H and POM-C gears, this procedure was undertaken on the POM gears.
6.2  Experimental procedure
6.2.1 Gear injection moulding

The sample preparation methods were detailed in Chapter 5.2. As an extra process, a
CT scan (Nikon XT H 225/320 LC, Nikon Metrology, UK) was applied to check the
gear quality for any voids present inside the gear body to improve the holding time
parameter setting. If the voids found such as Fig. 6.1, the gears will be defined as
defective and the IM process needs to be adjusted such as increasing holding time
parameter (one of the IM settings) or re-design the gate system. This method was
recommended because it helped to find out the defects inside the gear body effectively.
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Fig. 6.1 A sample of CT scan.

6.2.2 Gear wear testing

This work uses the same data (and samples) from the tests reported earlier and the
details of gear wear testing were included in Chapter 5.

6.2.3 Hardness measurement

Superficial Rockwell hardness (HR15W) was measured on the outer surface and the
core of the gears. A Rockwell Hardness Tester (Wilson Rockwell 574, Buehler,
Coventry, UK), equipped with a 1/8 in diameter hardened steel ball indenter, was used.
The material surface was preloaded with a force of 3 kg. Following this, a major force
of 15 kg was applied. While HR15W of the outer surface was measured directly, the
measurements on the core were done on the cross-section face of the gear, with pre-

treated samples.
This test was undertaken by Dr A. Lopera Valle, WMG, University of Warwick.

For the pre-treatment of gear teeth samples, first, they were mounted in clear epoxy.
Then they were roughly sectioned using a precision cutter (IsoMet High Speed Pro,
Buehler, USA). Then the section surfaces were polished using a polishing machine
(AutoMet 300 Pro, Buehler, USA) with the grit size gradually reduced from 35 pm to
no greater than 9 um. The details of the whole process can be found in refs [185, 186],
they offered specific treatment methods for polymers including sample cutting,
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mounting and polishing thus following the procedures would be safe enough without

significantly altering the materials properties.
6.2.4 Crystallinity and thermal properties

The thermal properties of the composites were measured using a thermogravimetric
analyser and differential scanning calorimeter (TGA/DSC 3+, Mettler Toledo,
Leicester, UK), equipped with the ultra-micro balance cell and differential thermal
analysis (DTA) sensors, under a nitrogen flow of 10 mL/min. Typical sample mass was
20 mg. Analysis was performed in open Al.O3 pans. Samples were initially equilibrated
at 25 <C for 10 minutes, heated to 220 <C at 10 <T/min, and held at that temperature for
10 minutes. Following this, the samples were cooled to 25 T, at a cooling rate of 10
<T/min. A final heating to 650 <C at 10 <T/min was performed. From the DSC heating
scans, melting temperature T,,, and enthalpy of fusion AH,, were determined. The
degree of crystallinity of the polymer matrix, y. was determined as a function of

melting peak area using equation:

—Amemo 6.1
XC_AHO ()

m

where AH?, is the melting heat associated with pure crystalline material, 250 J/g [187-
189] and 326 J/g [190-192] for POM-H and POM-C, respectively. The AH,, was
measured from the DSC results of the first melting peak, in the heating cycles described
above, using an integral tangential baseline setting in the Mettler Toledo STARe
thermal analysis software (Mettler Toledo, Leicester, UK).

The crystallinity was evaluated in samples extracted from the most outer layer and the
core of the gear. This was done by cutting 3-5 mm thick slices from the gears and
selectively cutting material from these two regions.

This test was undertaken by Dr A. Lopera Valle, WMG, University of Warwick.
6.2.5 Microscopy

The surface of worn gear teeth was checked by SEM to evidence any differences
between POM-H and POM-C gears.

Worn gear cross sections were examined by polarised light microscopy (Nikon Eclipse
LV150N with DIC, Nikon Inc., Japan). For the gear teeth sample pre-treatment, it was
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same as the process explained in chapter 6.2.3 and the only difference was the final grit

size was no greater than 3 um.

For examination of new gear teeth samples, they were thin-sliced with a microtome
(Cryo-ultramicrotome, Leica Microsystems, Germany) to a thickness from 10 to 20 um

and then placed on the glass slide and immersed into Nujol.
6.2.6 SAXS/WAXS analysis

Cross sections of POM prepared by the author were taken to Diamond Synchrotron,
(Harwell, UK) for SAXS/WAXS testing as part of a wider composite analysis beam
time grant obtained by Dr V. Goodship, WMG, University of Warwick.

6.3  Results
6.3.1 Wear performance

The results showed as Fig. 6.2 are a replotting of Fig. 5.2 but it has been divided into
more phases in this study. It showed that the wear of POM-C gear can be divided into
running-in, linear and broken phases. While for the POM-H gear, it can be regarded as

four phases, namely running-in, linear, massive wear and broken.

It was noted that the wear performance of POM-H and POM-C gears was similar but
has evident differences. The differences between those two types of POM were widely
researched in material science [193-195]; but in polymer gear studies, most of the
literature only stated the material as POM.
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Fig. 6.2 Wear performance of POM gears.

6.3.2 Hardness Test

The HR15W hardness of the surface and core of the gears was measured. These
measurements may provide information on the wear and fatigue response of the two
materials. The results for HR15W hardness are summarised on Table 6.1. While the
hardness of the POM-C outer surface and core were found to be the same, around 70
HR15W, there was a small difference between those of POM-H. The hardness of this
material’s core was found to be slightly higher than that of the surface. The cause for
this may be linked to the formation of more crystalline regions in the core of the gears
during injection moulding. Given that cooling rate of the gears is higher in the surface
than in the core, the formation of an amorphous skin is likely. With lower cooling rate,
the polymer in core of the POM-H gears had enough time and temperature (kinetic
energy) to grow semi-crystalline regions. These regions may not have developed in the
POM-C as this material tends to be less crystalline that POM-H. The thermal
characterisation discussed below will shine light on whether crystallinity is linked to

the differences in hardness and, in consequence, in wear and fatigue.
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This higher hardness may be linked to the higher performance of POM-H seen in the
wear tests. Once the skin layer of the gears has been worn out, it may be the higher
resistance to plastically deform under a localised load, in addition to a potentially higher
resistance to fatigue, of POM-H may lead to a lower wear, as shown in Fig. 6.2.

Table 6.1 Hardness measurement

POM-H [HR15W] | POM-C [HR15W]

Surface 69.73 £1.27 70.76 +0.83

Core 75.56 +£1.14 70.52 +1.48

6.3.3 Thermal properties

The melting point and crystallinity of the surface and core of POM-H and POM-C gears
were estimated and summarised in Table 6.2. Two cycles of melting were carried in the
DSC. The first cycle, Fig. 6.3(a), provides information about the thermal properties of
the materials as injection moulded, and the second cycle, Fig. 6.3(b), shows the inherit
behaviour of the materials under the same cooling conditions of 10 <T/min.

Table 6.2 Melting point and crystallinity measurements

Material TML(T) | X1(%) | Tm2(T) | X2 (%)

POM-H Edge | 183 0.6 | 46.4 1.9 | 176 0.5 | 48.1 0.2

POM-H Core | 183 +0.2 | 53.6 +£0.6 | 177 0.2 | 46.2 1.3

POM-C Edge | 173 +1.6 | 42.3£2.1 | 170 0.9 | 57.6 £1.0

POM-C Core | 175*1.6 | 442*14 | 171 +2.2 | 58.0 1.1
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Fig. 6.3 DSC measurement of POM gears. (a) First cycle. (b) Second cycle.

With a well-defined single melting peak, the melting process was consistent throughout
all POM materials. However, there were some differences in the values of melting point
and crystallinity between POM-C and POM-H. The first DSC melting cycle of POM-
C did not change between the surface and core. The melting point and crystallinity were
around 174 <C and 43 % respectively. On the other hand, a significant difference in the
crystallinity was found in the first melting cycle of POM-H. The crystallinity of the
surface material close to 8% lower than in the core of the gear. The lower crystallinity

in the surface is likely to be associated with the more amorphous skin in the outer region
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of injection moulded semi-crystalline polymers. No significant differences in the

melting point of the core and surface for POM-H was found.

In the second melting event, in Fig. 6.3(b), the crystallinity of surface and core for both
materials was the same. This is because the cooling cycle was done at the same rate.
The crystallinity of POM-H was found to be roughly 10% lower than that of POM-C.
This means that the intrinsic crystallinity of POM-C is higher than that of POM-H. This
result suggests that the differences in crystallinity between the core and surface of
POM-H in the first DSC melting cycle was associated with the cooling rate of the gears

during injection moulding and not with the materials themselves.

A slight variation in the melting point of POM was observed between the first and

second DSC melting cycles.
6.3.4 Dynamic mechanical analysis (DMA)

The results of DMA were stated in chapter 5.3.2 and proved to be effective to reveal
the mechanical properties regarding the changing of temperature. Thus, the DMA
method was recommended as part of polymer gear analysis procedure as well.

6.3.5 Scanning electronic microscopy (SEM)

The results of SEM were detailed in chapter 5.3.3 and proved to be effective to explain
the surface characters of polymer gear teeth. Thus, the SEM method was recommended

as part of polymer gear analysis procedure.
6.3.6 Cross Section Analysis

As gear teeth undergo working conditions mainly during the linear phase (Fig. 6.2), the
gear teeth samples are viewed after sectioning, mounting and polishing on the section
surface. The wear process inside the gear teeth is demonstrated clearly during this phase

using this technique.

For the POM-H (Fig. 6.4(a)), the interactions of the meshing teeth cause internal
changes to the material, seen as thin layers with the width of less than 100 um separated
from the teeth. Not only lead to wear, those layers were extended to the non-contact
side of the gear surface which brought in cracks of the gear. A similar but thicker
separated layer was found around the engagement point but with an opposite cutting

direction with the ones around the tip. This result perfectly matches the gear sliding
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mechanism (Fig. 6.5) that the friction direction of gear changes at the pitch line. For the
driver gear, the friction directions are away from the pitch line. This wear process

continues during the whole linear wear phase.

For the POM-C, it was found that the wear varied as the linear phase progressed (Fig.
6.4(b)-(c)). Similar findings were reported, which were believed to be related to the
change of friction direction [12]. Towards the end of the linear phase (Fig. 6.4(c)), the
gear tooth was largely deformed and most of the tip area was worn. The wear behaviour,
e.g. the sliced thin layers in Fig. 6.4(a), was not found in the pictures of POM-C gears
during the whole linear wear phase.

(b)

Fig. 6.4 Comparison of crossing section. (a) Linear phase of POM-H gear tooth. (b) Middle of linear

phase of POM-C gear tooth. (c) End of linear phase of POM-C gear tooth.
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6.3.7 Thin-section microtomy for microscopic analysis

The sections of gear teeth were sliced using a microtome and then examined using

polarised microscopy.

The polarised microscopic images brought an insight of material structure of POM-H
and POM-C gear teeth, which had not been revealed previously in the literature. Fig.
6.6(a) shows that the POM-H gear tooth has a three-layer structure: the outer transparent
skin, the middle layer and the inner core. The structure corresponds to the wear phases
shown in Fig. 6.2. During gear meshing, the wear progressed through the outer surface
and the skin area during the running-in phase. Then the middle layer matched with the
linear phases. After that, the wear enormously increased when encountering the
crystalline area. Finally, it led to a jump-out of softened gear teeth from meshing. For
the POM-C gear picture, the tooth exhibited a universally material structure, but it can
be further divided into two layers as seen in Fig. 6.6(b). There are a thin skin area on
the surface and a core area inside. What is more, this is also reflected in Fig. 6.2,
showing that the wear started from a running-in, then went through a continuous linear

phase and then followed by a sudden crack when the linear phase ended.

Similar to the conclusion in chapter 6.3.3, the reason for these differences may be
relevant to the IM process. As shown in Table 5.1, the recommended mould temperature
setting for POM-H (50 <C) was much lower than that of POM-C (100 <C). It may lead
to the conclusion that the skin is highly aligned in POM-H as it was the result of fountain
flow and then rapid cooling as it hit the cold mould wall. The middle layer would

develop as the mould fills and is more crystalline as it was insulated from the mould
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wall and has more time to cool and therefore develop higher levels of crystallisation.
And the core would be able to cool slowest and therefore exhibit the highest
crystallinity. It is also noted that in Fig. 6.6(a), the thickness of the skin and middle
layer area is approximately equal to the total wear length of the running-in and linear
phases. This suggests that the thickness of the skin and middle layer of POM-H gear
teeth strongly relate to the endurance of the gear teeth, under the aspect of material
science. Fig. 6.6(b) shows that POM-C gear teeth do not have this material property
therefore have a different failure mechanism. The above findings in the polarised

microscopic pictures well match the wear testing results in Fig. 6.2.
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‘.

Middle
layer

(b)

Fig. 6.6 Polarised microscope on Thin-section of gear teeth. (a) POM-H gear tooth. (b) POM-C gear
tooth.

6.3.8 SAXS/WAXS analysis

As SAXS/WAXS result analysis is complex and beyond the scope of the author’s remit,
the subsequent analysis of the results was performed on the authors’s behalf by Mr Neil
Reynolds, WMG, University of Warwick who confirmed that there was no change of
crystallinity across the surface of the POM-CO cross section.

6.4 Discussion

The polymer gear analysis procedure applied in this chapter helped discover the reason

for the wear performance difference between POM-H and POM-C gears, in the aspect
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of the inherent differences in the materials. The entire process was captured through the

stages of initial manufacturing, characterisation, and analysis.

A traditional manufacturing procedure was applied to produce polymer gears. CT
scanning was introduced to detect gear defects and ensure only structurally sound
mouldings were carried into the testing phase. This technique also helped optimise the
holding time parameter (one of the IM settings) in the process.

Previous researchers in POM gears ignored any potential differences in the performance
of POM-H and POM-C gears. Gear testing focused on the wear behaviour of the two
different polymer grades, reflected by different wear patterns in the polymer gear

meshing.

Successive sample analyses were applied following wear tests. First, hardness and
crystallinity measurements were applied to provide material diagnosis information on
the two polymer grades. These measurements detailed the differences between the
measured parameters of the two polymer gears, by taking data at discrete points on the
core and the surface of the gear teeth. To discover if these results would affect the wear
behaviours of the two polymer gears, SEM and cross section analysis using OM were
taken to view the characteristics on both the surface and cross sections of the two
polymer gears. And DMA analysis linked the connection between the mechanical
behaviour and the temperature changing of gear teeth. The visual difference presented
in the mainly focused on the wear behaviour. Further analysis by thin-section
microtomy, extended the analysis into a deeper investigation of the material structure
revealing the two-layer material structure of POM-H gears which was found to match
phases of its wear behaviour. POM-C gears did not exhibit a complex structure; in this
case further analysis was carried out using high resolution SAXS/WAXS. This
confirmed there were no significant crystallinity changes occurring through the gear

tooth structure, explaining the differences in wear behaviour.

As the procedure successfully helped understand the wear mechanisms of polymer
gears and showed a good potential in revealing the characters of material in this study,
it is therefore recommended as a coherent set of investigative procedure for studies on
polymer gears. Even though those techniques are widely applied in material science,
few have been used specifically on the study of polymer gears. Most of the current

publications about polymer gears are limited on study methods such as surface
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observation using SEM and OM. The set of the recommended extra procedure as well
as their benefits are listed in Table 6.3. Future research on gears made by various

polymers may try with any of those techniques.

Table 6.3 Set of extra procedure recommended for polymer gear study

Techniques Benefits

CT scanning Detecting defects inside gears.
Hardness measurements Checking material homogeneity.
Crystallinity measurements Checking material homogeneity.
Cross section analysis using OM Investigating failure mechanisms.
DMA analysis Studying the viscoelastic behaviour.
Thin-section microtomy Revealing material structure.
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7 A potential cloud base Internet of Things (loT) approach

for polymer gear data and analysis

7.1 Introduction

While recognising that some of the required technologies are not currently mature
enough to deliver all the concepts discussed, this chapter explores and speculates on
how some ‘big data’ approaches might aid our understanding of polymer gear behaviour
under a wide range of practical conditions. It considers whether they might soon be able
to enhance international collaboration between major research centres, with prospects

of eventual wider use.

As detailed in chapter 2, there are many methods to predict the service life of polymer
gears. Most of them are transferred from the standards of metal gears but they lack
accuracy because of the unique character of polymers compared to metals. As a pioneer,
Mao contributed to the design method specifically for polymer gears regarding the
polymer temperature [12], making the polymer gears more reliable in design and more
accurate in service life prediction. However, to accurately predict the service life of
polymer gears using some specific equation is a real challenge. This is because the
performance of polymer gears is influenced by many factors such as the material, wear,
load, running speed, fatigue, crack condition, temperature and manufacturing methods.
What is more, due to the character of polymer, when the temperature changes, many of
the other temperature dependant properties will be influenced as well. In practice,
software such as Abaqus and Ansys using computer-aided engineering (CAE)
technology has helped to predict the working condition of polymer gears [196-198] but
it was time consuming in modelling and the result was limited to specific cases without
general applicability. In summary, there are no accurate standards to value the rating
life of polymer gears. To contribute to this research, gaining more experimental data of

polymer gears is essential, which was also mentioned in chapter 2.

Until now, each method studying polymer gears has its limitation such as low accuracy
in life prediction and low general applicability. This chapter tries to introduce another
potential method to help gain more testing data efficiently from polymer gears in

application based on the technology of 10T and cloud. As any similar solution was not
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yet found in polymer gear publications, this idea using practical technologies was

regarded as new contribution to the polymer gear research.
7.2 Design of the solution

The infrastructure is shown in Fig. 7.1. It was shown in previous chapters that the test
rig (Fig. 4.3) can obtain data about gear performance efficiency. If the concepts of test
rigs were transferred into real applications such as cars and motorbikes, with the help
of incoming 5G, each application becomes a test rig and can continuously send real
time measurement data to a cloud platform. If the measured data were highly formatted
such as time against wear and time against temperature and the relational database was
designed for storing the formatted datasets, the measured data could be stored in
databases for future analysis. It would also support customised real-time data
processing. For example, when the temperature of the polymer gears is higher than
some pre-set value or the wear is higher than the limit, the driver of the cars or

motorbikes would receive a warning message immediately.

Fig. 7.1 The structure of a real-time polymer gears testing solution
7.3 Infrastructure deployment
To deploy this infrastructure, the electrical components used are listed in

Table 7.1. Those components can be divided into two groups, the sensors and the

development boards. The sensors are for the measurement of the characters such as
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distance and rpm and transferring them into digital signals. And the development boards
are used to process the data and make them readable to the users through interfaces such
as for monitoring. For the connection step, the sensors are connected to either the
Arduino nano board or to the Raspberry pi 4b. Both the Arduino nano and the Raspberry
pi are connected with each other as an integrity system for data processing. The
information for setting up methods and the accuracy of components can be found in the

references [199-203]. The finally built hardware system would look like Fig. 7.2. As

this work was more focused on the whole infrastructure of the design, the components
applied will be different regarding individual projects and it should be noted the process
such as the calibration and the error calculation are needed when the system is applied
into real applications. It also means the example that installing this design on
motorbikes showing in Fig. 7.1 has not been realised yet while it is believed to be a

future possibility.

Fig. 7.2 10T hardware set
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Table 7.1 Key components used in testing solution

Key Component

Single board computers Raspberry pi 4 model b

Arceli GP2Y0A21YKOF sharp IR analog distance sensor

Arduino AVR nano V3 development board

Youmile IR infrared obstacle avoidance sensor

DFRobot SEN0263 temperature sensor development tools

In this project, python was used as the programming language for data processing in
Raspberry pi 4b. First, python scripts were written to design data collection from the
sensor, such as sampling frequency, sampling accuracy, data format etc. Following the
collection, some of the raw data needs post-processing to present valuable information.
For example, the obstacle avoidance sensor cannot count RPM directly, while it does
count how many times a marked point on the gear passed, and the time duration is
collected as well, then RPM could be calculated from these data by running the below

equation in python scripts:

cycles
RPM = —— X 60, (7.1)
duration

where cycles = count number — 1, and
duration = end time — start time, measured in seconds.

After the data was processed, it was transferred to the cloud via the internet. As the 5G
network does not yet cover the living area of the author, in this study, Wi-Fi was used
as an alternative. The Wi-Fi connection was a built-in function on the Raspberry pi.
Once the 5G become more popular in the future, any add-on 5G module [204] which is

compatible with Raspberry pi can be used to upgrade.

For the transmission of the data, the Message Queuing Telemetry Transport (MQTT)

protocol was chosen. It is a kind of publish-subscribe network protocol to transport

messages between devices. It has the advantages of low requirement of bandwidth,

operates with small amounts of codes and fulfils the ISO standard. Unlike the protocols

using “request” and “response” for communication, the MQTT uses the “publish” and
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“subscribe” methods, which means it does not require the interaction between the
message sender and the receiver. There can be more than one message senders as well
as receivers in a single message transmission case. What is more, the sender and the
receiver can be the same device, namely the device can receive the data which is
generated by itself. For communication, the devices only need a broker to manage the

MQTT service, and it was Amazon Web Services (AWS) in this project.

To undertake the process using AWS, an AWS account was first created, which gained
access to the AWS services such as data storing, data analysis and bill management.
Then the AWS IoT Core service was chosen which is based on the MQTT protocol and
provided further services such as the user interface and real-time status monitoring.
After setting up the procedures such as the licences and the security policies, some
python codes were created to deploy the subscribe and the publish process. The
Raspberry pi acted as the publisher and sent the data to the subscriber, namely the AWS
IoT Core. The interface of the AWS IoT Core can display the real-time data received

from the Raspberry pi (Fig. 7.3).
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Fig. 7.3 Display of real-time received data on AWS loT Core

The AWS 1oT Core offered the cloud platform for the data transportbetween devices,
which realised the fundamentals of the I0T. However, it can only check the real-time
data without the abilities of processing such as data storing and analyzing. Thus, another
AWS service named Amazon DynamoDB was used for data storage. It is a database

service and can store the formated data into a cloud platform. In this case, once the data
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is received from the Raspberry pi, it is stored into the database (Fig. 7.4). Then the data

can be used anytime in the future for any purpose.
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Fig. 7.4 Display of real-time received data stored on Amazon DynamoDB

Besides storing the data into the database for future analysis, another function focusing
on the analysis of streaming data was designed. Another service named AWS Lambda
was applied. It provided a platform to deploy the customed python code to analyse the
data. The connection between AWS loT Core and AWS Lambda was built. Each time
the AWS loT Core received the data, it triggered the function on AWS Lambda. If it
fulfils the designed condition in the script such as temperature or the wear was higher

than the limit values, the warning message will be returned.

Until now, the subscriber was still the cloud platform and there were no
communications between the sensors and the other physical devices in the real world.
To undertake this communication process, the amazon Simple Notification Service
(SNS) was applied. It is a fully managed messaging service for both application-to-
application (A2A) and application-to-person (A2P) communication. In this project, the
AWS Lambda service was regarded as the application, then the messages were sent to

persons directly with the methods of email address and short message service (SMS).

The component design showed in Fig. 7.1 was deployed. First, data such as gear RPM,
amount of wear and surface temperature were collected by sensors. The Raspberry pi

and the Arduino deployed the data collecting methods such as the data collecting
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frequency then sent the data to the AWS IoT core, a cloud platform. The received data
can not only be stored in database (Amazon DynamoDB) but also analysed through
designed function in AWS Lambda. Which means both the database and the designed
function are subscribers of the data collected from the sensors. The function will return
the message such as “Gears are broken” once the conditions are met such as the gears
are too hot or they wore too much on the teeth. Then the Amazon SNS service was used
as the subscriber of the designed function. Once the warning messages were returned,
they will be sent to the persons directly through both the email (Fig. 7.5 (a)) and SMS

(Fig. 7.5 (b)).

Gears check

NOTICE »

[

AWS Notifications <no-reply@sns.amazonaws.com>
2021/3/28 11:15

s
37288 /A 00:54

Warning: Car service needed!
Wi A - xxg 1207 @hotmail.com

Gears will be broken, repair now
If you wish to stop receiving notifications from this topic, please click or visit the link below to unsubscribe;

https.//sns.us-east-1.amazonaws.com/unsubscribe.html?SubscriptionArn=arn:aws:sns.us-east-
1:992609638857:Warning:6641b6e2-a75d-4f69-aclc-89130b08de7a&Endpoint=xxg1207@hotmail.com

Please do not reply directly to this email. If you have any questions or comments regarding this email, please
contact us at https://aws.amazon.com/support

(a)

Fig. 7.5 Warning message sent through: (a) email address (b) SMS

This design realised real-time communication between polymer gears and other objects
(such as people), and it offered high flexibility to the content they communicated not
only the value of wear. Many other kinds of data such as the temperature, the level of
noise and the RPM of polymer gears can be extracted with the help of related add-in
sensors. It will help gain more effective testing data as well as better data management
for polymer gears in various scenarios such as cars, motorbikes and different gear
research labs. Data can be collected and gathered promptly then analysed on one

platform.

When it comes to the cost, one application such as a car and a motorbike only needs
one set of this design. Different gear boxes can share this design by simply adding more

sensors. Compared to the cost of test rigs, it’s cost-efficient. What is more, the author
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believes the data will become the actual asset in the near future. A design that brings in

more data will definitely deserve a try.
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8 Conclusions and discussion

8.1 General conclusions

At the end of the research a number of achievements have been made. First, customed
polymer gears have been designed and manufactured using injection moulding (IM). A
full control of the gears manufacturing was obtained by material selection and IM
parameter setting. Secondly, the relationship between the IM parameter settings and the
performance of polymer gears have been studied and some practical suggestions were
raised to help manufacture better quality polymer gears. Thirdly, as one of the most
prevalent polymer gear materials, POM gears have been studied and inherent
differences between the performance of homopolymer acetal (POM-H) and copolymer
acetal (POM-C) were found, which cannot be ignored. The findings provide more
insight for the future applications of POM gears. Fourthly, a new polymer gears analysis
procedure was introduced. It placed more emphasis on the material science by applying
several advanced characterisation methods to gear materials. The process was proven
effective as it successfully explained the real reason why the POM-H and POM-C gears
performed differently. Finally, a new polymer gear testing solution based on the loT

and cloud technology was innovated to monitor polymer gears status in real-time.

For the gears manufacturing, different kinds of gear shapes as well as IM mould designs
were compared. Following trials and upgrades, the best quality design among them was
finally chosen. Instead of purchasing polymer gears from the market directly, taking
charge of gears design as well as manufacturing brought many advantages to research
such as lower material cost and more flexibility during the manufacturing process. What
is more, it not only offered polymer gears with good quality such as symmetry in
shrinkage but also kept the gear teeth profile design the same as with the previously
studied polymer gears in the author’s research team. This meant the current study kept

the continuity and compatibility of the research findings on polymer gears.

The relationship between the IM parameter settings and the wear performance of
polymer gears were studied. It was found that the IM parameter settings can influence
the performance of polymer gears and an approximately 44% disparity in service life

length between the best and the worst performances was recorded in this study. The
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ranking of these influential factors from high to low is melting temperature, holding

pressure, injection speed, cavity temperature.

POM gears are one of the most prevalent polymer gears in industry and they were
frequently studied by academic research. In this study, two commercial grades of acetal
based on POM-H and POM-C were injection moulded into gears respectively and their
wear performance were compared as a further research on POM gears. The results
showed that not only the POM-H gears had about 35% better service life than POM-C
ones, but also other noticeable differences were discovered in failure mechanism,

thermal and mechanical characteristics as well in this study.

As a conclusion generated from the big data of research publications about polymer
gears, polymer science and polymer gear performance are two of the most important
topics, but they have not been strongly connected yet, which means it was lack of
evidence to explain the polymer gear performance from the material science aspect.
This research not only targeted the issue but also offered some suggestions, which was
a new gear analysis procedure focusing on the material science aspect. The procedure
was proved effectively in this research as it successfully revealed the reason why the
POM-C and POM-H gears performed differently which was spotted previously. A
series of material analysis techniques were applied such as CT-scan, microtome,
samples sectioning and X-Ray at the Diamond synchrotron facility (Harwell, UK). This
analysis procedure was applied to investigate the reasons for performance differences
between POM-H and POM-C gears. Findings illustrated the reason behind the

differences was the crystallinity status of POM gears and the resultant failure modes.

Finally, a real-time status recording solution for polymer gears was created utilising
sensor technology. It was based on the IoT and the cloud technology, which offered the
ability to transport related data of polymer gears including but not limited to the wear,
temperature and RPM to the cloud platform. The data were stored in a relational
database; thus, it will be convenient for future usage. What is more, specific design
functions were created via python to enable the real-time gear status monitoring. Once
the wear or surface temperature exceeded the set values, the warning messages will be
sent to the users automatically through both email and SMS. This solution helps gain
more experimental data of polymer gears. In theory, any equipment using gears with an
internet connection can deploy this design and real working conditions can be
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transported to the cloud platform. This design has the advantages of low cost, high
mobility and high customisation and is highly suited to incoming demands and
application in connected autonomous vehicles (CAV). Another prominent advantage of
this design is that instead of a separate testing on polymer gears in the laboratory, it is
able to collect the performance data directly during the implementation from any device
using gears including printers and motorbikes. Last but not least, it also contributes to
the application of polymer gears as the design is a real-time monitor on performance.
Once the abnormality is detected, or a minimum wear point reached, maintenance can
be deployed. This could potentially extend both service life and replace routine wear

checks.
8.2  Contribution to new knowledge
e Literature Review Design

A bibliometrics method was applied to review the big picture in polymer gears. This
revealed the weak link between polymer gears and material science. Further, the author
created a novel python script to automatically summarise the papers to examine

previous research more efficiently.

e Methodology

Full control of all aspects in polymer gears manufacturing was attempted including the
material, manufacturing process: tool design and IM parameter settings, gear testing

and characterisation. This enables new finding on POM to be realised.
e |oT

This thesis reports a new design for an 10T cloud-based solution to help gain more
experimental data of polymer gears. This design breaks the limitation of testing data
about polymer gears coming from laboratory research and opens a field for in-service

application monitoring.

In summary, this research is data driven and evidence based. The challenges of the
polymer gear study and implementation were identified from big data analysis and
solved with the help of experimental data. The findings and this data driven method are

highly valuable to the knowledge of polymer gears.
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8.3 Recommendations for future work
8.3.1 Effect of IM parameter settings on gear performance

It was concluded that the IM parameter settings had an influence on the performance of
polymer gears but the physical phenomenon behind that was not studied in depth. It is
recommended to explore this link further.

8.3.2 POM-H and POM-C gear comparison

The comparison between POM-H and POM-C based gears was undertaken, but as it
was focused on industrial applications, commercial material was used in this study. A
comparison between pure POM-H and POM-C manufactured gears is therefore

recommended.
8.3.3 Implementation of 10T Polymer gear analysis

The newly created polymer gear analysis procedure was successfully applied on a study
case in this research. More studies referring to this procedure are recommended to see
whether more useful information can be obtained for the polymer gears 10T solution in

real applications.

The proposed architecture of the cloud based 10T solution for polymer gears is
recommended for deployment to test this design on real applications such as motorbikes

and improve upon the concept in practice.
8.3.4 Other recommendations

There are other wider areas to be investigated as the outcomes of this research. For
example, a comparison could be taken between IM and 3D printing polymer gears using
the methods described here. Further, finding material formulas which are specifically
designed for polymer gears which can bring better gear performance. There is a need
to create more general simulation models which can predict the gear performance in
advance without the need for experiments. And finally, there continues to be a need for

reliable standards for polymer gears to guide gear design and operation in future years.
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Appendix B Design of the trial mould cavity
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Appendix C Design of the final edition mould
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