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ABSTRACT 

The feasibility of using oriented polymer technology in the design and 

manufacture of mechanical power transmission belts has been investigated. 

Working from an initial selection of polymers a die-drawing technique for 

orienting the polymers was devised, and the static and dynamic mechanical 

properties of the oriented polymers were investigated. These results 

indicated that PP, PBT, PPS and PEEK were suitable for further research. 

Of these 4 materials PBT was selected as the most appropriate material for 

belt manufacture based on cost, processability (drawing temperature, natural 

draw ratio) and limitations of laboratory equipment.  

A technique based on free-tensile drawing combined with simultaneous 

rotational motion was designed and used to manufacture oriented PBT flat 

belts from cylindrical injection moulded preforms. The technique used a 

tensile machine with two pulley-clamps, a fitted heated chamber and an 

electric motor to provide rotational motion to the belt during drawing. Two 

types of oriented PBT flat belts with different cross sections were produced 

successfully, termed “thick” and “thin”.  

These belts were tested on a purpose-built rig comprising two equal 

diameter pulleys, one driven by an electric motor and the other connected to 

a generator to provide load. The belt life and power transmission 

performance was investigated at various conditions of speed, transmitted 

torque and tension, and the results indicated that despite their smaller cross 

section “thin” flat belts demonstrated up to 3 times longer life. However life 

was only 100hours, which was very low compared with conventional flat 

belts that last for many thousands of hours at higher speeds and much 

greater power transmission capacity. 

Synchronous belts were then produced through the same 

manufacturing method used for flat belts. This aspect of the research 

concentrated on the initial pitch design and size, i.e. the timing. Initially a 

rectangular tooth profile was selected for its simplicity in terms of 

manufacture. The produced belts exhibited high pitch length variation as well 

as deformed teeth and were not usable for synchronous power transmission.  
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An extra timing feature was included to control orientation; reducing the 

pitch length variation enabling consistent tooth production. It was observed 

that the areas between the extra timing feature and the tooth edges did not 

orient completely with some regions remaining undrawn. 

 Finite Element Analysis (FEA) was used to predict the drawing 

behaviour of different shapes and dimensions of the timing features. The 

results suggested that a 4mm wide and 7mm long slot provided the highest 

possible extension and the minimum non-oriented regions on the groove. 

Whilst, the thickness and width of the drawn belt timing features showed 

differences to the FEA predictions, manufactured synchronous belts based 

on that design had much better controlled dimensions and the lowest 

achieved pitch length variation ( ±1%), compared to initial attempts.  

It is concluded that oriented polymers have the potential to be used in 

power transmission belts since they offer higher stiffness, tensile strength 

and creep resistance compared with isotropic polymers that are currently 

used in commercially available belts such as thermoplastic polyurethane 

(TPU) and polyvinyl chloride (PVC). The main disadvantages were the lack 

of dimensional stability and number of cycle to failure.  
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 NOMENCLATURE 

a, b, c: angles of the triangle created by the pulley centres 
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e: (nominal) strain (mm/mm) 
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g.l.: gauge length (mm) 
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1. INTRODUCTION 

1.1 Mechanical power transmission  

Power transmission in the context of this thesis refers to the transfer of 

power, i.e. the energy per unit time which is commonly measured in Watts 

(Joule/Sec), transferred from its place of generation to another in the form of 

useful work. There are many different types of power transmission such as 

mechanical, electrical, electrochemical, etc. Mechanical is one of the oldest 

types of power transmission and is closely interwoven with mankind being 

connected with many technological achievements and inventions as well as 

everyday life activities. Mechanical power transmission is characterized by 

its ease of application and is achieved by the transformation of forces, 

torques and speeds. In machine drives, power transmission aims to match 

the operating parameters of a motor with the requirements of the machine’s 

working elements. It also allows several mechanisms to be driven from one 

power source, the direction of motion to be reversed, and torques and 

rotational speeds to be altered while maintaining a constant torque and 

speed at the motor. 

 Mechanical power transmission can be achieved either through rigid or 

flexible systems. Shafts and gears (or gear transmissions) are the main rigid 

mechanical power transmission systems and they have higher power 

transmission capacity (up to 50 MW) and generally longer life than flexible 

systems. Flexible systems include ropes, flexible shafts, roller chains and 

belts. They have been used as traction devices for centuries and not only for 

power transmission: Babylonians and Assyrians used chains for the first time 

for water drawing machines (Habatec, 2011a). They are used for a large 

number of industrial applications, such as: 

i) Conveying and system actuation, e.g. transportation and positioning 

parts over a long distance and in specific places. 

ii) Power transmission, mainly for the operation of industrial appliances 

using prime movers such as electric motors, internal combustion engines, 

etc. 



2 

iii) Replacement of rigid type power transmission systems, such as a 

gear drive system, when longer distance power transmission is required 

(Shigley E. J. et al., 2004). 

1.2 Power transmission belts   

Power transmission belts are the most commonly used type of flexible 

power transmission systems (Shigley E. J. et al., 2004). They were invented 

during the industrial revolution in the 19th century and were used in every 

step of the industrial production, by transmitting the power generated by 

steam engines to individual production machines, e.g. line shaft systems in 

the textile industry, as seen for example in Figure 1.1, etc. (Habatec, 2011a ; 

Habatec, 2011b).  

Examples of power transmission belt systems currently in use can be 

seen in Figures 1.2 to 1.5. 

 

Figure 1.1, Flat belts used in the textile industry in line shaft systems (Habasit, 2001) 
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Figure 1.2, Flat belt 160 ton press (Habasit, 2012a) 

 

 

Figure 1.3, Flat belt driven industry fan (Habasit, 2012a) 

 

Figure 1.4 , Synchronous belt on a camera mechanism (Gates, 2008b) 
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Figure 1.5, Synchronous camshaft and water pump V-belt on an internal combustion 

engine (Arthur'sCarMechanicClipArt, 2009) 

 

Materials and belt design were very closely interlinked throughout the 

evolution of drive belts because these two parameters determine their power 

transmission behaviour and capacity. The first power transmission belts 

were plain flat belts, made from chrome leather (Habasit, 2006). After a 

century of development there are various belt designs, from simple round 

and flat to more complex V-ribbed and joined V-belts, as well as 

synchronous belts with teeth in either the inner or both sides of the belt’s 

circumference. They have a composite structure as seen in Figure 1.6 (stiff 

cords enclosed by a flexible body and covered with facing fabric in the 

contact area with the pulleys), exhibit excellent mechanical properties and 

extremely high efficiency (99% for single and 100% for twin synchronous 

belts) (Gates, 2012b). 
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Figure 1.6, Contemporary synchronous belt structure (TOMEI, 2003) 

 

1.3 The use oriented polymer technology in power 

transmission belts – Aim of the PhD 

Considering the materials used in mechanical power transmission 

systems, one can see that metals have been used extensively in both rigid 

and flexible systems and relatively recently in metal flat belts. Ceramic and 

thermosetting polymers are not suitable for obvious reasons related to 

flexibility. Rubber and synthetic elastomers have also been used 

successfully due to their flexibility as one of the component phases of belts 

(the belt matrix or body). Their poor mechanical properties make imperative 

the need for stiffer reinforcing materials. 

 Over the last 30 years though, an increase in the usage of 

thermoplastic polymers in drive belts has been observed, either as the belt 

body or the entire belt (e.g. polyurethane, poly vinyl chloride and polyester) 

as explained in Chapter 2 – “Literature review” (Gates, 2012b ; Habasit, 

2012c ; Fenner Drives, 2012). Due to their relatively poor mechanical 

properties, these belts are limited to low duty applications.  

Solid-phase oriented thermoplastic polymers have superior mechanical 

properties compared to isotropic polymers and show great potential in many 

engineering applications such as pipes, marine ropes, pallets, suitcases, 

helmets, etc. (Taraiya and Ward, 1996 ; Hine et al., 2003 ; Ward and Hine, 
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1997). The research presented in this thesis investigates the use of such 

materials in the manufacture of single polymer drive belts, such as the 

prototype synchronous belt in Figure 1.7 which was made through the use of 

solid-phase polymer orientation technology. Specifically, the aim of this PhD 

was to investigate the feasibility of using oriented polymers in mechanical 

power transmission belts. 

 

 

Figure 1.7, Single polymer synchronous belt made with the use solid-phase 

orientation technology 

1.3.1 Milestones for novel belt production 

A preliminary research stage took place through which a list of 

candidate polymers and suggested drive belt categories were proposed, with 

specific material and power transmission requirements (APPENDIX 1A).  

Based on this information, the first milestone for this research was the 

use of solid phase orientation methods to create oriented polymers of 

specific geometry and mechanical properties. Materials which met these 

criteria were then further investigated for drive belt design and manufacture. 

The next milestone was to design and create a manufacturing 

procedure and apparatus, for oriented polymer drive belt manufacture that 

could ideally utilize the orientation method and results of the first milestone. 

The design of the manufacturing procedure was expected to be complex 

since it included the selection of specific shape and dimensions of belt 

sample before and after orientation.  
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The third milestone was to evaluate the power transmission 

performance of the prototype manufactured drive belts on a modified belt 

testing apparatus with tailored components such as pulleys specific to the 

produced belts. The most important parameter in belt testing would be the 

selection of appropriate testing conditions (speed, torque, tension), since 

adopting and applying the commercial belt testing conditions would be 

unrealistic, i.e. well above the expectations of the novel belts. 

 

1.4 Objectives of the PhD 

Based on the milestones described above, the objectives for the 

completion of this PhD project were as follows: 

 Orientation through die-drawing technique of all candidate polymers to 

identify which of them could produce the desired oriented products with 

specific dimensional and physical characteristics, as proposed in preliminary 

research through the material and power transmission requirements of 3 belt 

categories. 

 Static and Dynamic mechanical property testing of all candidate 

materials (both isotropic and oriented) to determine which of them could fulfil 

the material requirements of these belt categories and therefore could be 

suitable for belt manufacture investigation. 

 Final selection of materials for drive belt manufacture based on the 

orientation and mechanical property testing, as well as commercial 

considerations such as cost. Limitations of the production route were also 

taken into account.  

 Development of a novel method of solid-phase polymer orientation 

using selected material/s to determine which form of drive belts could be 

produced, e.g. flat, synchronous, etc. 

 Manufacture of initial prototype belts and testing for life cycle, power 

transmission capacity, limitations and failure modes, as well as mechanical 

testing for creep behaviour. 
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 Synchronous belt design through simulation of polymer drawing 

behaviour during belt manufacture, using Finite Element Analysis (FEA). 

Demonstration belts based on the FEA results manufactured and assessed 

for dimensional stability. 

1.5 Introduction to the thesis 

After this introduction the thesis continues with Chapter 2 which 

presents a literature review of power transmission belts, the different types 

and their characteristics, as well as the materials used. The gap in the 

current belt science and technology is located, i.e. single oriented polymer 

belts for power transmission. The use of oriented polymers is considered by 

analysing their nature, characteristics and properties, together with their 

applications and available production techniques which could be used for the 

project.  

Using the data from the preliminary research, the first stage of the 

experimental work is described in Chapter 3. This work included solid – 

phase orientation of all candidate polymers and subsequent mechanical 

property testing over a wide range of conditions (temperature, speed, 

frequency, etc). Hence a classification of the proposed polymers was 

obtained in terms of fulfilling the criteria for power transmission belts as 

defined in APPENDIX 1A.  

The results obtained in Chapter 3 were used in the selection of 

materials for oriented polymer flat belts design and manufacture, described 

in Chapter 4. Specifically, the following stages are presented in this Chapter: 

i) Design and production of belt preforms through injection moulding. ii) 

Manufacturing method and apparatus of flat belts through free drawing – 

rotating. iii) Resulting belts quality and dimensional evaluation as a 

comparison tool with the specifications tolerances of commercial belts. 
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Chapter 5 presents the testing apparatus, conditions and procedures 

designed for flat belts produced in Chapter 4 for life duration, performance 

and failure modes investigation. It also contains the flat belt mechanics 

analysis for the testing configuration in question, as well as the analysis and 

discussion of the results. Creep testing procedure and results of the 

produced flat belts are also presented in this chapter. 

The investigation of oriented polymer synchronous belts is described in 

Chapter 6. Initial experimental results for synchronous belts showed the 

necessity for an extra timing feature between teeth (groove) for improved 

dimensional stability. FEA models of various pitch designs with different 

timing features are presented, resulting in a design with the highest 

achievable draw ratio and least undrawn area on the groove (belt land). 

Based on this design, preforms were manufactured and the produced 

synchronous belts were investigated for pitch length accuracy.  

Chapter 7 includes conclusions from the initial material selection, flat 

belt manufacture, dimensional evaluation, creep behaviour, power 

transmission and life cycle testing, as well as a consideration of the 

suitability of solid-phase orientation technique for the manufacture of 

synchronous belts. Milestones are reviewed and future work suggested in 

terms of targets that were not accomplished or alternate routes that were not 

investigated. 

 

 

 

 

 

 

 

 



10 

2. LITERATURE REVIEW 

2.1 History and types of power transmission belts 

2.1.1 Flat belts 

During the course of industrialization (18th and 19th centuries) with the 

establishment and spread of mechanical power systems based on wind, 

water and steam engines, the first drive systems used for power 

transmission were flat belts which rapidly became the indispensable basis 

for industrial production. Specifically, they were extensively used in line shaft 

to transmit power in textile, mining, logging and farming applications (Figure 

2.1). Initially, they were made of “chrome” leather (chromium sulphate) with 

or without cotton cord as the tensile member with limitations such as friction 

degradation, low tensile strength, vibration and noise. With the invention of 

polyamide (PA) during the 1940’s, flat belts could be made with more stable 

and desirable elastic characteristics and endless, by means of a glued joint. 

Leather bonded to the polyamide traction layer as a friction cover had a 

friction coefficient of 0.7, which could be further increased to 0.9 by 

employing special surface finishes (Habatec, 2011a ; Shigley E. J. et al., 

2004). 

 

Figure 2.1, Leather flat belt drive in power transmission mechanism (Geolocation, 

2011) 

During the second half of the 20th century, flat belts evolved in terms of 

materials and their mechanical properties, friction coefficient and hence 

power transmission performance. Steel and then glass fibre cords started 

being used as tensile members, impregnated with natural rubber, instead of 

leather and then later in synthetic elastomeric compounds (Figure 2.2).  
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Figure 2.2, Contemporary flat belt (Direct Industry, 2012 , Fenner Precision, 2012)  

Modern flat belts can either be reinforced or non-reinforced for heavy 

and light-duty applications respectively. In reinforced belts, the belt body 

(matrix) can be made of synthetic elastomer, and more recently 

thermoplastic polyurethane (TPU), polyvinyl chloride, (PVC) or polyester 

(PET). The tensile member can be in the form of a traction layer or cord and 

made of polyamide, steel, glass, polyester, aramid or carbon fibres. Also, 

one or both surfaces may be covered with wear-resistant, oil and grease 

resistant friction covers, usually made of PA or polyurethane (PU) that 

provides a high degree of consistent friction between belt and pulleys. Non-

reinforced or single polymer flat belts can be made entirely out of TPU, PVC 

and PET.  

Reinforced flat belts exhibit good mechanical properties and high 

efficiency from 70 to 98%, which is similar to a gear drive. Their power 

transmission capacity has been shown to be in the order of  370kW (Cullum 

D. R., 1980) and maximum speed up to 100m/s (Habasit, 2001 ; Pfeifer 

Industries, 1998). Comparably, single polymer flat belts designed for light-

duty applications can run up to 150m/s (Cullum D. R., 1980). Flat belts in 

general make very little noise and absorb more torsional vibration from the 

system than either V-belt or gear drives. For all the above reasons flat belts 

continue being used in many industrial applications (Shigley E. J. et al., 2004 

; Habatec, 2011a ; Habasit, 2001).  
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2.1.2 Round – circular cross-section – belts 

Round or circular cross-section belts can either be seamless belts with 

circular cross section that resemble O-rings or open-ended. They were 

developed in a similar way to flat belts in terms of materials and applications, 

but their performance is more suitable for low torque and power applications 

due to the smaller friction area available, such as recorders, projectors and 

printers (Pfeifer Industries, 1998). Single material round belts are also 

available (made by the polymeric materials used for flat belts) and are used 

in textile, packaging, paper, food, ceramics and wood industries for low 

power transmission applications or as linear conveyors (Habasit, 2012c ; 

Fenner Drives, 2012). 

2.1.3 V - belts  

 V-belts were invented in 1917 by Gates and their purpose originally 

was to replace the large number of interlinked flat or round belts (10 to 15) 

connected to a single pair of shafts. They offer greater reliability, as well as 

power transmission capacity in less space due to additional friction on their 

sidewalls. The first two designs were the classical V and the wedge or 

narrow V-belt, with the second having a larger height to width ratio than the 

classical V-belts. From the 1930’s, the use of V-belts was broadened to 

cover the majority of industrial applications of that period and allowed drives 

with a much higher power capacity than ever before.  

Over the subsequent decades vast improvements were made in V-belts 

design and fabrication (Carlisle, 2012 ; Gates, 2006c) and the most 

significant advances occurred in 1959, when novel V-belts were launched 

with the same composite structure basis  that is still used today, transmitting 

up to three times the power of the original designs. A schematic illustration of 

V-belt designs is shown in Figure 2.3. 
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Figure 2.3, V-belt types (Carlisle, 2012) 

Natural rubber was initially used for the belt body and high quality 

cotton cord as tensile member for all V-belts until the end of the 1940’s. 

Steel and polyamide fibre cord replaced cotton offering much greater 

strength capacity, and synthetic rubbers started being incorporated into V-

belt constructions, due to their higher oil, heat and ozone resistance 

(Carlisle, 2012). Today, various materials are also available for the body of 

V-belts apart from synthetic elastomers, such as TPU, PVC or PET (Habasit, 

2012c ; Fenner Drives, 2012).  The predominant materials used for tensile 

member are PET, glass and aramid fibres. Polyamide (PA) fabric layers 

(single or double (Fenner, 2010)) cover the outer surface of V-belts for wear 

resistance from friction and to prevent contamination of the elastomer 

compound.  

V-belt drives have an efficiency which depending on maintenance 

ranges from 70 to 96% and their power transmission capacity can be up to 

600kW (Fenner, 2010). V-belts life have an operational life of up to 

25000hours, and can run at very high shaft speeds, up to 30000rpm (Gates, 

2008b). They are suitable for large power transmissions where slip in the 

event of shock loading is needed as overload protection. Recommended 

maximum belt speeds are 35 – 45 m/s (Neale J. M., 1994). More 

dimensional and technical data for V-belts are available in Table 0.7, 

APPENDIX 2A. 
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2.1.4 Synchronous belts 

Synchronous belts were first introduced in order to satisfy synchronous 

power transmission and were developed to a similar power capacity to V-

belts, but higher operating efficiency. They were initially used in industrial 

drives at the beginning of the 1940’s and successfully introduced into the 

automotive industry in camshaft drives. The first synchronous belt used in 

the automotive industry was in 1945 and the German Glas-1004 was the first 

mass produced vehicle to use a synchronous belt in 1961. The first 

American vehicle to use a synchronous belt was the 1966  - Pontiac 

Tempest. (Habatec, 2011a ; Habatec, 2011b ; Temple, 2004a ; Temple, 

2004b ; Temple, 2004c). A synchronous timing belt is an endless flat belt 

with a series of evenly spaced teeth on the inside circumference (Figure 

2.4). 

 

Figure 2.4, Synchronous timing power transmission belt (TimingBeltsIndia) 

 Synchronous belts are part of a drive system and their main function is 

to transmit power synchronously to rotating shafts, through the 

positive engagement of two sets of meshing teeth. The teeth meshing 

between belt and pulley can be seen in Figure 2.5. The teeth are shaped to 

a designed profile to ensure correct engagement with the pulleys and 

transmit power synchronously (Dalgarno, 1991 ; Dalgarno et al., 1991), by 

maintaining a constant speed since they do not slip. 



15 

 

Figure 2.5, Positive engagement between timing belt and pulley (Gates, 2005) 

Synchronous belt drives are capable of transmitting large amounts 

of torque, withstanding large accelerations and responding to continuous 

high loads. Their flexibility also enables synchronous belts to operate very 

well on small scale drives and in applications with high speeds or small 

pulleys and allow the designer  to  place  components  in  more 

 advantageous  locations  at  larger  separations for example (Dalgarno, 

1991 ; SDP/SI, 2009).   

The first synchronous belt was made of natural rubber, reinforced with 

steel cord and a wear resistant polyamide fabric on the inner circumference 

protecting the teeth (Figure 2.6). Modern synchronous belts have similar 

material composition as V-belts; namely steel, glass, aramid, PET and 

carbon fibre cords within a synthetic elastomer or polymeric body. Facing 

fabric used for tooth protection is made of PA. Also, a belt backing can be 

added either as an extra layer made from PU, PVC and thermoplastic 

elastomer (TPE) with various designs and textures (as explained in Section 

2.2.4 – “Backing layer”) for different effects, such as extra friction or gripping, 

better belt tracking, etc.  

 

Figure 2.6, Component phases of a synchronous belt (Dalgarno et al., 1998) 
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Synchronous belt design is based around the definition of pitch, which 

is the distance between two consecutive teeth measured from their centres, 

as shown in Figure 2.7, and tooth profile.  

 

Figure 2.7, Synchronous drive belt pitch (Gates, 2006c) 

 Trapezoidal profile - timing belts; a trapezoidal tooth profile, i.e. a shape 

with straight sides (Figure 2.9a). These belts were based on imperial pitch 

sizes and could provide power transmission up to 150kW (see APPENDIX 

2A). The initial trapezoidal toothed belts were replaced by curvilinear toothed 

belts in new drive designs, however most of the contemporary synchronous 

belts are still available with that tooth profile (Gates, 2008c ; Gates, 2008b).  

 Curvilinear tooth profile – High Torque Drive (HTD) belts; a rounded 

tooth, i.e. curvilinear profile (Figure 2.9b) developed to increase drive 

efficiency through belt - pulley meshing, as well as torque and power 

transmission capacity (up to 1000kW). This was achieved by achieving full 

contact of the tooth in the sprocket groove while in trapezoidal tooth profile 

belts the contact with the sprocket is in the root radius– upper flank area 

only. A comparison between stress distributions of a trapezoidal and HTD 

drive belts is illustrated in Figure 2.8. More dimensional and technical data 

about HTD belts are available in APPENDIX 2A. 

 

Figure 2.8, Difference in tooth contact and stress distribution during meshing with the 

pulley between trapezoidal and curvilinear tooth profile (SDP/SI, 2009) 
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 Modified Curvilinear profile belts; an extension of the HTD system with 

similar tooth profile but with a higher tooth angle and shallower teeth that 

offer a smoother and more accurate drive (Figure 2.9c). The wider angle of 

the tooth increases the contact area providing improved resistance to 

ratcheting. Also, the modified curvilinear teeth enter and exit the sprocket 

grooves cleanly resulting in reduced vibration. This tooth profile design also 

results in parallel contact with the groove eliminating stress concentrations 

and tooth deformation under load. Their power transmission capacity is the 

same as the HTD belts, up to 1000kW, with efficiency of 98% (Gates, 2007). 

 

Figure 2.9, Conventional synchronous belt tooth profiles  

 High performance positive drive (HPPD) belts - Reinforced Parabolic 

tooth Profile (RPP) Figure 2.10, was designed by several companies such as 

(Dayco et al., 1998 ; Carlisle, 2011) to increase life cycle. Their maximum 

power transmission capacity is 724kW and a 99% operating efficiency 

(Dayco et al., 1998). HPPD belts are used in various applications such as 

office equipment, paper industry machinery, machine tool, etc. 

 Super torque positive drive (STPD) belts -  Tooth profile with rounded 

edges with flat top; used only by a few synchronous belts, such as the 

Eliminator and PolyChain GT Carbon by Gates (Gates, 2004 ; Gates, 

2012a), in order to surpass the RPP belts (e.g Panther (Dayco et al., 1998)) 

in life duration and power transmission capacity. The belt tooth profile can be 

seen in Figure 2.10. Specifically the “Eliminator” belt lasts twice as long as 

the RPP belts, while the PolyChain GT Carbon belt power rating is up to 

1037kW. That benefit is not attributed only to the tooth profile, but also to the 

materials of this belt (high performance PU belt matrix and backing layer, 

reinforced with aramid or carbon fibre cord PA fabric for tooth protection. The 

rest components of the drive system such as pulleys, idler tensioners etc. 

are the same used for modified curvilinear synchronous belts.  
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Figure 2.10, Advanced synchronous belt tooth profiles (Gates, 2010c) 

 Helically offset tooth (HOT) belt; the tooth profile of that belt is shown 

in Figure 2.11. This profile is completely different to other synchronous belts 

and is exclusively used by Goodyear, in the Eagle NRG Positive drive belt 

(Figure 2.12) (Goodyear, 2005). It can operate up to 20000rpm and transmit 

up to 772kW power. More dimensional data can be found in APPENDIX 2A. 

 

Figure 2.11, Helically offset tooth belt (Rainbow Precision Products, 2012) 

 

Figure 2.12, Helically offset tooth belt meshing with pulley (Goodyear, 2005) 

Twin synchronous belts have teeth on both sides to provide 

synchronization from both driving surfaces. This special feature makes 

possible unique drive designs such as multipoint drives, rotation reversal 

with one belt, serpentine drives, etc. Twin power belts are similar in 

construction to standard synchronous belts and can transmit 100% of their 

maximum rated load capacity from either side of the belt. They are available 

in all the above tooth profiles, apart from HOT. Some typical applications of 

twin synchronous belts are: copiers, serpentine drives, reversing rotations. 
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2.2 Materials of power transmission belts 

As discussed previously, all contemporary drive belts can be separated 

in two main categories in terms of materials and structure: a) the composite 

belts, which are the oldest, strongest, suitable for heavy duty applications 

and cover the majority of drive belts and b) single polymer belts which were 

recently launched and are suitable for light duty applications, conveyors, etc.  

The component phases of composite drive belts are listed below along 

with their specific functions: 

 The matrix; an elastomeric or polymeric material whose role is to 

transfer external applied loads to the reinforcement phase (cord), to provide 

the necessary flexibility to the belt (or more specifically to the teeth of 

synchronous belts) as it interacts with the sprockets (or with the pulley teeth) 

and to give the overall shape to the belt (and teeth). 

 The reinforcement phase which is impregnated to the matrix material 

and is in the form of continuous strands or cords along (and across) the 

circumference of the belt and its role is to carry the applied loads. 

 The facing fabric that covers the contact area of the belt with the 

pulleys or in some case the entire belt surface and has the following 

functions:  

o In flat, round and V-belts to resist wear from friction. 

o  In synchronous belts: i) to increase the tooth stiffness, ii) to resist the 

highest stresses located at the tooth root so as to prolong the belt life and iii) 

to provide a durable low wear surface for tooth engagement with the pulley 

features (Dalgarno et al., 1993 ; Childs et al., 1997). 

 The backing layer which is an extra layer on top of the outer 

circumference of the matrix-body of the belt in order to provide resistance in 

highly abrasive environments as well as for applications that require 

synchronization on one shaft and have the ability to run a pulley off the back 

of the belt (Gates-Mectrol, 2011).  
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Figure 2.13 displays a contemporary power transmission flat belt and 

its basic component phases. 

 

Figure 2.13, Contemporary flat belt composite structure (Gates, 2010d) 

 

2.2.1 Belt matrix 

The main component phase in a synchronous belt is the matrix which 

forms the overall shape. There are various available materials that have 

been incorporated in synchronous belts and the most important ones are as 

follows (Dalgarno, 1991 ; SDP/SI, 2009 ; Habasit, 2012c ; Gates-Mectrol, 

2011): 

 Natural rubber (NR) 

 Polychloroprene (Neoprene), 

 Hydrogenated nitrile elastomer (HSN) or Hydrogenated nitrile butadiene 

rubber (HNBR) 

 Chlorosulphonated polyethylene (CSM)  

 Polyurethane (PU), Polyvinyl chloride (PVC), Polyethylene terephthalate 

(PET) 

A detailed description of these materials can be found in APPENDIX 

2B. In general the belt matrix materials are characterised by good wear, 

chemical and thermal resistance, toughness and a wide temperature range 

from -54oC to over 165oC (Dupont, 2009 ; American Chemistry Council, 2012 

; Hans Magg, 1998 ; PAR, 2010 ; Habasit, 2012c ; Ward I. M. and Sweeney 

J., 2004). 
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2.2.2 Reinforcement phase – high stiffness member  

The reinforcement phase is in the form of continuous strands along the 

circumference of the belt, and also transverse in some specialty belts 

(Gates, 2008c). Belts were originally reinforced with steel while nowadays 

other materials are also used such as glass, polyester, aramid and carbon 

fibres. The cords are provided to the manufacturing process in one of two 

configurations (“S” and “Z” twists), APPENDIX 2C. Adhesive treatment, 

which is sometimes applied to cords to enhance their bond with belt matrix, 

affects fibres properties because it has to penetrate them up to a specific 

depth in order to be successful. As a result their stiffness is reduced and 

sometimes degradation is caused during the adhesion process, due to its 

different chemical composition that interacts with fibres (SDP/SI, 2009). 

Specific details of stiffness cord materials can be found in APPENDIX 2C. 

These materials show high stiffness and tensile strength. 

2.2.3 Facing fabric 

The facing fabric covers the teeth and has three functions: i) to 

increase the tooth stiffness, ii) to resist the highest stresses located at the 

tooth root so as to prolong the belt life and iii) to provide a durable low wear 

surface for tooth engagement with the pulley features (Dalgarno et al., 1993 ; 

Childs et al., 1997). The main material used is Polyamide (Nylon) and in 

some advanced belts the fabric is graphite loaded for self-lubrication (Dayco 

et al., 1998) or double outer layer is used for increased flexibility and better 

protection of the stiffness member (Fenner, 2010). 

2.2.4 Backing layer 

Polyamide (PA), PVC, natural rubber, PU and elastomer (Neoprene) in 

solid or foam (sponge) texture, as well as thermoplastic elastomer (TPE) can 

be used as a backing layer of belts for highly abrasive environments such as 

wire drawing and wood, glass and aluminium conveyors (Gates-Mectrol, 

2011 ; Fenner Drives, 2012 ; Gates, 2012b ; Fenner, 2010). Plain, micro-V, 

ribbed, “sponge” type, honeycomb and other specialty layers are available 

for backing in flat, V and synchronous belts. These extra layers as seen in 

Figure 2.14 and Figure 2.15 give belts additional desired properties, e.g. 
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ribbed backing in synchronous belts is ideal for applications that require 

synchronization on one shaft and have the ability to run a pulley off the back 

of the belt, like in flour mill applications and vacuum cleaners, while in V-

belts it provides greater lateral stability and relieves bending stress.  

 

Figure 2.14, Ribbed and honeycomb backing of V-belts 

 

          

Figure 2.15, Micro-V and ribbed backing profile of synchronous belts (Gates, 2008c) 

 

2.3 Drive belt performance 

The main design parameters of a power transmission belt are the 

geometry and the power specification. The geometry of a drive belt includes 

the overall dimensions of the cross section design and for synchronous 

belts, the tooth profile, the pitch length and size and the pulleys. Power 

transmission belt life can be improved either by increasing belt width or by 

increasing contact area with the pulleys (i.e. the number of teeth in mesh for 

synchronous belts). The last can be achieved by either increasing the size of 

the pulley or by using an idler pulley to increase the wrap angle (Koyama et 

al., 1979).  

The power specifications include the torque which the belt must 

transmit and the tension which must be applied to the belt to ensure the 

required belt operation. These specifications together with the geometrical 

characteristics will determine the value of operating loads applied to the belt 

(and the belt teeth in synchronous belts) (SDP/SI, 2009).  
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 As was identified by Gerbert (Gerbert G. et al., 1978) these 

specifications are related to the resistance of belt to extension, the 

coefficient of friction between belt and pulley and also in synchronous belts, 

the resistance of the belt teeth to deflection. However, the relationship 

between the materials and the belt properties were first fully examined by 

Dalgarno (Dalgarno et al., 1993) and it has been found that: 

 

i) The extensional stiffness of the belt is determined by the stiffness of 

the tension member cord only. Loss of this extensional stiffness is equivalent 

to significant reduction of life. Initially, stiffness reduces with run time before 

levelling out and remaining constant for the rest of the belt run time. That 

initial loss is substantial to affect the life of the belts. It is considered to arise 

from cracks developing in the cord. These cracks prevent the transfer of 

shear stresses from the matrix to the cord, and hence produce a loss of 

stiffness of the cord. The levelling out of the belt stiffness is considered to be 

a result of the cracks in the cord running out between the helically wound 

yarns of the cord to the cord-matrix interface, where it continues to 

propagate either along the interface or into the belt matrix, causing damage 

to the belt as a whole, but not to the cord (Dalgarno et al., 1998).  

ii) The mechanism of belt tension relaxation appears to occur through the 

breakage and reformation of adhesive bonds between the belt matrix and 

the tensile member, producing a drop in tension with no associated drop in 

belt extensional stiffness. 

iii) The friction coefficient between the belt and the pulley is determined by 

the frictional properties of the facing fabric only. 

iv) And for synchronous belts only, both the belt matrix and the facing 

fabric play a significant part in determining the resistance of the belt teeth to 

deflection. 

In service failure modes for all drive belt types have also been 

reviewed. However, as the main focus of this research was the assessment 

of oriented polymer belts this information is included as an APPENDIX 2D. 
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2.4 Drive belt summary 

In addition to the above review, it can be shown that drive belts as a 

power transmission system exhibit the following advantages over alternative 

power transmission methods: 

1. No lubrication is required. 

2. Maintenance is minimal and infrequent. 

3. Belts dampen sudden shocks or changes in loading.  

4. They exhibit a quiet and smooth operation.  

5. Peripheral components such as pulleys are usually less expensive than 

chain drive sprockets 

6. Little wear is exhibited over long periods of operation. 

In contrast they also have several drawbacks such as: 

1.  Higher cost compared to other belt drive options. 

2. Length of endless belts cannot be adjusted (Pfeifer Industries, 1998) 

3. Endless belts usually cannot be repaired when they break. They must be 

replaced. 

4.  Slippage can occur, particularly if belt tension is not properly set and 

checked frequently. 

5.  Also, wear of belts, sheaves, and bearings can reduce tension, which 

makes re-tensioning necessary. 

6.  Adverse service environments (extreme temperature ranges, high 

moisture, oily or chemically filled atmospheres, etc.) can damage belts or 

cause severe slipping. 

7. Accurate alignment of the pulleys for efficient and reliable operation is 

required (RoyMech, 2009).  

8. The majority of drive belts cannot be recycled due to their multi-

component (composite) structure. 
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The composite belts discussed above also suffer from failure modes 

associated with their construction (APPENDIX 2D) and unsuitability for 

recycling. Single polymer belts are however limited to low due duty 

applications with relatively short life span compared to composite ones, due 

to their lower mechanical properties. However, solid-phase oriented 

polymers exhibit superior properties compared to the isotropic. These 

materials are discussed in the following sections and their potential 

application in the manufacture of power transmission belt out of a single 

material.   

2.5 Polymers & Oriented Polymers 

2.5.1 Categories of polymers 

The word polymer is derived from the Greek words “poly” which means 

many and “mer” (meros) which means unit, i.e. “many-units”. They are 

characterised by their structure, which has long molecular chains composed 

by repeated monomer units, connected by covalent bonds. In addition, 

polymers have very high molecular weight (from 103 to 106) and low density 

compared to metals and ceramics. There are both natural and synthetic 

polymers. Natural polymers are cotton, silk, natural rubber and proteins. 

Synthetic polymers are all kinds of man-made plastics such as nylon, 

aramid, polyester, etc. and are widely used over the last 80 years in wide 

range of applications and fields, from domestic appliances to aircraft 

industry, as well as biomaterials for body implants. Synthetic polymers are 

divided into three major categories: thermoplastics, thermosets or 

thermosettings and elastomers. A brief description of their basic 

characteristics and properties is presented below (Callister, 2009). 

Polymers like any other material can only be used within a specific 

temperature range. There are two important temperatures that determine 

this operation range. The first one is the melting temperature, Tm, beyond 

which the material melts. The second one that also influences both the 

mechanical behaviour and physical characteristics of polymers is the glass 

transition temperature, Tg and according to IUPAC definition is the 

temperature at which the viscosity of the glass is 1013
 dPa·s  (IUPAC, 1997). 
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In polymers, glass transition temperature is the temperature before which a 

polymer exhibits glassy behaviour by having its molecular chains 

“interlocked” and thus their vibrations and rotations that occur in their 

position are minimized. Hence, the material behaves in a brittle way, with 

increased modulus of elasticity, E, tensile strength, σTS, but low strain at 

break, εbreak.  Beyond Tg, molecular chains start vibrating and rotating 

causing the typical viscoelastic polymeric behaviour which is characterized 

by large plastic deformations, low modulus and strength. Tg is influenced by 

molecular structure, stereoisomerism, geometrical configuration, degree of 

crystallinity and also if the material is a copolymer (i.e. the main molecular 

chain consists of chemical combinations between two or more “mer” units) 

and specifically by its configuration i.e. if it is block, random, alternating or 

graft. Once again the more complicated structures lack of ordered packing of 

their molecular chains, i.e. they exhibit low crystallinity resulting in a 

decrease of the Tg (Callister, 2009 ; Ward and Sweeney, 2004) 

Thermoplastics are the most known and widely used type of polymers, 

because they can be remelted and reformed, through heating over their 

melting point, Tm. In other words, they can be recycled for many times 

(innumerous times in theory). They can be both semi-crystalline and 

amorphous. 

Unlike thermoplastics, thermosetting polymers once polymerized they 

cannot be remelted and reformed. If reheated above their melting point they 

get chemically decomposed. Usually, during the polymerisation a reaction 

takes place between one or more monomers and its hardener. The result of 

this reaction is that thermosets become permanently hard, by the formation 

of covalent crosslinks between adjacent molecular chains (Callister, 2009). 

These crosslinks restrain molecular chains vibrational and rotational motion 

at high temperatures and thus provide thermosets a stiffer, stronger, more 

brittle structure than thermoplastics, but completely amorphous. Most of 

crosslinked and network polymers are thermosettings.  
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Elastomers are the third main polymers category. Their main feature is 

rubber-like elasticity, i.e. that they can elastically spring back to their initial 

shape after having been deformed to very large deformations. This ability is 

the result of sulphur cross-linking bonds between adjacent chains through a 

process known as vulcanization. As a result of the above behaviour, 

elastomers exhibit poor mechanical properties, especially in Young’s 

modulus, E, and tensile strength, σTS (Callister, 2009 ; Ward and Sweeney, 

2004). Elastomers are in general amorphous or with very low crystallinity 

and must be used above their glass transition temperature, which is usually 

between -50 oC to -90oC. During manufacturing various processing agents 

and antioxidants are used. These additional substances may affect the final 

product properties. Elastomers are also divided in thermosetting (i.e. 

unsaturated that can be cured by sulphur vulcanization), and thermoplastic 

(i.e. saturated that cannot be cured by sulphur vulcanization).  

2.5.2 Oriented Polymers 

From a simplistic point of view, the term “oriented polymers” is used to 

describe polymers that after specific type of processing can obtain a novel 

aligned molecular chain structure. This structure has anisotropic character 

and improved mechanical properties mainly in the direction/s of orientation. 

The way orientation can be induced into polymers is either in melt, 

rubbery or in solid state. However, the improvement in mechanical properties 

by the melt processing is quite moderate. In order to achieve the optimum 

improvement, the orientation should be induced when molecules are in solid 

state (Ward M. I et al., 2000). 

In amorphous polymers, orientation involves simultaneous chain 

alignment, viscous flow, chain relaxation and strain induced crystallization. 

Orientation in semicrystalline polymers is preferable to occur between the 

glass transition, Tg, and melting temperature, Tm. It starts with the 

destruction of the isotropic state spherulitic structure and then followed by 

the amorphous regions disentanglement, it moves on the alignment of 

chains in the orientation direction and a configuration of extended chain 

crystals with fewer chain folds and defects, forming a newly micro-fibril 

structure. A schematic representation of the solid phase orientation 



28 

mechanism in both amorphous and oriented thermoplastics is displayed in 

Figure 2.16 and Figure 2.17 respectively. 

 

Figure 2.16, Amorphous polymer solid-phase orientation mechanism 

 

Figure 2.17, Semicrystalline polymer solid-phase orientation mechanism 

The benefits obtained when using solid-phase orientation technique in 

order to improve polymer properties are as follows: 

 Increase in Young’s modulus and tensile strength in the direction of 

orientation. The increase in modulus can be linearly proportional to the draw 

ratio depending on the polymer. 

 Increase in impact strength 

 Improved thermal stability and chemical resistance 

 Lower thermal expansion and lower creep. 

The benefit of lower creep in particular is of outmost interest in an 

application like drive belts, apart from the obvious benefits of mechanical 

property increase.  
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However, they are some drawbacks too. Oriented polymers are much 

stiffer so they exhibit a brittle type of fracture with a big reduction in strain at 

break. Fracture toughness is also decreased in the direction of orientation as 

well as an overall decrease in hardness. Last but not least, the final oriented 

polymer product shapes are relatively simple and few, compared to those 

that can be obtained through melting state processing, such as injection and 

compression moulding. The current commercial products are mainly rods, 

pipes and sheets (Ward M. I et al., 2000 ; Chapleau et al., 2005). The solid 

phase orientation processes are described in the following section. 

2.6 Polymer orientation through solid-phase methods 

There are several solid phase methods that produce oriented polymers, 

either uniaxially or biaxially. These methods started being developed and 

investigated in the late 1960’s and mainly in the 1970’s. The most important 

methods are ram extrusion, hydrostatic extrusion, rolling and roll-drawing, 

free-tensile drawing and die-drawing. 

2.6.1 Ram extrusion 

Ram extrusion is one of the simplest methods of producing oriented 

thermoplastic polymers. Pressure is applied on a piston, which in turn 

pushes an isotropic polymeric billet through a die of reducing cross section 

(conical in most cases) with the desired geometrical characteristics, as it is 

shown in Figure 2.18. The first attempts were recorded from Imada (Imada 

et al., 1971) but were also investigated extensively by Weeks and Porter 

(Weeks and Porter, 1974).  

Quite a few polymers have been oriented and investigated using ram 

extrusion, with PE being the one mostly examined. Porter and Southern 

(Southern and Porter, 1970) were the first, followed by Imada (Imada et al., 

1971) and Farrell (Farrell and Keller, 1977). In addition, Porter and his co-

workers developed a novel version of this technique in 1978, by extruding a 

sheet of polymer between a split billet consisting of two semi cylinders of a 

different polymer (Porter et al., 1978). Using this version of ram extrusion 

followed by drawing in a conventional tensile machine, Kanamoto 

(Kanamoto et al., 1983) reported the highest properties values for PE. 
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Specifically, they used UHMWPE and the obtained value for Young’s 

modulus was 222 GPa and up to 6 GPa for strength. In some other cases 

using the same technique, Porter with different co-workers managed to 

orient PP and PTFE (Porter et al., 1994).  Many other materials have also 

been oriented through ram extrusion, such as PS (Appelt and Porter, 1981), 

PET, both amorphous and crystalline (Pereira and Porter, 1983) and Nylon 6 

and 11 (He and Porter, 1987) and (Zachariades and Porter, 1979b). 

 

Figure 2.18, Ram extrusion method; direct on top, indirect on the bottom (SubsTech, 

2009) 

2.6.2 Hydrostatic extrusion 

Hydrostatic extrusion is displayed in Figure 2.19. In this method the 

polymer is placed inside a pressure vessel and instead of a piston, a fluid 

(usually castor oil) under high pressure transmits the force and motion. 

Hydrostatic extrusion exhibits a few advantages over ram extrusion. First of 

all, the fluid acts as a lubricant between the billet and the die wall and the 

friction between them is significantly reduced. Due to this lower produced 

friction, structural variations that were observed in ram extrusion around the 

extrudate section, due to high deformation of the polymer at the interface 

with die, are also diminished. The resulting deformation is pure 

homogeneous strain, such as in tensile drawing of a free surface. Hence, the 

extrudate polymer is even more homogeneously oriented across the section. 

As a consequence of the above two arguments, the required haul-off load to 

provide straight and good quality extrudates is much smaller from in ram 

extrusion (Coates and Ward, 1978 ; Gibson and Ward, 1978). 
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Figure 2.19, Hydrostatic extrusion (Ent.Ohiou.Edu) 

2.6.3 Rolling and roll – drawing  

Rolling is a well-known technique for metals processing either cold or 

hot, but is also used in polymers. The initial billet of polymer passes through 

several pairs of rolls as it is shown in Figure 2.20. The gap between these 

rolls is smaller compared to the thickness of the polymer, so the polymer is 

forced to compression, thickness reduction and increase in the other two 

dimensions. During this process, slippage usually occurs between the 

polymer profile and the rolls. This slippage depends on the type of polymer, 

the geometry and conditions of rolling. In large roll diameters, slippage is 

reduced and consequently performance as well as reduction ratios are 

increased, but the deformation rates as well as the contact angle is smaller 

compared to small roll diameters. The residence time is longer though, so 

large rolls are considered to have higher output and to be easier in 

operation. 

 

Figure 2.20, Rolling apparatus (The Open University, 2007) 
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 Roll-drawing process differs from rolling in that the former requires 

tension combined with the rest procedure of rolling, through additional rolls. 

Subsequently, since the first rolls that are also common in both techniques 

are used to compress the polymer, the additional rolls apply a tensile load in 

order to draw it and consequently orient it biaxially. Both compression and 

tension (drawing) are conducted in a simultaneous and continuous way. 

Tension enables the control of the dimensional changes and the extent of 

biaxial orientation. Roll-drawing process is suitable for high production rates 

and high deformation ratios. 

In theory the above two processes can be applied to both 

semicrystalline and amorphous polymers. However, semicrystalline 

polymers are mostly preferred, because the amorphous have the tendency 

to recover rapidly after the applied loads are removed, and thus their 

structural and mechanical properties improvement is wasted.  

In semicrystalline polymers, either rolling or roll-drawing process affects 

the polymer microstructure by destroying initially its spherulitic structure at 

low draw ratios and then inducing a new more fibrillar structure at higher 

draw ratios. This fibrillar structure exhibits higher crystallinity since the 

polymeric chains are more aligned and this favours the formation of ordered 

structures, i.e. structures with higher crystallinity. These structural changes 

of course improve the mechanical properties of the drawn polymer (Ward M. 

I et al., 2000). Roll-drawing has been successfully used by N. Chapleau 

(Chapleau et al., 2005) to orient elastomer toughened PET.  

2.6.4  Free tensile drawing 

Free tensile drawing is the most straight-forward technique for the 

production of oriented polymers. In fact tensile testing could also be 

considered as a solid-phase orientation technique, but is not mentioned 

extensively in literature; its main role is the mechanical property testing of 

materials. Nevertheless, oriented polymers of simple geometrical profiles, 

such as strips and rods (with relatively small dimensions) can be easily 

produced just by conducting a tensile test at the appropriate speed and 

temperature, depending on the material, stopping deformation before failure 

occurs. 
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2.6.5 Die – drawing  

The die-drawing process was invented and developed at the University 

of Leeds (Coates and Ward, 1979) and (Coates and Ward, 1981) and is 

schematically presented in Figure 2.21. As it can be seen, the apparatus is 

comprised of a heating chamber, a convergent die (for orientation in the axial 

direction only) and a method of applying a tensile load, e.g. chain drive. The 

polymer is in the form of a billet and must be machined at one end to be able 

to fit inside the die and protrude through the die-exit. This section is called 

the tag. After the billet has been placed inside the heating chamber, a set 

temperature must be chosen by the operator and when this temperature has 

been reached and held for sufficient time to obtain a isothermal sample, a 

pulling force is applied on the billet. Draw speed must be controlled during 

initial tag pull-out to avoid fracture, as discussed Chapter 3. As drawing of 

the main billet starts, the billet is free to neck down and follow an optimum 

strain and strain rate path through the die, leaving the die wall at an 

appropriate point (Richardson et al., 1985). Many polymers have been 

oriented through die-drawing process producing impressively high 

mechanical properties. For example Ward and Coates used this technique to 

orient PP achieving a draw ratio, λ of 20 at 486.5 mm/min which resulted in 

an increase of Young’s modulus from 1.1GPa to 20.6GPa (Coates and 

Ward, 1981).  

 

 

Figure 2.21, The die-drawing process 
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The die – drawing process is composed by three sequential zones, 

which are described below (Richardson A. et al., 1986): 

Zone 1: In the first zone, the flow is governed by the convergent die 

geometry, under isothermal conditions. The polymeric billet remains in 

contact with the die, while the strain rates are low. In this zone, the polymer 

density increases as it gets compressed trying to exit the die and this favours 

the production of highly orientated polymers. 

Zone 2: The second zone is characterised by a change in stress state from 

the compressive in Zone 1 to mainly tensile resulting in necking of the 

material under approximately isothermal conditions if the strain rates are still 

low, while the material is deforming free of the die wall. Polymer density after 

having reached a maximum value inside the die starts dropping gradually, as 

stretching continues without the polymer being in contact with the die. 

Zone 3: Further necking down beyond the die under non-isothermal 

conditions. 

Two very important process parameters that describe the result of the 

process and thus orientation are the following (Richardson A. et al., 1986): 

 Nominal draw ratio, λN or RN = A0 /Al  = (d0 /dl )
2 for rods or RN = t0 /tl for 

rectangular shapes. 

  Actual draw ratio, λA or RA = A0 /Af = (d0 /df )2 for rods or RA = t0 /tf for 

rectangular shapes. 

Where, A is the cross-section area, d is the diameter and t is thickness. The 

subscripts o, l, f describe the initial billet, the die exit and the final billet 

respectively. For example, Al is the cross-section area of the die-exit. 
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Die – drawing process outclasses the previous solid-phase orientation 

techniques because it exhibits the following advantages: 

i) The higher the desired draw ratio, the greater is the production rate at a 

given set temperature. 

ii) This technique can be easily modified to a continuous process, or a 

batch process may be operated, if required.  

iii) Unlike hydrostatic extrusion, there are no significantly adverse 

hydrostatic stress effects and the strain rate field in the deformation region is 

optimized.  

iv) Lower applied loads are necessary in order to obtain the desired 

oriented structure. Specifically compared to hydrostatic extrusion, much 

higher draw ratios can be obtained in much lower maximum strain rates, 

where load is maximized.  

v) Higher draw ratios can be achieved compared to any other method, 

even free tensile drawing. The reason is the increase of the polymer density 

inside the die that gives polymer the ability to stretch to a higher ratio and 

faster. Hence, fracture due to extensive void growth, as polymer density 

during free tensile drawing drops, can be avoided as well as also due to its 

viscoelastic behaviour in high drawing speed.  

Die-drawing process control in terms of tag pull-out speed and 

maximum draw rate are material specific, as discussed in Section 3.1.3 – 

“Results and observations”. 
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2.6.6 Oriented polymer evaluation 

Table 2.1 presents the highest mechanical properties that have been 

achieved for uniaxially oriented polymers including the solid phase 

techniques that were used and the attained draw ratios.  

Table 2.1, Solid-state uniaxially oriented polymers properties based on literature 

Properties 

 

  Material 

Isotropic Oriented 

E 

(GPa) 

σTS 

(MPa) 

Solid-Phase 

orientation 

method 

Actual 

draw 

ratio, RA 

E 

(GPa) 

σTS 

(MPa) 

Polyethylene, 

HDPE 
1.0 - 

Solid phase 

 Co-extrusion 
30 30 - 

Polypropylene, PP 1.1 - Die – drawing 20 20.6 - 

Polyester, PET* 3.0 - Die – drawing 4.2 10 - 

Polybutylene 

Terephthalate, 

PBT* 

2.1 - Roll – drawing 5 4.2 - 

Polyoxymethylene, 

POM 
2.8 69 Die – drawing 16 28 700 

Polyamide, PA6 1.5 - 3 - 
Solid phase Co-

extrusion 
12 13 - 

Polyvinyl chloride, 

PVC* 
2.5 - Die – drawing 3 6 - 

Polyvinylidene 

Fluoride, PVDF 
2 - Die – drawing 6 4 125 

Polyether ether 

ketone, PEEK 
3.8 - Die – drawing 4 11 - 

Polyphenylene 

Sulfide, PPS 
- - 

Solid-state Co-

extrusion 
3.5 5 130 

* film,  - data not available 

PE : (Porter et al., 1978) 

PP : (Coates and Ward, 1981) 

PET: (Ward M. I et al., 2000) 

PBT : (Lee et al., 2008) 

POM: (Taraiya et al., 2003  ; MatWeb, 2006) 

PA6 : (Amari-Plastics, 2005-2010 ; Shimada et al., 1979 ; Zachariades and 

Porter, 1979a) 

PVC : (Ward M. I et al., 2000) 

PVDF : (Richardson et al., 1983) 

PEEK : (Richardson et al., 1985) 

PPS : (Ito and Porter, 1985) 
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2.7 Oriented polymers summary 

From the data of Table 2.1 it appears that there are oriented polymers 

with mechanical properties that have the potential to be used in drive belt 

manufacture. For example, oriented HDPE and PP demonstrate moduli 

suitable for automotive and industrial power transmission applications 

(requirement of 1-10GPa). However, the ultimate purpose of this research 

was to test the hypothesis that oriented polymers could be used for power 

transmission and not necessarily to specifically fulfil the company’s project 

goal which was “to examine the feasibility of producing an automotive 

camshaft drive system based around the use of oriented polymer belts” 

(APPENDIX 1A). As such it was not necessary for these materials to 

compete with the modulus of carbon of aramid fibre cord neither with the 

flexibility of elastomeric compounds, but to be investigated for a more 

realistic application or field which would be to provide improvements over 

existing single isotropic polymer belts (Habasit, 2012c), thus increasing their 

range of applications.  

The first stage of this process was material selection for future oriented 

polymer belt manufacture, Chapter 3, including orientation studies using die-

drawing and mechanical property investigation.  
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3. MATERIAL INVESTIGATION FOR BELT MANUFACTURE 

In this chapter the initial concept of the experimental procedure is 

presented. It involved the selection of appropriate materials, with the ultimate 

purpose of belt manufacture using oriented polymers. The procedure is 

summarized in Figure 3.1, where it can be seen that a list of specific 

polymers has already been chosen, for reasons explained in the next 

section. These polymers were subjected to solid-phase orientation through 

die-drawing, as well as to mechanical property testing in order to investigate 

the level of improvement as an outcome of the novel structure obtained 

through the use of orientation techniques. Finally, a preparatory stage with 

the use of free tensile drawing was attempted for oriented polymer belt 

manufacture, before the final selection of the manufacturing method as 

presented in Chapter 4 – “Oriented polymer flat belts”. 

 

 

Figure 3.1, Experimental procedure diagram 
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3.1 Uniaxial polymer orientation by die – drawing  

3.1.1 Candidate materials for die-drawing 

Gates Corporation (Gates, 1999-2012) which sponsored this project 

conducted a preliminary research and concluded on three belt-material 

categories with potential material candidates (APPENDIX 1A). These 

categories had specific requirements in terms of mechanical properties, 

operating temperature and desired life, in order to classify the produced 

solid-phase oriented polymers and the resulted oriented belts, if any. These 

three belt-material categories as well as their requirements are presented in 

Table 3.1. 

Table 3.1, Power transmission classes requirements as proposed from Gates 

(APPENDIX A1) 

categories 

requirements 

Class A 

(Automotive) 

Class IG 

(Industrial) 

Class IS 

(Industrial) 

Operating Temperature range (oC) -40 to 160 0 to 150 15 to 40 

Young’s Modulus, E, (GPa) 4 – 8 10 1 

Tensile strength, σTS, (MPa) 200 200 200 

Desired Life (106 cycles) 100 to 400 50 100 

Elongation (creep) (%) 0.1 0.1 0.1 

From the same preliminary research from Gates and the IRC a 

selection of several candidate polymers was made. These polymers were 

identified based on literature and professional experience, on the basis that 

they should exhibit some of the desired mechanical and physical properties, 

such as high stiffness and tensile strength, as well as high glass transition 

temperature or creep resistance. Also they should be capable of producing 

oriented forms when subjected to solid-phase orientation techniques. 

Specifically, the selected technique as described in Chapter 2 was die-

drawing and the objective of these tests was to investigate which of the 

candidate polymers could produce an oriented version with specific 

dimensions and draw ratio. These polymers and some of their physical 

properties are displayed in Table 3.2. 



40 

Table 3.2, Candidate polymers for solid phase orientation testing through die-drawing 

Properties 

 

Materials 

Density, 

ρ 

(gr/cm3) 

Crystal 

Structure 

Glass 

transition 

temperature, 

Tg (
oC) 

Melting 

point 

Tm  (oC) 

Polypropylene, 

PP (DOW-5E89, 2005) 
0.90 Semicry/ne -10 173* 

Thermoplastic elastomer, 

TPE (Arnitel EM550 2006) 
1.21 

Not 

available 
<-40 207 

Polybutylene 

terephthalate, 

PBT (Tribit -1503, 2001) 

1.31 Semicry/ne 66* 227 

Polyphenylene sulfide, 

PPS (Forton 0309, 2006) 
1.35 Semicry/ne 90 280 

Polyphenyl sulfone, PPSU 

(Quadrant -1000, 2003) 
1.29 Amorphous 220-230 

Not 

applicable 

Polyetherether ketone, 

PEEK 

(Amari-Plastics, 2010) 

1.32 Semicry/ne 145* 340 

Polyoxymethylene, POM 

(Amari-Plastics, 2010) 
1.41 Semicry/ne -30* 165 

Polyamide, PA6 

(Amari-Plastics, 2010) 
1.14 Semicry/ne 47* 220 

* (Polymer Processing, 2000-01) 

The initial experimental work in polymer orientation that is described in 

this chapter was conducted in order to investigate which of the proposed 

polymers could produce oriented strips with a draw ratio of 4 and thickness 

of 2mm, under uniaxial die-drawing. The mechanical properties of oriented 

polymers were investigated in order to determine which of them fulfil any of 

these requirements shown in Table 3.1 and if so, which of them were 

suitable for each class and further investigation in belt manufacturing. A brief 

description of the candidate polymers is given below. 
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Polypropylene, PP 

Polypropylene as well as polyethylene has been processed with almost 

every single orientation technique, either in melt of solid-phase, and given a 

wide range of products, from highly oriented fibres to biaxially oriented tubes 

and films (Masuda and Ohkura, 2007). It has also been used extensively 

with hot compaction (Hine et al., 2003 ; Ward and Hine, 1997) for (all-PP) 

composites production (Alcock et al., 2007).  

 

Figure 3.2, Polypropylene (PP) monomer unit: C3H6 

Thermoplastic elastomer, TPE 

Thermoplastic elastomer is a family of co-polyester based elastomers 

and the Arnitel-EM550 in particular is a Polyether-ester one, with both crystalline 

and amorphous blocks in its structure. As thermoplastic, these elastomers 

do not require vulcanisation to obtain their optimal properties (DSM Product, 

2006). TPE in general have not been subjected to solid-phase orientation, so 

in terms of academic/scientific value its die-drawing tests had a special 

interest. 

 

Figure 3.3, TPE Arnitel EM550: block copolymer of 1,4 butane acid, tetraethylene 

glycol, terephthalic acid 

Polybutylene terephthalate, PBT 

Polybutylene has been mostly oriented either uniaxially or biaxially in 

films and sheets form (Lee et al., 2008 ; Song and White, 2000). Oriented 

rods, fibres and tubes through solid-phase techniques have been extensively 

produced by polyethylene terephthalate (PET) (Selwood et al., 1988b), 

which has similar chemical structure to PBT, since a polyester type 

terephthalate. 
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Figure 3.4, Polybutylene terephthalate (PBT) monomer unit: C12H12O4 

Polyether ether ketone, PEEK 

Apart from die-drawing of rods, Polyether ether ketone has also been 

uniaxially oriented in film form through solid-state co-extrusion (Chen and 

Porter, 1995) and melt-state techniques (Everall et al., 1994) as well as in 

fibre form (Everall et al., 1991). PEEK, either isotropic or oriented, is one of 

the most important engineering polymers and it has found applications in the 

most demanding industrial fields (such aircraft industry, etc.) and as it will be 

shown proved to be promising for the objective of this project. 

 

Figure 3.5, Polyether ether ketone (PEEK) monomer unit: C19H12O3  

Polyphenylene sulphide, PPS 

Polyphenylene sulfide is a high performance polymer and apart from 

rods it has also been processed either in melt-state to produce oriented films 

(Langer et al., 2003) or in solid-phase and specifically through die-drawing 

for tubes production (Carr et al., 1994). 

 

Figure 3.6, Polyphenylene sulfide (PPS) monomer unit: C6H4S  

 

 



43 

Polyphenyl sulfone, PPSU 

Polyphenyl sulfone is a high performance engineering thermoplastic, 

used in aerospace, automotive and medical applications. It is known for its 

excellent heat, chemical and hydrolysis resistance. PPSU combines high 

mechanical strength, stiffness and creep resistance, as well as very good 

dimensional stability up to a high service temperature at 180oC (The Plastic 

Shop, 2003). In terms of solid-phase orientation PPSU has not been really 

used; the only applications that involved processing of PPSU are connected 

to filtration and fuel cell membranes (Weng et al., 2008 ; Ballengee and 

Pintauro, 2011 ; Darvishmanesh et al., 2011) and polymeric foams 

(Sorrentino et al., 2011). 

 

Figure 3.7, Polyphenyl sulfone (PPSU) monomer unit: C24H16O4S 

Polyoxymethylene, POM 

Polyoxymethylene has also been produced in oriented versions with 

very high draw ratio. Specifically, Komatsu et al. (Komatsu et al., 1991a ; 

Komatsu et al., 1991b) produced super-drawn POM fibres by solid-state 

deformation under hydrostatic pressure (pressurized drawing), achieving 

Young’s modulus and tensile strength equal to 58GPa and 2GPa, 

respectively. Ward I. M. with Coates and Brew (Coates and Ward, 1978 ; 

Brew and Ward, 1978), respectively, have also produced oriented POM with 

very high modulus of 35-40GPa through hydrostatic extrusion and free 

tensile drawing. 

 

Figure 3.8, Polyoxymethylene (POM) monomer unit: CH2O 
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Polyamide, PA6 

In most cases polyamide has been processed in melt state and hence 

the amount of work conducted in solid-phase processing is limited (Shimada 

et al., 1979 ; Zachariades and Porter, 1979a) and mostly connected with hot 

compaction technique (Hine and Ward, 2006). However, in melt-state, PA 

has been stretched/oriented both uniaxially (Dencheva et al., 2007 ; Kamal 

et al., 1982) and biaxially (Cole et al., 2004 ; Kohno and Tamemoto, 1987 ; 

Kurokawa et al., 1970 , Tamemoto, 1984) for applications in many fields 

such as the film industry (e.g. food packaging (Betz, 1970)) as well as in 

textile industry (fibres – monofilaments or cloths - multifilaments, etc. (Hine 

and Ward, 2006).  

 

Figure 3.9, Polyamide (PA6) monomer unit: C6H11ON (Polymer Processing, 2000-01) 

 

3.1.2 Apparatus and experimental procedure 

The die – drawing technique and its main principles have already been 

described. A schematic representation of the actual process used during this 

research is displayed in Figure 3.10, including an additional post die-exit 

cooling section (in the form of blown air) to control the dimensions of the 

drawn section. The aim of the these tests was to subject all the selected 

polymers to die-drawing in order to investigate which of them could produce 

rectangular oriented versions of specific draw ratio and thickness. 
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Figure 3.10, Polymer die - drawing through a converging die 

The die-drawing apparatus is shown Figure 3.11 and comprised of the 

heating chamber and the die where the polymeric billet was placed and 

heated up to the desired temperature (depending on the polymer). The 

geometry of the die was such to provide a nominal draw ratio, λΝ, of 4 and a 

thickness of 2mm, which were the target values for the produced oriented 

polymers, while its width was 25mm. The chamber was heated through a hot 

air supply at 30lt/min and the die by cartridge heaters. 
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Figure 3.11, Heating chamber and die of the die-drawing apparatus 
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The test temperature was monitored by 4 thermocouples to ensure 

proper thermal control of the process. The first one was hung free inside the 

heating chamber, a second inserted inside the billet, a third through the die 

and a fourth at the end of the blown air aperture (entry point of heating 

chamber) that heated the chamber. 

 When the set temperature inside the billet was reached, the billet was 

pulled out of the die, as presented in Figure 3.12. The test speed was 

applied in two stages, the tag – pull out and the main die – drawing. The first 

was relatively slow, up to 20mm/min, until the tag was pulled and an initial 

oriented section was obtained. Then either by re-clamping on the oriented 

part or by continuing if that part had sufficient strength, the main test speed, 

different for each polymer, was applied gradually. Cooling was applied 

10mm above the die exit in order to stabilize the drawn product dimensions 

as close as possible to the desired ones. 

 

 

Figure 3.12, Die - drawing procedure 
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3.1.3 Results and observations 

Table 3.3 presents the test conditions for every polymer as well as the 

resultant actual draw ratio.  

Table 3.3, Die - drawing results table  

*Not recorded 

All the proposed polymers were successfully oriented through the die – 

drawing process. The maximum actual draw ratio for a given nominal draw 

ratio of 4 was achieved by PP and was 4.8, while the minimum were 2.8 and 

3.0 obtained by PPS and PPSU respectively. Efforts for higher ratios for 

these two materials were attempted by increasing drawing speed and 

temperature, but that led to fracture because the induced drawing stresses 

exceeded the polymer fracture strength. Sections of oriented strips 

compared to isotropic ones are presented in Figure 3.13 for PP (A) and TPE 

(B) respectively. 

 

 Properties 

 

Materials  

TDIE 

(
o
C) 

TBILLET  

(
o
C) 

tfinal  

(mm) 

Tag pull-

out speed, 

(mm/min) 

 Max drawing 

speed 

(mm/min) 

Actual 

draw 

ratio, λ 

PP 160 150 2.14 10 50 4.8 

TPE 200 190 2.50 20 200 3.3 

PBT 140 130 2.0 10 160 3.8 

PPS 160 150 * 5 20 2.8 

PPSU 225 215 * 5 50 3.0 

PEEK 320 310 2.70 5 40 3.5 

POM 165 155 2.30 10 40 4.3 

PA6 210 200 * 10 40 3.3 
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Figure 3.13, Comparison between isotropic and die-drawn samples of a) PP Dow-5E89 

and b) TPE Arnitel EM550 

 

3.2 Mechanical properties testing 

Mechanical property investigation was the next step in materials 

selection, because it provided the level of property improvement as a result 

of uniaxial orientation. Thus by conducting two different tests a wide range of 

mechanical properties, such as Young’s modulus, tensile strength, strain at 

break, as well as their alternation over temperature could be measured. 

These tests were tensile tests and Dynamic Mechanical Analysis tests. 

3.2.1 Tensile testing 

Isotropic PP, TPE, PBT, POM and PA6 dog-bone specimens were cut 

from compression moulded sheets, using an ASTM D638 Type IV cutting 

tool (ATI - Advanced Testing Instruments, 2006), as shown in Figure 3.14. 

PPSU, PPS and PEEK samples were cut in the form of parallel strips from 

the commercially supplied stock. Their nominal dimensions were 

approximately 7mm in width, 2mm in thickness and 100mm long. Die drawn 

tensile samples of the same nominal dimensions were also cut from the 

oriented produced strips.  
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Figure 3.14, Dimensions of ASTM - D638 dog-bone specimens 

Conventional tensile tests were conducted for tensile strength and 

strain at break measurements of both the isotropic and oriented polymers at 

room temperature. The term “conventional” is used because the strain 

calculation was based on the cross-head clamp displacement. Two tensile 

test machines were used for these tests, an INSTRON 5568 and a 

MESSPHYSIK BETA with a 2kN and 25kN load cell respectively. All the 

tests were conducted at room temperature and 20mm/min speed and for 

every material 4 samples were tested. 

Videoextensometer tensile tests were used for Young’s modulus 

measurements. The main concept of these tests is that extension and hence 

strain can be measured directly from the material’s response to deformation 

and not through cross-head displacement so this technique would provide 

more accurate results for Young’s modulus than conventional tests. With the 

use of a camera, objects or “targets” of different colour or more specifically 

different contrast (dark targets on bright background or vice versa), such as 

lines drawn vertical to the gauge length of a specimen as shown in Figure 

3.15, could be identified and their distance could be measured and recorded. 

So during a tensile test they start moving apart as deformation is applied and 

their distance (i.e. extension) can be recorded in real time and thus strain 

can be obtained.    
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Figure 3.15, Dog-bone specimen mounted on the clamps. "Targets" distance 

alternation provided the elongation and hence strain measurement 

The apparatus, displayed in Figure 3.16, consisted of a MESSPHYSIK 

camera ME46-NG, a 125 mm NIKON lens, a tripod with a positioning base, 

on top of which the camera was attached and a computer, where using the 

Video-extensometer NG software the experimental preferences, as well as 

the obtained image could be controlled and optimized. 

 

Figure 3.16, The video-extensometer apparatus.  
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The tests were conducted in room temperature and at a speed of 

0.2mm/min. The main reason for choosing such a low speed was due to 

camera frame speed of 25fps, as well as to minimize any kind of problems 

related to clamping of the sample that may be caused using high speeds. 

Since Young’s modulus is obtained in the elastic region, i.e. in small strains, 

a block programming was employed in order to be able to conduct multiple 

tests for each specimen since full recovery was assumed as long as yield 

stress was not exceeded. Specifically, the specimen would initially extend up 

to 0.2mm and then back to zero at the same speed for two times with an 

interval of five minutes between every two rounds, and then the same up to 

0.4 mm and finally up to 0.6mm extension. The speed was the same for both 

loading and unloading during tests. The block-programming code for the 

video-extensometer tests is the following: 

Parameters: Block programming 

  Use extensometer: ON 

  Test Edit: 

   1) Loop: 2 (times) 

   2) Speed: 0.2mm/min 

   3) Up  

   4) Stroke: ≥ 0.2mm 

   5) Stop 

   6) Speed: 0.2mm/min 

   7) Down  

   8) Force: ≤ 1.5N 

   9) Stop 

          10) Clock: 5’ 

          11) End Loop 

By repeating this set of commands two more times and changing only 

the 4th one from 0.2mm to 0.4 and 0.6mm for the 15th and 26th command 

respectively, the three loops of the programming code were closed and with 

the final command:  

                   34) End Test , the block programming was completed. 
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3.2.2 Tensile test results & discussion 

From conventional tensile tests the results can be summarized in the 

two following figures (3.17 and 3.18). Figure 3.17 presents a comparative 

diagram of nominal stress over strain of all isotropic polymers up to 100% of 

strain. The curve of each polymer was chosen as the one exhibited the 

closest mechanical properties to the average ones of their category. The 

overall diagrams of every tested polymer, both isotropic and oriented, can be 

found in Appendix 3A. 

 

Figure 3.17, Comparative diagram of isotropic polymers stress – strain behaviour; 

strain up to 100% 

From Figure 3.17 it appears that the high performance polymers PEEK, 

PPS and PPSU, candidates for A class, exhibited stiffer behaviour with 

higher Young’s modulus and tensile strength than the candidates for IG 

class PBT, POM and PA6, and PP and TPE for the IS class. However they 

exhibited significantly lower flexibility and strain at break as expected due to 

their superior mechanical strength. 
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Figure 3.18, Comparative diagram of oriented polymers stress – strain behaviour 

Figure 3.18 displays the results of oriented polymers tensile tests and 

reveals their mechanical properties improvement due to uniaxial orientation. 

It was evident that oriented PEEK had the highest modulus and tensile 

strength compared to the rest. It was also observed that the behaviour of 

those polymers that exhibited a large plastic deformation (PP and PBT) had 

changed to a much more brittle behaviour, exhibiting minimal plastic 

deformation. PPS and PEEK exhibited an increase in their strain at break 

compared to the isotropic state from approximately 10 to 20%, which was in 

disagreement with the effect of uniaxial solid-phase orientation to polymers, 

as seen both in the literature and the rest of the experiments.  

Through videoextensometer tensile tests, Young’s modulus could be 

measured either from the loading or the unloading curve and in these 

particular tests the results were obtained by the unloading curves. Ideally, 

the results should be the same, but since polymers are viscoelastic 

materials, hysteresis was observed between loading and unloading curves, 

as seen in Figure 3.19. The results showed that oriented polymers displayed 

a more elastic behaviour due to their aligned structure which resulted in a 

reduced hysteresis, i.e. a mechanical behaviour closer to that of metals. In 

other words, the Young’s modulus results of isotropic polymers were more 

strain-dependent, exhibiting higher standard deviation than oriented 

polymers. 
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Figure 3.19, Hysteresis of viscoelastic stress-strain behaviour between loading and 

unloading 

After obtaining the stress – strain curves of each loading cycle, Young’s 

modulus was measured from the least squares fitting on each of these 

curves and then the average value was obtained (6 in total, 2 for each 

cycle). After testing three specimens for every polymer from three times 

each, an overall average modulus value (out of 9 measurements) was 

obtained. The elastic behaviour of the tested materials for Young’s modulus 

calculation is presented in the comparative diagrams of Figure 3.20 and 

Figure 3.21 for isotropic and oriented polymers respectively.  

 

Figure 3.20, Comparative diagram of isotropic polymers video-extensometer stress – 

strain elastic behaviour, tested at room temperature and 0.2mm/min speed 
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In Figure 3.20 the elastic response of the isotropic polymers under 

tension, through video-extensometer tensile tests can be seen. All curves 

are very linear and the least square equations fitted very well for each of 

them, thus providing reliable results. Strain did not exceed 1% hence it could 

be safely assumed that deformation remained within the elastic region. 

 

Figure 3.21, Comparative diagram of oriented polymers video-extensometer stress – 

strain elastic behaviour, tested at room temperature and 0.2mm/min speed 

Figure 3.21 displays a big increase in modulus of every oriented 

polymer apart from TPE as had been also observed from conventional 

tensile tests.  All curves presented an even more linear behaviour, i.e. stiffer, 

than the isotropic; a change that could be attributed to the reduction of the 

viscoelastic nature of polymers due to orientation. Once again, strain and 

hence deformation ranged below 1% (for the majority of the materials), so it 

did not exceed the yielding point. The comparative diagrams between 

isotropic and oriented state for each polymer as provided by video-

extensometer tensile tests can be found in Appendix 3B.  

 

 

Table 3.4 presents the results from tensile tests and the improvement 

(or reduction) of oriented polymer mechanical properties compared to their 

initial isotropic values. 
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Table 3.4, Overall table of modulus, tensile strength and strain at break measured through conventional tensile tests. 

 Videoextensometer tests Conventional tests 

Material 
Modulus of Elasticity, E, (MPa) Tensile strength, σTS,  (MPa) Strain @ break, ε (%) 

Isotropic Oriented Isotropic Oriented Isotropic Oriented 

PP 1145 ± 93
 4405 ± 63 

 
(+ 285%)

 
31 ± 1

 
165±14

 

(+ 432%) 
> 800 

18 ± 5
 

(- 98%) 

TPE 196 ± 10
 179 ± 8 

 
(- 9%)

 
28 ± 0.5

 
* > 700 * 

PBT 2122 ± 214
 3019 ± 36  

(+ 42%) 
58 ± 3

 
224 ± 5

 

(+ 286%) 
~ 400 

40 ± 2 

(-90%) 

PPS 3062 ± 112 
6537 ± 107  

(+113%) 
94 ± 2

 
232 ± 5

 

(+ 147%) 
15 ± 4 

21 ± 2 

(+ 38%) 

PEEK 3476 ± 280
 7020 ± 444

  

(+ 102%)
 

114 ± 2
 

284 ± 18
 

(+ 150%) 
15 ± 5 

19 ± 2 

(+ 29%) 

PPSU 2329 ± 108 * 67 ± 4
 

97 ± 7
 

(+44%) 
37 ± 4 

13 ± 5
 

(- 65%) 

PA6 2590 ± 85
 

* 73 ± 38
 

* 363 ± 31 * 

POM 2423 ± 70
 

* 59 ± 0.5
 

* 55 ± 2 * 

*Not measured 
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The results in Table 3.4 reveal the superiority of oriented polymer 

mechanical properties over the isotropic ones. All the candidate polymers 

exhibited a significant improvement in young’s modulus and an even greater 

one in tensile strength with the only exception being TPE, which in fact 

exhibited a small reduction of 9% in modulus.  

Oriented PP exhibited the highest improvement of all candidate 

materials in Young’s modulus and strength as a result of its draw ratio, which 

was the highest one achieved, while oriented PEEK and PPS obtained the 

highest values in modulus and strength. These two polymers also exhibited 

an increase at strain at break, which is the opposite of what was expected. 

However, this behaviour was attributed to the fact that the oriented 

specimens were plain strips, not dog-bone samples and also very stiff, so 

they were sliding from the grips at large strains and hence exhibiting higher 

strain at break to what it should be without slippage.  

3.2.3 Tensile investigation summary 

From the tensile tests, both conventional and video-extensometer, a 

first classification of the proposed polymers is presented at Table 3.5. It 

appears that none of the oriented polymers was suitable for class IG, due to 

its high demand in Young’s modulus. Besides that, PPSU did not manage to 

fulfil almost any of the class requirements and showed the smallest increase 

in properties. Combined with the fact that it had the second lowest draw 

ratio, 3, it was rejected from future testing and belt manufacture processing. 

POM and PA6 were excluded too, due to additional testing conducted at 

Gates, although both of them presented very promising behaviour. POM 

especially had an initial high modulus of elasticity of 3.1GPa; this combined 

with the second highest draw ratio of 4.3 as well as a glass transition 

temperature of -30oC meant that the material properties would not change 

dramatically (due to the transition) in the temperature ranges of Table 3.1 for 

classes IS and A. PA6 on the other hand, had also a high modulus of 

2.4GPa, but exhibited a lower draw ratio of 3.3 and its Tg of 47oC, in the 

middle of temperature ranges of categories A and IG, making it promising 

only for category IS. 
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 Last but not least, the TPE elastomeric nature acted as both its main 

advantage and disadvantage. Specifically, it excels the other polymers in 

flexibility, but at the same time it showed no mechanical properties 

improvement and hence was rejected. 

The polymers that succeeded to fulfil some of the class requirements 

were in priority order, PEEK and PP suitable for classes A and IS (although 

tensile strength of PP is slightly lower (<18%) than the desired value and 

PPS and PBT, both suitable for class IS. All four polymers were subjected to 

DMA tests to investigate their mechanical properties over a wide range of 

temperature, which was also the next criterion of each class that had to be 

fulfilled. TPE, although rejected, was included in DMA tests, due to its 

increased flexibility, being an elastomer, in order to investigate any desirable 

mechanical behaviour as a function of temperature.  



60 
 

Table 3.5, Proposed materials fulfilment of power transmission classes requirements (Gates Report – APPENDIX 1A) 

a/a CLASSES 

A IG IS Evaluation 

 (suitable 

for) 

Material 

(oriented) 

Young’s 

modulus, E             

(4-8GPa) 

Tensile 

strength, σTS  

(200MPa) 

Young’s 

modulus, E 

 (10GPa) 

Tensile 

strength, σTS 

 (200MPa) 

Young’s 

modulus, E 

(1GPa) 

Tensile 

strength, σTS 

 (200MPa) 

PP + (4.4) ? (165) X (4.4) ? (165) + (4.4) ? (165) A, IS (?) 

TPE X (0.2) X (-) X (0.2) X (-) X (0.2) X (-) rejected 

PBT X (3.0) + (224) X (3.0) + (224) + (3.0) + (224) IS 

PPS + (6.5) + (232) X (6.5) + (232) + (6.5) + (232) A, IS 

PPSU - X (97) - X (97) - X (97) rejected 

PEEK + (7) + (284) X (7) + (284) + (7) + (284) A, IS 

POM - - - - - - excluded 

PA6 - - - - - - excluded 

+: approved, X: rejected, ?: not certain
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3.2.4 Dynamic Mechanical Analysis (DMA) tests 

Dynamic Mechanical Analysis tests were required in order to examine 

the candidate material mechanical properties over the temperature range 

requirements as proposed by power transmission classes in Table 3.1. What 

was expected to be found from these tests was how Young’s modulus, glass 

transition temperature as well as the overall viscoelastic behaviour of each 

material could be maintained or changed with temperature and thus which 

could fulfil the target values of each power transmission class.   

3.2.4.1 Theory and principles 

In DMA tests, the mechanical behaviour of materials can be 

investigated, over a wide range of temperature, frequency, force and strain 

(TA instruments, 2008). The applied deformation to the material is the result 

of cyclic loading that can be introduced either sinusoidally, in a constant 

(step), or under a fixed rate. Many different types of samples can be used in 

DMA tests, such as bulk solid, film, fibre, gel, or viscous liquid form. 

Interchangeable clamps can also be employed, allowing measurement of 

many properties, including: Young’s modulus, damping, creep, stress 

relaxation, glass transition temperature and softening points, through a 

range of different mechanical tests such as tensile, shear, compressive, 3-

point bending, dual/single cantilever bending and torsion. Their clamping 

mechanisms are displayed in Figure 3.22.  

 

Figure 3.22, Range of clamping mechanisms for DMA tests 
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The information obtained from these test is also useful for their 

relaxation behaviour. Specifically, the main properties that can be measured 

are the following (Foreman Jon and instruments, 1997): 

 Storage Modulus: Measurement of energy stored during deformation 

and related to the solid-like or elastic portion of the material. E’, is used for 

stretching deformations and G,' is used for twisting or torsional deformations.  

Loss Modulus: Measurement of energy lost (usually lost as heat) 

during deformation and related to the liquid-like or viscous portion of the 

material. Again, E", is used for stretching deformations and G", is used for 

twisting or torsional deformations.  

Tan Delta (tanδ): Also known as the alpha transition, it is a damping 

factor/coefficient, indicative of the material's ability to dissipate energy, 

damping factor where tan is equal to = E"/E' or G"/G'.  

These properties are interlinked in the way shown in Figure 3.23. This 

means that Young’s modulus values from the previous section can be 

related to the above properties and a generic overview of material 

mechanical properties can be obtained. As seen, the more elastic a material 

is, the more its Storage modulus converges with Young’s modulus and vice 

versa. 

 

Figure 3.23, DMA properties diagram (TA instruments, 2008) 
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Storage modulus of oriented polymers was expected to be increased 

compared to isotropic due to increased stiffness and crystallinity of the first 

(as shown later in this section), as has been verified by relevant studies, 

(Ward M. I et al., 2000). This property is important for a drive belt in terms of 

the maximum applied loads, assuming that they should remain within the 

elastic region. 

Loss modulus and tanδ are related to a drive belt on the extent and the 

rate it will heat during operation when tensions and torques are applied 

dynamically. The lower their values the better will be for a belt and this is 

what was expected to be found from the oriented polymers compared to the 

isotropic. 

 Also through tanδ, the position of glass transition temperature will 

determine the temperature up to which the material can still behave in an 

elastic way (rather than viscous) and it was expected to be higher for 

oriented polymers. Hence, if drive belts were made out of these materials 

they should have higher operational temperature ranges. 

3.2.4.2 Apparatus and experimental procedure 

The DMA apparatus used in these experiments was a Q800 by Thermal 

Analysis Instruments (TA instruments, 2008) and the type of test conducted 

was dual cantilever bending. The temperature range capacity of this 

apparatus was from -150oC (using a nitrogen source supply) to +600oC. The 

isotropic specimens used for these tests were cut from the compression 

moulded sheets, while the oriented ones from uniaxially drawn strips. The 

proposed dimensions for the apparatus in question are presented at Table 

3.6. 

Table 3.6, Deformation modes and sample size for DMA, Q800 

APPARATUS TEST TYPE 

SAMPLE SIZE 

Length 

(mm) 

Gauge 

length 

(mm) 

Width 

(mm) 

Thickness 

(mm) 

Q800 

Dual 

Cantilever 

Bending 

30 – 35 8 (fixed) ≥ 15 ≥ 5 
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Glass transition temperature was necessary to be determined because 

above that temperature the mechanical properties of a material drop 

dramatically and it was important to find out if that change occurred within 

the power transmission class temperature ranges and how severe was that 

drop. It was also very important to specify which parameter would be used to 

determine the Tg, since the difference amongst them can vary as much as 

25°C. The most common ways for the calculation of Tg through DMA are the 

following (TA instruments, 2008): 

 Peak on Tan Delta curve 

 Peak on Loss Modulus curve 

 Half height of Storage Modulus curve 

 Onset of Storage Modulus curve 

In these tests, Tg, was determined from the peak of the tan δ curve for 

all the tested materials, apart from TPE whose Tg was below the minimum 

temperature limit, so it could not be detected. The materials were tested in 3 

different temperature ranges, from -40 to 140, 160 and 180oC in order to 

cover the specifications of power transmission classes IS, IG and A 

respectively (see Table 3.1). Each material was also tested in a steady step 

strain of 0.02% and at 4 different frequencies, 0.1, 1, 10 and 100Hz. The 

reason for using different frequencies was that due to the viscoelastic 

behaviour of polymers, there is often a time dependence of their properties 

interlinked with both the temperature and frequency of the applied load 

(Anasys, Grandy D., 2010). 

3.2.4.3 Results & observations 

The diagrams in this section display the mechanical behaviour of 

polymers over temperature only at the frequency of 1Hz, as this is standard 

in literature, while alternative frequencies had little effect, as seen in 

Appendix 3C.  

The following three diagrams present an overview of the isotropic 

polymers mechanical behaviour alternation over temperature for storage 

modulus, loss modulus and tanδ.  
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Figure 3.24,Comparative storage modulus over temperature diagram of isotropic 

polymers 

Figure 3.24 displays the overall behaviour of isotropic polymers storage 

modulus as a function of temperature. PP modulus is the highest at 

temperatures below -10oC, but at the same time it appears the steepest 

decrease as temperature rises, since the beginning of the curve is close to 

its glass transition temperature, Tg. PPS, PEEK and less PBT, display very 

stable behaviour up to their Tg, and then decrease dramatically. TPE ranges 

in much lower values as expected and above 0oC it is levelled to its 

minimum value. 

 

Figure 3.25, Comparative loss modulus over temperature diagram of isotropic 

polymers 
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Loss modulus over temperature is displayed in Figure 3.25 from which 

it can be seen that a sharp increase appeared around the glass transition 

temperature of every polymer apart from TPE, whose Tg is below -40oC, 

which was the minimum temperature of the tests. 

 

Figure 3.26, Comparative tanDelta over temperature diagram of isotropic polymers 

Tan δ of isotropic polymers as a function of temperature is displayed in 

Figure 3.26. Glass transition temperature of TPE is below the minimum 

temperature of the test (-40oC) so that slight peak around -10oC is related to 

secondary transition. PP presents an increase with temperature as a typical 

viscoelastic material, while the engineering polymers, PBT, PPS and 

especially PEEK have a very stable low value in low temperatures which 

increases rapidly around the glass transition temperature.  
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Figure 3.27, Comparative storage modulus over temperature diagram of oriented 

polymers 

In Figure 3.27 the oriented polymer storage modulus change over 

temperature seems to be similar to that of the isotropic polymers, but 

increased as a result of the orientation, with PBT and TPE being the only 

exceptions. For TPE this was expected due to its elastomeric structure, but 

for PBT it was not since as a typical thermoplastic like the rest, its storage 

modulus should have been improved through orientation. It is unclear 

whether this could be attributed to an error either by the machine or the 

operator, since this behaviour was observed in all different frequencies (see 

also APPENDIX 3C). Given that particular behaviour though it could only be 

suitable for IS class. 

The oriented PP graph although starting from the highest values due to 

its highest draw ratio, it indicates a fast decreasing behaviour after its glass 

transition temperature so it only fulfilled the temperature requirements of the 

IS class, i.e. a modulus greater or equal to 1GPa from 15-40oC.  

Oriented PPS appeared to maintain its Storage modulus steady up to 

its glass transition temperature, which make it suitable only for IS. PEEK was 

the only of the selected materials that could satisfy Class A (in Storage 

modulus - stiffness). 



68 
 

 

Figure 3.28, Comparative loss modulus over temperature diagram of oriented 

polymers 

Figure 3.28 presents the Loss modulus variation of the oriented 

polymer over temperature, discussed in more detail below in comparison 

with isotropic materials.  

 

Figure 3.29, Comparative tanDelta over temperature diagram of oriented polymers 

Tan δ behaviour of oriented polymers was not very different from the 

isotropic one, as seen in Figure 3.29. The engineering polymers (PBT, PPS 

and PEEK) presented a very stable behaviour in low values and then 

increased rapidly when approaching their glass transition temperatures.  
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The following three diagrams present a comparison between the 

mechanical behaviour of isotropic vs. oriented polymers. 

 

Figure 3.30, Overall isotropic vs. oriented storage modulus comparative diagram 

Figure 3.30 displays the - associated to solid-phase orientation - 

increase of Storage modulus in oriented polymers, which is obvious for PP, 

PPS and PEEK, throughout their temperature range. In the case of oriented 

PBT, the increase over the isotropic is only evident above Tg. Below Tg the 

oriented material showed a lower storage modulus compared to the 

isotropic. The cause if this behaviour remains unclear. TPE results are in an 

agreement with the tensile test data, i.e. it exhibits no change as a result of 

the orientation process. 

This increase in Storage modulus would be beneficial for a drive belt, 

made by the oriented polymers in question, because it would be able to bear 

higher loads during operation, since this property is related to stiffness, as 

explained at the beginning of this section, and the applied loads should 

range in the elastic region (below yield point). 
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Figure 3.31, Overall isotropic vs. oriented loss modulus comparative diagram 

Loss modulus behaviour of oriented and isotropic polymers is displayed 

in Figure 3.31. Although the oriented polymer data appear to be higher than 

the isotropic, the relative increase is significantly smaller than that shown by 

storage modulus. The only exceptions again were TPE and PBT. In TPE, as 

expected there was no difference between the oriented and isotropic curve. 

Oriented PBT curve is below the isotropic up to the Tg and after that above it, 

however in very low level. 

Hence if drive belts were made of oriented PBT, PPS or PEEK they 

would not exhibit very viscous behaviour temperature ranges below their Tg, 

i.e. they would not heat up severely during operation, which is a positive 

characteristic for mechanical properties and hence belt performance and life. 

This was confirmed experimentally and is described in Chapter 5 – “Flat belt 

performance and creep behaviour investigation”. 
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Figure 3.32, Overall isotropic vs. oriented tanDelta comparative diagram 

One of the benefits using solid-phase orientation is the increase of the 

Tg position. Specifically, Tg of oriented PBT increased, from 57oC to 76oC 

(+33.3%), from 110oC to 135oC (+22.7%) for oriented PPS and from 161oC 

to 170oC (+5.6%) for oriented PEEK ( Figure 3.32). In PP there was no 

change in the Tg position between the isotropic and oriented versions, 

although the mechanical behaviour was significantly improved. Oriented TPE 

mechanical behaviour as already explained had no difference from the 

isotropic and likewise its Tg did not exhibit any change. The significance of Tg 

results is that drive belts made by oriented PBT, PPS and PEEK will be able 

to operate up to higher temperatures than if they were made by isotropic.  

Also for the same materials, their graph shape as a damping factor 

indicates that they will exhibit a generally stable mechanical behaviour, not 

affected by temperature (up to Tg area), which is very important for drive 

belts.  

Based on the results obtained by DMA, the suitability of each material 

for power transmission classes A and IS was reviewed, see Table 3.7. It 

appears that only PEEK was suitable for both classes A and IS. PP was 

rejected for class A, due to the limited temperature range under which it can 

maintain its mechanical integrity, and is only appropriate for class IS. PBT 

and PPS were also found to be suitable for class IS only.  
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Table 3.7, Proposed materials fulfilment of the power transmission requirements (APPENDIX 1A) 

a/a 
POWER TRANSMISSION CLASSES 

A IS 
Evaluation 

 (suitable for) 

Material 

(oriented) 

Young’s modulus, E 

(4-8GPa) 

Temperature range 

(-40to160oC) 

Young’s modulus, E 

(1GPa) 

Temperature range 

(15-40oC) 

PP + X + + IS 

TPE X X X X rejected 

PBT X X + + IS 

PPS X X + + IS  

PEEK + + + + A, IS 

+: approved,  X: rejected
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3.3 Interim discussion for material/s selection 

The first stage of the PhD research was the material/s evaluation 

presented above. The most suitable promising oriented polymers for further 

investigation in belt manufacture were found to be PP, PBT, PPS and PEEK 

and their overall classification is shown in Table 3.8 based on both tensile 

and DMA test results. Each material’s suitability is discussed in more detail 

below. 

PP exhibited the highest draw ratio (4.8) but its tensile strength of 

165MPa, which although close to the target value of 200MPa made it 

unsuitable for both A and IS classes. It should however be noted that PP has 

previously been oriented to higher draw ratios which should fulfil this 

requirement. Higher draw ratios would however result in a more brittle 

material. Combining these factors with its rapidly decreasing stiffness with 

temperature, as found in DMA tests, PP could only be considered to have 

potential for class IS if the tensile strength of 200MPa could be achieved. 

PBT exhibited the closest draw ratio to the target value of 4 and its 

obtained mechanical properties satisfied the class IS requirements. 

Nevertheless, the improvement of its mechanical behaviour was lower than 

expected especially in the temperature range below its glass transition 

temperature, where in fact it was lower than the isotropic. In contrast, the 

position of its Tg was shifted higher than any other polymer (+33.3%) which 

is beneficial for the preservation of its mechanical properties within the 

correspondent temperature range. Whilst the DMA results showed an 

unexpected behaviour it was considered that PBT should be investigated 

further. 
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PPS as an engineering polymer had the second most superior 

mechanical properties after PEEK in both the isotropic and oriented cases. 

However it also exhibited the lowest draw ratio (2.8). Its properties were well 

above the requirements of class IS and were maintained steady up to a 

much higher temperature than needed, however not high enough as to 

satisfy class A. When considering the production of a power transmission 

belt the limitation on geometry due to low achievable draw ratio was of 

concern.  

 

PEEK was the best and most promising material for further 

investigation in belt manufacture from the proposed list. Its mechanical 

behaviour fulfilled all the requirements of classes A and IS, since its 

properties could be maintained in high levels up to 170oC (Tg), which was the 

highest, while its draw ratio of 3.5 was sufficiently high to make belt 

manufacture feasible. 

The last three oriented polymers (PBT, PPS and PEEK) presented low 

and steady viscous behaviour as well as good damping properties, up to 

their glass transition temperatures. Both characteristics are desirable for an 

engineering application such as drive belts because it shows that dynamic 

loading will not soften these materials and their temperature during operation 

will not increase significantly, hence they will exhibit a steady mechanical 

behaviour. 

The next Chapter describes the production of flat belts made of 

oriented polymers, including final material selection, production method 

selection and design as well as assessment of belt manufacture 

repeatability.  
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Table 3.8, Overall oriented polymers evaluation based on the power transmission requirements (APPENDIX 1A) 

a/a 
POWER TRANSMISSION CLASSES 

A IS 

Evaluation 

 (suitable for) 

Material 

(oriented) 

Young’s 

modulus, E 

(4-8GPa) 

Tensile 

strength, σTS 

(200MPa) 

Temperature 

range 

(-40to160oC) 

Young’s 

modulus, E 

(1GPa) 

Tensile 

strength, σTS 

(200MPa) 

Temperature 

range 

(15-40oC) 

PP + ? (165) X + ? (165) + IS 

TPE X X X X X X rejected 

PBT X + X + + + IS 

PPS X + X + + + IS  

PEEK + + + + + + A, IS 
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4. ORIENTED POLYMER FLAT BELTS  

The materials selected from Chapter 3 – “Oriented polymers for power 

transmission belts”, as the most promising for belt manufacture, were PBT 

and PEEK. Due to its high cost as well as its very high processing 

temperature (≈ 310oC), based on previous tests described in Section 3.1 – 

“Polymer orientation by die-drawing”, PEEK was excluded at this stage. 

However, it still remained a very promising material for future research in this 

field, due to its high modulus of elasticity, E, tensile strength, σTS and high 

glass transition temperature, Tg and its ability to align through solid phase 

orientation techniques. 

PPS was also excluded because of its low draw ratio (2.8) that did not 

manage to reach the target value of 4, which was the main requirement in 

the die-drawing process as described in Section 3.1 – “Polymer orientation 

by die-drawing”. Thus, it was decided that the material which would be 

selected for further investigation in belt production should be able to exploit 

the maximum of its properties. 

PP was excluded for the opposite reason, i.e. its very high natural draw 

ratio (≈ 9) (Coates and Ward, 1981), because of space restriction of the 

available equipment for belt manufacturing, as explained in Section 4.2.3.  

Consequently, it was decided that PBT would be the main material for 

prototype flat and toothed belt manufacturing and testing, since it exhibits a 

natural draw ratio of 5 (Lee et al., 2008) while the one obtained from die-

drawing tests was 3.8, which was very close to the target value of 4, and 

also because its processing temperature (130oC) was easily achievable. 

4.1 Overview of the manufacturing process  

The different methods of polymer orientation were investigated in 

Chapter 2, regarding their advantages and disadvantages. Die-drawing 

excels other orientation methods such as free-drawing because the use of 

die provided better control of the desired dimensions of the produced 

samples,  or roll-drawing, since more complex geometries/ designs, such as 

tubes can be produced (Figure 4.1). ( Selwood et al., 1988a ; Selwood et al., 

1988b ; Ward M. I, 2008) 
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Figure 4.1, Different product designs produced through die-drawing (Ward M. I, 2008) 

The material processing and mechanical property evaluation stage was 

completed and the candidate polymers for further investigation in drive belts 

had been obtained. The next step was to design a belt manufacturing 

method that would be based on die-drawing process ideally.  Specifically, 

the initial plan involved biaxial die-drawing of a cylindrical billet through a 

plain or toothed conical mandrel as can be seen in Figure 4.2, for the 

manufacture of flat and toothed belts respectively. Toothed belts had in fact 

been produced by the IRC but they were only 90mm in diameter, since this 

was the only available mandrel. However, in order for die-drawing to be used 

for belt production of diameters suitable for larger scale applications, a 

mandrel with a diameter equivalent at least to that of a belt would be 

required, if not slightly bigger, due to recovery which would occur during the 

process ( Selwood et al., 1988a ; Selwood et al., 1988b). In addition, the 

starting billet (or preform) must also be large due to the relative low draw 

ratio of PBT. Manufacture of such a billet would be difficult, expensive and 

suffer from initial voids. The clamps would have to be made in such a way to 

grip uniformly a circular shaped billet all around its circumference, which in 

theory could reach up to 6.86 metres, based on commercially available belt 

(Gates, 2010b ; Gates, 2006a). Draw load would also exceed currently 

available equipment. Hence, for these reasons die-drawing was rejected as 

a belt manufacturing method. 
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Figure 4.2, Toothed mandrel for biaxial die-drawn belt manufacture 

That endeavour though involved various advantages and 

disadvantages as presented in Table 4.1. 

Table 4.1, Evaluation of biaxial die-drawing belt manufacture 

Advantages Disadvantages 

Ability to produce oriented belts 

with the current geometry. 

Available only for small diameter 

belts, up to 90mm (at that time) 

Can be used as a mass 

production technique. 

Very high loads are applied during 

the process (based on previous 

experience using die-drawing) 

Ability to ensure dimensional 

consistency. 

Limited design abilities due to 

mandrel configuration. 

 

Hence, alternative options had also to be examined, in an attempt to 

decide what the best possible choice would be in terms of time, cost and 

result of both production method and the produced belts. The fastest and 

easiest way of producing oriented polymers is free drawing, which is actually 

a tensile test (usually at elevated temperatures), based on each polymer 

drawing conditions as shown in die-drawing tests in Section 3.1 – “Uniaxial 

polymer orientation by die – drawing”. Using a typical dog-bone specimen, 

the produced plane strip can be used as an approximation of open ended flat 

belt.  

Also, by shaping the specimen with equally spaced, wider or thicker 

parts of specific design interlinked with narrower or thinner parts, such as 

those illustrated in Figure 4.3, the orientation could be controlled and driven 

only in the narrow parts. Thus, selectively oriented strips could be obtained, 

i.e. strips with thick isotropic features that resemble timing features of a drive 
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belt, connected by narrower and thinner but stiffer oriented sections that 

could act as the equivalent to a timing belt tension member. Examples of 

some PP selectively oriented samples through selectively free-tensile 

drawing are shown in Figure 4.4 and 4.5. 

 

Figure 4.3, Isotropic PP strips with “timing” features for selective orientation 

 

Figure 4.4, Selectively oriented PP strip – design A 

 

Figure 4.5, Selectively oriented PP strip – design B 

The advantage of this method is the variety of timing feature designs 

that in theory is unlimited, since they can be machined to whatever shape is 

desired and maintained like that after orientation. On the contrary, in die-

drawing the die restricts the feasible choices of designs of timing features to 

much less as well as simple as it will be shown in Section 4.1 – “Overview of 

manufacturing process”. Another advantage of this process is that the 

material has to orientate up to its natural draw ratio, which for many of the 

selected polymers is above the set draw ratio of 4, used in die-drawing tests. 
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Figure 4.6, Selectively oriented section of PP strip up to its natural draw ratio (≈9) 

At the same time though, that is a disadvantage since the process is 

totally governed by the material drawing behaviour, which as it is shown in 

Chapter 6 – “Oriented polymer synchronous belt design and manufacture” is 

not always desirable. Specifically, when specimens with isotropic timing 

features are to be oriented up to or exceeding the natural draw ratio in every 

section between these features can cause dimensional inaccuracies. 

Another important disadvantage is the recovery that occurred while drawing 

each section individually (Figure 4.7 and Figure 4.8). As a result, the 

dimensional tolerance was forbiddingly high, dictating that the orientation 

should be applied all in one step. 

 

Figure 4.7, Selectively oriented PBT strip – isotropic timing features followed by 

oriented sections 
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Figure 4.8, Recovery occurred in a selectively oriented PP strip due to step-by-step 

orientation method 

For the above reasons, an alternative route based on controlled free 

drawing was employed for belt manufacture, as described below. The initial 

concept involved the use of a plain cylindrical polymeric preform as the 

starting point because it could freely orientate up to its natural draw ratio, 

creating a shape similar to that of a plain flat belt. The flow-chart in Figure 

4.9 illustrates the manufacturing process stages, which involved the injection 

moulding and machining of the preforms that were then used for the 

production of flat belts through free – tensile drawing. The final stage 

involved the manufacturing method evaluation by measuring the belt 

dimensions. 

 

Figure 4.9, Manufacturing process flow-chart 



82 
 

4.2 Manufacture of flat belts 

4.2.1 Preform manufacturing 

The belt preforms were produced through injection moulding, using a 

BATTENFELD BA750-CDK machine, displayed in Figure 4.10 (DanzaPlast 

2011). The machine had a clamping force of 750kN, a 40mm diameter 

screw, a hydraulic drive system and a water assisted cooling system, while 

the injection pressure could reach up to 1575bar (DanzaPlast 2011). A full 

specification of this injection moulding machine can be found in Appendix 

4B. 

 

Figure 4.10, BATTENFELD BA 750 CDK injection moulding machine 

The die, made of stainless steel, was designed to produce preforms 

with outer and inner diameters of 94 and 84mm respectively (5mm wall 

thickness) and 25mm in width. These dimensions were selected in order to 

satisfy the geometrical parameters and restrictions of the belt manufacturing 

apparatus, as explained in Sections 4.2.2 – “Preform machining” and 4.2.3 – 

“Belt manufacturing apparatus”, the main limiting factor being available 

heating chamber height. The injection moulding die is illustrated in Figure 

4.11.  
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Figure 4.11, Front (moving) and back (fixed) parts of the die, left and right, 

respectively 

The design of the injection moulding die for the preforms is shown in 

Figure 4.12, see also Appendix 4C. 

 

Figure 4.12, Design of injection moulding die 

The selected material was Polybutylene terephthalate (PBT), grade 

tribit-1503 supplied by Sam Yang Co., Ltd (Dayson Polymers, 2001), and 

was identical to that used in the material selection process. It was a high flow 

grade with melt flow index rate (MFI) equal to 60g/10min at 250oC/5kg. The 

data sheet is shown in Appendix 4D.  

Initially, the material was dried at 140oC for 4 hours and then placed in 

the injection moulder hopper at 40oC for the production of preforms. The 

temperature profile of the injection moulding process for PBT tribit-1503, 

based on its data sheet moulding properties (IDES, 2011) is presented in 

Figure 4.13. 
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Figure 4.13, Temperature profile of injection moulding process (SubsTech 

(Kopeliovich, 2009)) 

The extrusion and injection moulding settings were as follows: 

 Extrusion settings 

- Back pressure = 100 bar 

- Back pressure time = 20 sec 

- Back pressure stroke = 15mm 

 Injection Settings 

- Screw speed = 50 rpm 

- Injection speed = 90 mm/sec 

- Cooling time = 120 sec 

- Shot size = 51 mm (48 + 3 mm of decompression) 

- Mould force = 400 kN 

In order these settings to be finalised, 50 samples were produced from 

which a suitable number of samples was selected in terms of surface finish, 

dimensional consistency and purity (since there were residues in the 

injection moulder from previous use). Surface finish and dimensional 

consistency were considered important factors as they could affect 

subsequent drawing. An injection moulded preform sample is in Figure 4.14. 
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Figure 4.14, Injection moulded preform 

4.2.2 Preform machining 

Based on an initial investigation not presented here, the initial width 

and thickness of the injection moulded preforms were defined as 25 and 

5mm respectively, providing enough material to produce an oriented strip 

that would resemble the main body of a conventional flat belt, which could 

bear the loads during testing and at the same time could be further 

machined to provide thinner samples, to improve flexibility for example. 

Sample diameter was defined from PBT achieved draw ratio through die-

drawing (3.8) and the available oven height. 

After the samples were obtained, the top part of each sample was cut 

off and also machined to become concentric, since the occurred shrinkage 

during processing failed to provide a uniform wall thickness. Two thickness 

values were used, creating two categories of belt preforms and thus two belt 

categories, thick and thin flat belts. The first category (thick belts) thickness 

was 4.05mm which was the highest possible value based on the injection 

moulded preform geometry and the second one (thin belts) was 2.8mm. As a 

consequence, the preform inner diameters varied respectively, while their 

outer diameter had the highest possible value, which was always 93mm. 

Table 4.2 shows the dimensional target values for the machined preforms of 

both categories.                        
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Table 4.2, Isotropic belt preform dimensions after machining 

Preform 

categories 

width 

(mm) 

thickness 

(mm) 

Inner diameter 

(mm) 

Outer diameter 

(mm) 

Thick 23 4.05 84.9 93 

Thin 23 2.8 87.4 93 

After the preforms of both categories were machined, their dimensions 

had a small variation over these target values. These data can be found in 

detail in Appendix 4E, Table 0.13.The final shape and dimensions of a (thick) 

machined belt preform are illustrated in Figure 4.15. 

 

Figure 4.15, Thick flat belt preform 

4.2.3 Belt manufacturing apparatus 

The apparatus displayed in Figure 4.16 was assembled for oriented 

polymer belt production. The apparatus comprised a tensile machine, an 

oven and an electric motor. The tensile machine provided the uniaxial 

drawing, necessary for polymer orientation and the oven created a frame 

where the belt could be created under controlled thermal conditions. The 

motor provided the rotational motion which enabled the even distribution of 

orientation all around the preform circumference to produce a 

homogeneously orientated polymeric belt.  
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The tensile machine was a MESSPHYSIK (BETA 20-10/8x5) with a 

20kN load-cell. Instead of conventional clamps, pulleys were used to allow 

the cylindrical preforms to fit around them. The oven was fitted between the 

top and bottom pulley-clamp and the electric motor was placed behind and 

exactly in the middle of the tensile machine. The bottom and top clamps of 

the tensile machine passed through the oven though specially machined 

“gates”. 

The bottom pulley was connected to the motor through a chain that ran 

around two sprockets, one on the motor acting as the driver and one on the 

back side of the pulley, i.e. the driven one. This is how rotational motion was 

transmitted to the bottom pulley, while the top one was free and could be 

rotated only through friction applied by the belt, during manufacture. 

 

 

Figure 4.16, Prototype belt manufacturing apparatus 
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The specifications of the belt manufacturing apparatus parts, i.e. motor, 

oven and tensile machine are presented at Table 4.3. 

Table 4.3, Belt manufacturing apparatus specifications 

Motor Oven Tensile machine 
Cooling 

system 

Power: 0.25 kW TMAX: 300 oC Load cell: ±20 kN 

Air-fan 
Angular speed, ωrad: 

215 –1440 rpm 

Heating rate: 

10oC/min 

Speed range: 1-1000 

mm/min 

Max. Extension: 2m
*  

*(without the oven) 

 

The maximum extension that could be achieved in the tensile machine, 

due to the presence of the oven and the motor beneath it, was 410mm. That 

created a very important limitation in the potential of the manufacturing 

process. For example, PP could not be used for flat belt manufacture due to 

its high draw ratio. In addition, based on this maximum extension and the 

natural draw ratio of PBT, the preform samples and hence the injection 

moulding die, were designed in such a way that the available space could be 

exploited as much as possible. 

 For the same reason, the pulley clamps had to be designed in such a 

way that they could both pass through the preform and fit as closely as 

possible to its inner circumference (even if the preform had to be squeezed 

in order to be able to fit around the pulleys). The pulleys were made of two 

stainless steel cylinders, while two fixture blocks on each side maintained 

their position steady and parallel to the ground to preserve uniaxial rotation 

(Figure 4.17). The cylinder width was 50mm, while the diameter started from 

40mm close to the top and bottom and increased up to 42mm in the middle, 

thus creating a 1mm crown. 

On the front and back sides of the pulleys, there were two 5mm long 

and 45mm diameter steps. These steps ensured that during the 

manufacturing stage, when the preform was mounted and rotating around 

the pulleys, it would remain in the middle of the frame they formed where it 

obtained the highest tension due to the crown and also because it would not 

be able to roll over these steps. Thus, the manufacturing process would not 
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be jeopardised by rupture of the preform either by non-uniform orientation or 

through its contact with the motor chain, which would eventually lead to 

failure. 

 

Figure 4.17, Bottom and top clamp-pulley of tensile machine 

4.2.4 Manufacturing process 

The following steps were common for both thick and thin flat belt 

manufacture: 

i. Equally spaced lines were drawn around the preform profile (wall 

thickness), using a toothed pulley, in order to measure the draw ratio and 

hence the final extension and strain of the produced belt. Specifically, the 

lines were drawn across the same side of each tooth, as it can be seen in 

Figure 4.18. 

 

Figure 4.18, Flat belt sample with toothed pulley 
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ii. The sample was placed inside the preheated oven and hung from the 

pin of the top clamp. At the same time a piece of the same material (PBT) 

and thickness of the preform was also placed next to the top clamp, with a 

thermocouple inside it, in order to provide the closest possible temperature 

to that of the preform during the entire manufacturing process.  

There was a temperature gradient caused by air flow through the 

clearance holes for the clamps and chain drive system at the bottom and top 

of the oven. For this reason the oven was set at 143oC in order to achieve 

the required temperature of 140oC at the preform. The temperature profile is 

displayed at the schematic representation of the belt manufacturing process 

in Figure 4.19 and as it can be seen, four more thermocouples were placed 

on fixed positions inside the oven; one on the bottom, the centre and the top 

part of the oven and one on the bottom clamp.  

 

 

Figure 4.19, Schematic representation of the belt manufacturing process 
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iii. Once the temperature of the PBT piece (thermocouple #3) reached 

140oC then it was assumed that the preform temperature had also reached 

the same temperature.   

iv. Then, the pulleys were moved very close to each other, 5mm apart, 

and since the sample was softened, it could be squeezed to fit around them.  

v. The fixture blocks locked the position of the pulleys and then, the top 

clamp was moved slightly upwards to achieve a sufficient amount of load 

and hence friction between the preform and pulleys so both pulleys could 

rotate synchronously. 

4.2.4.1 Thick flat belt manufacture 

Based on early investigation on preforms drawing behaviour, 6 different 

speed values were used during flat belt manufacture and not a single one 

such as 160mm/min that had been used in die-drawing of PBT billets 

(Section 3.1 – “Polymer orientation by die – drawing”). The reason was due 

to the preform geometry which required a gentler handling since it did not 

behave as a common dog-bone specimen. Also, the combination of 

rotational with uniaxial motion from the motor and the tensile machine, 

together with the friction from the pulleys was creating vibrations of the entire 

apparatus and distortion of a smooth orientation process, leading sometimes 

to rupture of the preform and failure of the manufacturing cycle. The most 

crucial points of the process were the yielding point where the transition from 

elastic to plastic deformation had to be as gentle as possible and the final 

stage of strain hardening where the maximum possible value of extension 

had to be selected which would not cause overstretching or even exceed the 

elongation to failure. The manufacturing process can be described through 

the following steps: 
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i) The process started with a relatively low speed of 10mm/min up to 

0.5kN, increasing slowly to 20mm/min up to 1.0kN and then 30mm/min until 

yielding occurred and a sufficient part of oriented band was formed (neck 

formation).  

ii)  After 60mm extension, speed was doubled to 60mm/min in order to 

maintain load at a steady level as neck propagated and then at 120mm was 

also doubled to 120mm/min and finally at 200mm extension it got its 

maximum value of 200mm/min. 

iii) After the stage of neck propagation was completed, strain hardening 

occurred, which led to load rise. As shown in Figure 4.20, when the set 

extension of 350mm was achieved, the machine was switched from 

extension control to load control, with the load being steady. The heater and 

motor were left running so that rotational motion continued to ensure even 

distribution of orientation around the belt. Subsequently, deformation 

increased slowly up to the final value (usually 378mm, corresponding to an 

average draw ratio of 3.35).  

The draw ratio of the produced belts was smaller than the natural one. 

That was again attributed to the cylindrical shape of the preforms combined 

with the circular motion around the pulley-clamps that restricted it from a 

pure uniaxial drawing. When the maximum theoretical extension, based on 

the natural draw ratio, was attempted to be reached, the preform broke as it 

was approaching it due to the high stresses that exceeded the fracture 

stress of the material. The produced belt dimensions and geometrical 

characteristics are presented in Section 4.3 – “Belt dimensions and 

manufacturing process consistency”. 

 

 

 

 

 

 



93 
 

An example of the load - time behaviour of the PBT thick flat belt during 

manufacturing is illustrated in Figure 4.20. 

 

Figure 4.20, Load and extension profile versus time for thick flat belt manufacturing 

iv)   After the drawing stage was completed, the heater was turned OFF 

and the door of the oven was opened for the formed belt to cool down, while 

rotating around the pulleys. Once again, the load was held constant using a 

cooling fan when necessary, because although the belt drawing was 

finished, temperature decreased for 5 minutes while belt rotating. Hence, the 

load was distributed uniformly all around its circumference while being held 

constant. When the temperature of the PBT piece (thermocouple 3) 

decreased below the PBT glass transition temperature, the top clamp was 

slowly moved downwards while the belt rotated and when it reached the 

point where it became loose and stopped rotating around the pulleys, it was 

then removed quickly and cooled for 2 minutes, to avoid any local heating 

and thus recovery, due to its contact with the pulleys while it was being 

removed from the rig.  
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Figures 4.21 and 4.22 show views of an oriented PBT thick flat belt.  

 

Figure 4.21, Oriented PBT thick flat belt 

 

Figure 4.22, Oriented PBT thick flat belt 

4.2.4.2 Thin flat belt manufacture 

The produced thick flat belts lacked flexibility, so as explained in 

Chapter 5 – “Flat belt testing”, thinner flat belts was decided to be 

manufactured with improved flexibility. These thin flat belts were produced 

by preforms of the same outer but bigger inner diameter, 93mm and 87.4mm 

respectively, resulting in a wall thickness of 2.8mm (target values, see also 

Table 4.2).   

 Since the initial circumference, measured from the middle of the 

preform thickness, was bigger than that of the thick preform, the final 

circumference of the produced thin flat belts was also expected to be bigger. 

The manufacturing procedure that was followed was the same as that for 

thick flat belts. The final thickness of the produced thin flat belts had an 

average value of 1.5mm±0.03mm and their flexibility was significantly 

improved.  
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The final extension though varied due to width variations that were 

observed in all samples. These width variations (Figure 4.23) were initially 

attributed to overstretching, however, even when some samples were 

oriented up to neck propagation and not until the strain hardening area, it 

was observed that these width variations had already been formed from a 

very early stage, right after yielding. For this reason, it was assumed that this 

behaviour was associated with the polymer flowing behaviour in the mould 

during the injection moulding process. 

 

Figure 4.23, Width variation of the thin flat belt 

Draw stresses for the thick and thin belts showed a similar behaviour 

(Figure 4.24).  

 

Figure 4.24, Stress vs. time comparison between thin and thick flat belts during 

manufacture 
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4.3 Belt dimensions and manufacturing process 

consistency 

After the belts were manufactured, their geometrical features were 

measured in order the consistency and repeatability of the process to be 

investigated. Dimensional consistency was important not only for the 

manufacturing process, but also for the belt quality, life and performance. 

During manufacturing, circumference can be measured based on the final 

extension, the pulleys diameter and the obtained belt thickness. Specifically: 

                                     
      

 
              (4.1) 

 where, dlfinal is the final extension during belt manufacturing, Rpulley is the 

pulley-clamp radius and tfinal is the thickness of the formed belt, measured 

manually. 

 The term tfinal/2 was added because the circumference of the belt 

should be measured at the centre of its thickness and not on the inner or 

outer surface where compressive and tensile loads are applied respectively 

(Figure 4.25). 

 

Figure 4.25, Tension and compression applied on the outer and inner surface of a 

solid under bending stresses (TheTutelmanSite, 2008) 

If a belt is cut and straightened then its total length is not influenced by 

whether it is measured on the outer or inner side. Since obviously belts could 

not be cut to measure their length, they were scanned to get a precise 

measurement by the following procedure: 
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i. Two metal bars were placed on each side of the belt (inner and 

outer) and then they were held together tight and straight by two G – clamps. 

ii. That part of the belt was placed on a scanner (Figure 4.26), 

using the desired resolution, which is in dots per inch (dpi). The equally 

spaced blue lines that had been drawn across the wall thickness of the 

preform (before orientation, Figure 4.18) were stretched and used for the 

circumference measurement. 

 

Figure 4.26, Scanning of PBT thick flat belt for circumference measurement 

iii. With the use of “JMicrovision” software (Roduit N, 2002-2008), 

the distance from the beginning of one blue mark until the beginning of the 

next one was measured in pixels (Figure 4.27) and using the resolution of 

the scanned image, pixels were converted to millimetres. This distance was 

named “segment length” and by measuring it twenty times, as the number of 

these blue points, the circumference of the belt was obtained. 

 The selected resolution was 300dpi, so: 

Segment length = measured length (dots) x 1inch / 300dpi => 

=> Segment length = measured length x 25.4mm / 300.    (4.2)  

 

 

Figure 4.27, Segment length measurement of flat belts through JMicrovision software 
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The accuracy of each measurement was of one pixel, i.e. 

1x25.4mm/300 ≈ 0.085mm. For the entire belt, 7 scans were required; each 

of the first 6 had 4 scanned blue points (from points #1 to #19) and the 7th 

one had 3 (from points #19 to #1). In total, 6x4+3 = 27 points were used to 

obtain the belt circumference. The worst case scenario was to assume that 

each one of these points was between two pixels (and did not coincide with 

the beginning or the end of a single one), as illustrated in Figure 4.28. Hence 

the overall maximum error in belt circumference measurement would be: 

27points x 0.0085mm = 2.295mm. But this value must be divided by two, 

since every point was assumed to be half pixel off “target”, otherwise it would 

coincide with one of the pixels and there would not be an error. So 

2.295mm/2 ≈ 1.15mm, was the maximum possible error in the belt 

circumference measurement. 

 

Figure 4.28, Segment length error measurement in scanning process 

During this length measurement procedure it was found that most of 

the blue points edges were very close or even coinciding with the adjacent 

pixels, so the actual overall error should not exceed half of the maximum 

value of 1.15mm. Belt width was measured with a Vernier calliper and 

thickness with a micrometre, having ± 0.02mm and ± 0.01mm accuracy 

respectively. Tables 4.4 and 4.5 indicate how the dimensions of produced 

thick and thin flat belts varied due to applied orientation during manufacture. 

Hence, these tables can be used as a tool to evaluate the procedure 

consistency. The values of “segment length”, width and thickness are the 

average values out of 20 measurements, which were taken all around the 
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belt, followed by their standard deviations. The draw ratio is also the average 

value for every belt, calculated by dividing each segment length by its 

original isotropic one, which is equal to the initial circumference divided by 

20, the number of the blue lines (Figure 4.18), i.e: 

         
                   

                              
                  (4.3) 

 

Table 4.4, Thick flat belt dimensions and standard deviations 

Properties 

 

Belt 

Circumfe-

rence 

(mm) 

Segment 

length 

(mm) 

Draw 

ratio 
Width (mm) 

Thickness 

(mm) 

T1 946 47.32 ± 0.87 3.38± 0.06 12.90 ± 0.22 2.14± 0.02 

T2 941 47.22 ± 1.02 3.36± 0.07 12.52 ± 0.24 2.11 ± 0 .01 

T3 938 47.0 ± 0.81 3.35± 0.06 13.05 ± 0.23 2.14 ± 0.01 

T4 947 47.31 ± 1.37 3.38± 0.09 13.02 ± 0.29 2.12 ± 0.02 

T5 936 47.32 ± 0.87 3.34± 0.07 11.62 ± 0.17 2.14 ± 0.02 

T6 936 46.81 ± 1.29 3.35± 0.09 13.00 ± 0.26 2.13 ± 0.01 

T7 935 46.76 ± 1.33 3.35± 0.10 13.70 ± 0.28 2.12 ± 0.01 

T8 934 46.70 ± 1.36 3.34± 0.10 13.61 ± 0.27 2.16 ± 0.01 

T9 937 46.85 ± 0.99 3.36± 0.07 13.39 ± 0.26 2.09 ± 0.05 

T10 935 46.76 ± 1.25 3.35± 0.02 13.71 ± 0.26 2.14 ± 0.02 

T11 937 46.87 ± 1.01 3.36± 0.07 13.73 ± 0.24 2.13 ± 0.01 

T12 935 46.73 ± 1.0 3.35± 0.02 13.51 ± 0.24 2.15 ± 0.02 

T13 936 46.81 ± 1.02 3.35± 0.05 13.55 ± 0.34 2.16 ± 0.02 
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The procedure could produce thick flat belts with a fairly good 

dimensional consistency. The standard deviation is approximately 2.5% for 

“segment length” and draw ratio consequently, 1.8% for width and 1.0% for 

thickness.  In addition, from belt T5 to T13, the dimensions obtained steady 

values almost to the first decimal point, with only exception being the value 

of width in belt T5, because the preform initial width was narrower (winitial = 

19.9mm).  

The comparison between the variations of thick flat belt dimensions is 

shown in Figure 4.29, in which belt T4 is used as a representative example. 

 

Figure 4.29, Variation of segment length, width and thickness for thick flat belt T4 

“Segment length” exhibits the biggest variation, as seen in Figure 4.29, 

which comes natural considering that the lines on the preforms, through 

which “segment length” was measured, were drawn by hand. In addition, 

“segment length”, which represents the circumference, is on the direction of 

orientation, so it is the most affected dimension, hence the biggest variation. 

On the other extreme, thickness exhibited the most stable behaviour and the 

reason was the shape of the preform, where thickness is the dimension with 

the smallest value, combined with the direction of orientation which makes 

the preform to yield and deform more in length and width, in absolute values.  
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Figure 4.30, Thick flat belt segment length variation 

From Figure 4.30, the segment length of thick flat belts had a stable 

behaviour from belt to belt and similar standard deviation.  

 

Figure 4.31, Thick flat belt width variation 

Figure 4.31 shows the width variation in thick flat belts which was 

higher than that of segment length but with lower standard deviation. As 

explained earlier in this section, belt T5 exhibits the lowest width value, 

because its preform had a lower initial value than the rest. 
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Figure 4.32, Thick flat belt thickness variation 

Similar behaviour to width is also shown in Figure 4.32 for thickness. A 

generally low relative standard deviation is observed of about 1% with the 

only exception belt T9 which exhibits a much higher one equal to 2.4%. 

Table 4.5 presents the dimensions accompanied with their standard 

deviation values for thin flat belts. 

Table 4.5, Thin flat belts dimensions and standard deviations 

  Properties 

 Belt 

Circumfe-

rence (mm) 

Segment 

length (mm) 
Draw ratio Width (mm) 

Thickness 

(mm) 

th1 883 44.16 ± 1.34 3.12± 0.10 13.81 ± 0.44 1.54 ± 0.02 

th2 985 47.22 ± 1.02 3.47± 0.11 13.22 ± 0.44 1.48 ± 0.03 

th3 985 49.27 ± 0.77 3.48± 0.05 13.26 ± 0.43 1.48 ± 0.02 

th4 977 48.84 ± 0.88 3.45± 0.06 13.46 ± 0.48 1.47 ± 0.02 

th5 987 47.32 ± 0.87 3.48± 0.10 13.20 ± 0.36 1.51 ± 0.03 

th6 906 45.28 ± 0.74 3.20± 0.05 13.90 ± 0.87 1.53 ± 0.02 
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As it can be seen, the standard deviation of “segment length” and 

hence of draw ratio for thin flat belts is approximately the same as in thick 

ones, around 2.5%. However, for width and thickness, standard deviations 

are higher, 3.2% and 1.5% respectively. Width variation was deemed a 

result of preform manufacture while in the thickness direction the reason was 

that although the standard deviation of both thick and thin belts is the same 

in absolute value (≈ 0.02mm), the initial thickness of thin flat belts was 

smaller, so its relative standard deviation per cent (%) was higher.  

The following two diagrams (Figure 4.33 to 4.34) reflect the 

observations and conclusions drawn above for the dimensional consistency 

of the process for thin flat belts. Specifically, all three diagrams show the 

variation of “segment length”, width and thickness for all produced thin flat 

belts. 

 

Figure 4.33, Thin flat belt segment length variation 

As it can be seen in Figure 4.33, the final extension and hence the 

circumference and draw ratio of thin flat belts th2 to th5 exhibit a significant 

resemblance.  However, belts th1 and th6 were oriented up to the end of 

neck propagation and before the strain hardening part of the stress – strain 

curve in an attempt to avoid the width variation observed in all thin flat belts, 

so it was a clear manufacturing choice and not a flaw of the process. 
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Figure 4.34, Thin flat belt width variation 

Figure 4.34 shows the width behaviour of thin flat belts which was 

distinct for its higher but consistent standard deviation compared to thick flat 

belts, due to reasons already explained. Belts th2 to th5 have similar values 

but smaller compared to th1 and th6. That can be attributed to the fact that 

the first were oriented up to the same extent, which was also higher 

compared to the latter and thus width appears to behave in a disproportional 

way to segment length, assuming a constant volume of the belt, before and 

after manufacture. 

4.4 Flat belt manufacture summary 

A complete novel process for oriented polymer flat belt manufacture 

was presented in this Chapter. The process was comprised of the preform 

manufacturing through injection moulding, preform modification to the 

desired dimensions and the final solid-phase orientation technique, based on 

free drawing. Two forms of flat belts were produced, thick and thin, the latter 

included investigating the effect of flexibility. The process repeatability was 

investigated through the produced belt dimensional stability. It was found 

that thin belts had increased consistency. 

The following Chapter discusses the power transmission behaviour of 

these belts, as well as their mechanical performance in terms of creep. 
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5. FLAT BELT PERFORMANCE AND CREEP BEHAVIOUR 

INVESTIGATION 

5.1 Experimental procedure 

After flat belts were produced and their dimensional and physical 

characteristics were measured, as a means to evaluate the production 

method consistency, they were tested under different conditions in order to 

investigate their life duration and power transmission performance. 

The belt testing apparatus is presented in Figure 5.1. It comprised two 

electric motors, one torque transducer, two pulleys and a tensioning system 

attached to an idler pulley. On the right hand side, MOTOR 1 acted as 

“motor” providing the necessary power and was connected to the torque 

transducer, while on the left hand side MOTOR 2 acted as “generator”. Each 

of the two pulleys was connected to its motor through a gear box, while the 

belt tensioning system was attached to the front plate of the apparatus 

between the pulleys, providing the necessary tension to belts through an 

idler pulley connected to a tension-compression load-cell. The load-cell data 

sheet can be found in Appendix 5A. 

 

Figure 5.1, Schematic representation of belt testing apparatus 
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Figure 5.2, Belt under testing – belt test apparatus 

The specifications of the belt testing apparatus are presented at Table 5.1. 

Table 5.1, Belt testing apparatus components specifications 

Motors Torque transducer Load-cell Oil pump 

Type/ 

model 

Electric, 

 AC 

Type/ 

model 

In-line,  

TM 110/012 

Type/ 

model 

Tension/ 

compression 

F256-ZO506  

Type/ 

model 

Oil gear pump 

UP3/AC 

Supplier 
(TRANSDRI-

VE, 2012) 
Supplier 

(Magtrol, 

2011) 
Supplier 

(Novatech, 

2010) 
Supplier 

(MARCO-

S.p.A., 2006) 

Capacity 11kW 
Torque 

range 
±100Nm  capacity ± 5kN efficiency 10 lit/min 

Rotational 

speed 
±12000rpm 

Rated 

torque 

range 

±50Nm 
Signal 

amplifier 
External 

Max. 

pressure 
6 bar 

 

The motors were controlled by a system of two drive units provided by 

EMERSON INDUSTRIAL AUTOMATION – CONTROL TECHNIQUES 

(Emerson-Industrial-Automation, 2011b). The speed range of these drive 

units was ±1000rpm and their operation was controlled by a control panel, as 

can be seen in Figure 5.3. Specifically, speed and toque were set by 

potentiometers and two keypad monitors displayed the speed for each drive 

unit, i.e. of each motor, as well as any malfunction that might occur. Another 

switch set which motor would act as driver (“motor”) and which as driven 

(“generator”). The control panel was also connected to a computer used for 

data monitoring and recording in real time. 
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Figure 5.3, Belt testing apparatus control panel 

 

Figure 5.4 shows a complete overview of the belt test-cell. 

 

Figure 5.4, Belt rig configuration 
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The belt tension signal, received from the load-cell, passed through an 

external amplifier that required a ±15V excitation voltage, provided by a 

power supply and was then recorded in a NATIONAL INSTRUMENT USB-

6009 data logger (National-Instruments, 2010).The  Torque signal was also 

received by this data logger through its own external amplifier as seen in 

Figure 5.3, as well as the speed signal of the motor acting as the driver. The 

driver motor (set) speed was also displayed on the keypad – screen 1 

(Figure 5.3). These three signals were monitored through LABVIEW 

(National-Instruments, 2010), which received their analogue signals in 

volts(V) at a sampling rate of 10Hz and converted them to digital. Then, the 

required values in rpm, Nm and N were obtained by using the calibration 

equations of the motor, torque transducer and load-cell respectively. These 

equations are: 

                  , for the driver motor,   (5.1) 

 

                    , for the torque transducer, and (5.2) 

 

                       , for the belt tension load-cell (5.3) 

The speed of the driven pulley (speed feedback) was monitored via CT-

Scope software provided by (Emerson-Industrial-Automation, 2011a). The 

sampling rate was 1 measurement per second. Figure 5.5 and Figure 5.6 

display the working environment of these two softwares, CTScope and 

LabView. 

 

Figure 5.5, CTScope - software working surface
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Figure 5.6, Recording and monitoring of speed, torque and tension data during belt testing through LabView 
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5.2 Test procedure 

The main steps of the belt testing procedure were as follows: 

1. The belt was placed around the pulleys, with the idler pulley being on 

the inside circumference of the belt as shown in Figure 5.7 and was 

tensioned by regulating its position, so that the maximum (vertical) deflection 

of the horizontal part between the two pulleys was set be 10mm, i.e. ±5mm 

from the balance point (normal position), for toothed belts and 5mm, i.e. 

±2.5mm from the balance point, for flat belts. The belt could either be 

tensioned once at the beginning of the first (day) test or re-tensioned to its 

initial tension value at the beginning of every test (in the morning). 

 

Figure 5.7, Belt deflection under tension 

The selected tension had to be within the linear range of oriented PBT 

stress – strain curve and since the loading was dynamic, the maximum load 

selected was the half of the yield load. The average yield strength of oriented 

PBT flat belts with draw ratio of 3.35 was 35MPa, as shown in Figure 5.8. 

The average cross-section area of these belts was 28mm2, hence the yield 

load based on Hooke’s law σ = F/A, was approximately 1kN. Therefore, the 

maximum belt tension that could be applied was 0.5kN for thick flat belts. For 

thin flat belts, whose cross-section area had an average value of 20.2mm2, 

yield load was 700N and the maximum tension that could be applied was 

350N. 
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Figure 5.8, Stress - videoextensometer strain curve for oriented PBT flat belt sample 

 

2. The main power, the drive units, as well as the oil pump were 

switched ON. 

3. The operation mode was selected by turning the switch towards the 

left for “MOTOR” or the right for “GENERATOR”, from the control panel. 

4. CTScope and Labview softwares started recording simultaneously the 

values of speed, tension and torque, even before the actual test started in 

order to record any residual torque from the gear system, while both speed 

and torque were zero. If there was any residual torque, its value was added 

to the raw data values of torque during the results analysis, when speed 

started to be applied, and subtracted at the end, when it was zeroed again. 

5. Setting the speed, 0 rpm corresponded to value 5.0. By turning the 

potentiometer clockwise, the speed obtained positive values and vice versa. 

0.335 of clockwise turning (5.335) equalled to +100 rpm speed and likewise -

100rpm corresponded to anticlockwise turning to 4.665. In most cases, the 

selected speed was 400rpm and it was applied after starting for 10 minutes 

at a slower speed, such as 200rpm in order to warm up the belt. 

6. Torque could range from a nominal setting of 0-14 (machine specific 

values). A test was conducted in order to identify the maximum nominal 

value of torque a PBT flat belt could withstand at 500rpm (50% of the 

capacity), i.e. the torque at which the belt would slip. This test also indicated 

the range at which the tests would take place. It was shown that the 

maximum nominal value was 0.6. In most cases, torque was set at a nominal 
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setting of 0.2 and was applied approximately 5 minutes after the selected 

speed had been obtained. The torque feedback was assumed to be the 

same as the set one, as long as speed was transmitted synchronously.  

7. At the end of the test, the torque was set back to zero and after five 

minutes so was the speed. Then, after 3 minutes the motors and the oil 

pump were switched OFF and the data logging 2 minutes later, for the same 

reason as explained in the 4th step of the procedure. Steps 1 to 7 were 

repeated for as many days as the belt could run. 

8. The belt was considered to have failed when it had been ruptured 

while running (which only occurred once), or when parts of it had been 

gradually delaminated or torn so that thickness and width was greater than 

half of its initial value. Even so, in the majority of the cases the belt was still 

able to run at the same speed and the same torque. Otherwise, it was 

stopped at the end of the test (end of the day) and was replaced. 

 

Figure 5.9, Severely damaged flat belt during operation; delaminated and broken 

parts, as well as trace of belt on the pulleys due to wear from friction 

9. The chamber, pulleys and belt temperatures were recorded before, 

during and at the end of testing through an infrared “gun-thermometer”. 

The following diagram in Figure 5.10 displays the possible options of 

the belt apparatus operation. If torque was required, then the belt motion 

could only be clockwise (towards negative speed values). Otherwise, for 

tests that only speed was necessary (with no torque), the belt motion could 

either be clockwise, with torque set at zero, or anticlockwise (towards 

positive speed values), where torque was not available. 
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Figure 5.10, Belt rig operation diagram
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5.3 Flat belt mechanics 

Power transmission in flat belts depends entirely on the friction 

between the belt and pulleys. For this reason, the pulley surfaces (driver and 

driven) were coated with 5mm of vulcanized polyurethane, PU (Figure 5.11) 

over a slight curvature which had been machined in the axial direction in 

order to provide a crown, which according to (Gerbert, 1989) the height, i.e. 

the difference between the middle (top of the crown) and the edge (base of 

the crown) of the pulley surface should be: ΔH = R x 0.006 = 64.5mm x 

0.006 ≈ 0.4mm, where R, is the pulley radius, measured at the peak of the 

crown where its value was maximum. By having a crown on the pulley 

surface, the belt location was controlled better providing a more steady 

performance, avoiding lateral motion (zigzag). Nevertheless, wear was 

unavoidable during testing, so the pulley thickness was slightly reduced. 

Hence, before the beginning of every test, their diameters were measured 

either by Vernier callipers or through laser scanning. The base material of 

pulleys was aluminium. The initial radius of both driver and driven pulley was 

r = 64.5mm and the width was, w=30.5mm, while the idler pulley radius was 

29.5mm and its width was 40mm. 

 

Figure 5.11, Flat aluminium pulleys coated with vulcanized polyurethane 

The configuration of a flat belt around the pulleys with all the 

dimensions and applied forces is illustrated in Figure 5.12.  For convenience, 

in terms of calculation accuracy, the driver and driven pulley were in fixed 

positions, 250mm apart, and only the position of the idler pulley varied 

vertically depending on the desired belt tension. However, the projection of 

its position was always in the middle of the pulley separation distance thus 

the triangle created by the pulley centres, was isosceles. 
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Figure 5.12, Flat belt tension and force analysis; idler pulley in a random position 
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From Figure 5.12, the following geometry and force analysis was made 

for each geometrical component, as well the tensions, torques and forces 

that acted upon them and influenced the performance and behaviour of a 

belt during testing. 

 Centre distance, C, was equal to span length, LS, and distances AB and PQ, 

were equal to 250mm (fixed position), since the two pulleys were identical. 

 Tensions, T1, T2 and T3 acted along the middle of the belt thickness, since 

there was no tension member in these belts and they were considered to be 

uniform. 

 If belt slip did not occur, then the pulley speeds were the same and a no 

power loss system was assumed. 

 The projection of the idler pulley centre to AB was the height of the ABC 

triangle. CD and was measured manually with a Vernier calliper every time a 

belt was placed around the pulleys and was tensioned.  

 The idler pulley was assumed to act as a freely rotating pulley, so its torque 

τ2 was zero.  

 -F2y was the tensioning force applied by the idler pulley position and acted 

in the same direction with CD, downwards (-y), (like a projection of it).  

Derivatives: 

The reaction force equation describing the system is: 

                                    (5.4) 

 

 Sides AC and BC can be calculated from the triangles ACD and BCD 

through Pythagoras’ Theorem, based on the position of the idler pulley: 

            and             

 From triangle ACO, AO is equal to the driver and idler pulley radii difference, 

i.e.                               . Also, ACO is a right 

triangle, so            . CO is equal to NL since CONL is a 

parallelepiped. 
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  Likewise, BH is also equal to AO, i.e. 35.25mm. So from the right triangle 

BHC,            . CH is equal to IK since HCIK is a parallelepiped. 

The sum of sides AB plus NL and IK is the length of the belt that is not in 

contact with the idler and main pulleys. 

 Since all sides of ACO and BCH triangles are known, angles    and    can be 

calculated from the trigonometric equations: 

         
  

  
              

  

  
         (5.5) 

Based on Figure 5.12, the torques and tensions applied on every side 

of the belt as it rotates around the pulleys are: 

                    (5.6) 

                       (5.7) 

                     (5.8) 

                                 (5.9) 

 Where T1 = Tt , i.e. tight side tension and T2 = Ts, i.e slack side tension, and 

τ1, τ2 and τ3 are the torques of driver, idler and driven pulley respectively. 

Solving for T1: 

      
  

 
   or         

  

 
              (5.10) 

Also, the following three equations can be derived, using the Capstan 

Formula (or Eytelweins equation) (Gerbert G. B., 1989), based on Figure 

5.12: 

                      (5.11) 

                      (5.12) 

                      (5.13) 

 Where μ is the coefficient of friction between belt and pulley, and    is 

the angle of belt wrap around the pulley.  
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Resolving horizontal forces, in the x-axis:  

                          (5.14) 

                                 (5.15) 

                          (5.16) 

Resolving vertical forces, in the y-axis:  

                       (5.17) 

                                (5.18) 

                       (5.19) 

 

Finally, the friction coefficient can be derived from Equations (5.11) and 

(5.13), i.e. 

      
  

  
        

  

  
         

  

  
        (5.20) 

 Since the idler pulley was freely rotating, it was assumed that     , 

so T2 = T3 = Ts. Hence, it was convenient to position the idler pulley at the 

point where an isosceles triangle ABC was formed from the pulley centres, 

as seen in Figure 5.13, and that was the configuration of belt and pulleys 

used for all the flat belt tests.  

The projection of the idler pulley centre, C, to the base of the triangle 

ABC, is CD and separates it into two equal and right triangles ACD and 

BCD, where AC = BC, and AD = BD = 0.5 x Centre Distance = 125mm. 

Moreover, angles      , and angle    is bisected to             , as 

well as the contact angle of belt with the idler pulley,                 , 

while the contact angles of the driver and driven pulley are the equal too, i.e. 

        , as shown in Figure 5.13. 
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Figure 5.13, Flat belt tension and force analysis; idler pulley in the position where an isosceles traingle is formed from the pulleys centres 
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From Figure 5.13 , the triangle GEF formed from the intersection of 

tensions, horizontal and vertical forces, is also isosceles, since the idler 

pulley projection is in the middle of the two pulleys. Hence, EF = GF, and 

       . Also, since the applied tension to the belt through the idler pulley is 

vertical and can be assumed to be in the same direction with CD, then angle 

θ2 is also bisected, i.e.                 . 

Combined with the assumption that             for the above 

test configuration, Equations (5.15) and (5.18), can be modified to: 

                                                     

                          (5.21) 

, and: 

                                                      

                           (5.22) 

Also, triangles ACO and BCH are equal and right, so angles          

and         are equal and equal to   . Hence, Equation (5.5) can be changed 

to: 

         
  

  
         

  

  
       (5.23) 

Overall, the raw data from belt tests were the applied torque and 

tension from the torque transducer and load-cell respectively, as well as the 

speed feedback of the driven pulley over time. The parameters that were 

calculated for all the tested belts were as follows: 

 The slack tension:                            (5.24) 

 which is applied on the left and right side of the idler pulley on the 

diagonal parts of the belt as shown in Figure 5.13. 
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 The tight tension:           
  

  
    

  

  
        (5.25) 

is applied on the horizontal part of the belt, between the driver and driven 

pulley. In this case, r*, is equal to the pulley radius, r, plus half of the belt 

thickness, t/2, i.e. r
*
= r + t/2, which corresponds to pitch radius in 

conventional belts, i.e. the distance from the pulley centre to the tension 

member of the belt (Childs T. H. C. and Parker I. K., 1989). 

 The effective tension:                        (5.26) 

 The relative effective tension, Tre(%): 

                                    (5.27) 

, which gives an indication of the belt performance which is optimised 

when its value ranges from 10 – 30 % (Gates-Mectrol, 2006). 

 The axial tension in the x-axis, which is the summation of tensions applied to 

horizontal level, i.e. T1,  as well as the horizontal part of slack tension, T2x or 

T3x : 

                                              
  

  
    

      
   

        
               

  

  
        (5.28) 

Axial tension, Tx, was the highest tensile force applied to the belt during 

testing and was needed in order to monitor whether it exceeded the yield 

point of the material that can cause plastic deformation and hence premature 

failure of the belt. 

 And finally, the friction coefficient:                              (5.29) 

From Equation (5.4) the summation of forces in both x and y axis must be 

zero, i.e.                                      and                                     . So after 

calculating all the desired parameters this verification was also conducted to 

verify the calculations.  
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For the x – axis, combining Equations (5.14) and (5.16): 

                                                        (5.30) 

Also, for the y – axis, combining Equations (5.17) and (5.19): 

                                                     (5.31) 

All thick and thin flat belts were tested in the configuration shown in 

Figure 5.13 and were analysed using the above equations. However, one 

belt from each category was tested with slightly different conditions. 

Specifically, pulley 2 (left) acted as the Driver and pulley 1 (right) as the 

driven, subsequently changing tight and slack tensions to:       and 

     . As a result all the parameters displayed earlier in this section were 

changed accordingly. These modified experiments aimed to identify the 

conditions under which the belt behaved better in terms of performance 

(transmitted torque, power, friction coefficient, etc) and duration, as well as 

to investigate if and to what extent each tension parameter influenced them 

the most.  

The belt mechanics analysis was completed for every belt after 

calculating the power and life performance. The equations describing the 

transmitted power are as follows:   

The transmitted power is equal to torque times the angular velocity, 

which is: 

   
   

   
                          (5.32) 

 where, s, is the rotational speed, so power is equal to: 

                        (5.33) 

Also, by summing the time each belt ran every day, the belt life was 

calculated. Section 5.4 shows the results for every flat belt, thick and thin as 

well some observations during testing. 
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5.4 Results and observations 

5.4.1  General observations of testing procedure 

There were a few problems that occurred during the testing procedure 

and these are noted here prior to the qualitative evaluation of the results: 

i) There was a malfunction with the apparatus earth (ground), i.e. it was 

not zero as it should have been and this residual voltage interfered with the 

signal of the load-cell due to its contact with the metallic bolts of the 

tensioning system. So while the machine was switched off the signal of the 

applied tension was correct, but the moment the machine was switched on, 

an offset of approximately 150N appeared, hence the signal indicated 

reduced tension values, even negative in some cases, while the applied load 

was always tensile (positive). This problem was solved by inserting two 

PEEK sleeves around the metallic pins of the load-cell that mounted it with 

the tensioning system in order to isolate it from that residual voltage. 

ii) The torque transducer was connected to the computer through its 

external signal amplifier, as explained in Section “5.1 – Experimental 

apparatus”. The cable connecting the transducer to its amplifier ran 

alongside the AC power cables to the motors along the wall and that was 

believed to be the reason for the high noise observed in the torque signal. 

Data filtering was applied through the use of a 10 point moving average filter 

in the Excel software in order to obtain refined results, as shown in Figure 

5.14. 

 

Figure 5.14, Torque data filtering through a moving average of 10 points 
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The following three bullet-points describe some important 

characteristics of the experimental procedure:  

 The displayed and recorded torque was that from the driver pulley 

and not from the driven. Hence, any kind of anomaly during tests such as 

belt slippage or if the belt hit the pulley side flange due to lateral motion, 

which had an effect on the transmitted torque, could not be monitored. For 

this reason, only the time that speed was transmitted synchronously was 

taken into account for the calculation of the actual belt life and power 

transmission, since torque was transmitted at full extent by the driven pulley 

for only that period of time. 

 As far as temperature was concerned as an experimental parameter, 

all flat belts thick and thin were tested at room temperature, which varied 

from day to day since the testing period for all belts covered a calendar year. 

The reason for not testing the belts at different temperatures was that the 

apparatus did not have any environmental chamber fitted that could enclose 

the pulleys and belt system and keep it at constant temperature. As 

observed from the measurements, the temperature of the belts during 

operation increased only up to 10oC, which is in agreement with the results 

from DMA tests and in particular the loss modulus and tanδ graphs (Figures 

3.31 and 3.32), exhibiting low viscous behaviour during loading, through 

energy loss in the environment as heat, i.e. temperature raise.  Also, the 

temperature during testing did not exceed the glass transition temperature of 

oriented PBT, which is approximately 76oC, as shown in Section 3.3.1 – 

“Dynamic Mechanical Analysis (DMA)”, i.e. its mechanical properties 

exhibited a steady behaviour without severe variations. 

 The failure of a belt, as mentioned earlier in Section 5.2 – “Test 

procedure”, was not the result of a sudden, instantaneous break (apart from 

one case only), but of cumulated delamination of different parts all over the 

belt. Delamination was resulted by dynamically applied bending forces 

around the pulleys as well as the shear stresses developed through the belt 

thickness due to friction with pulleys surface. This argument is in an 

agreement with the fact that shear modulus of oriented polymers in the 

transverse direction to orientation (through thickness) has been shown to be 
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either equal or even slightly reduced compared with to the isotropic value 

(Ward and Sweeney, 2004). The way delamination occurred was that at 

some point during testing, usually after the first day, a crack formed and in 

the following days it kept growing. Once the belt was damaged, its motion 

started changing; instead of running steadily around the pulleys, it started 

moving laterally across its balance point on the crown which was in the 

middle of the pulley width. Sometimes the lateral motion was so intense, that 

the belt could touch the pulley flange and start rubbing on it leaving a white 

trace on the pulleys (Figure 5.15) while due to high instantaneous friction its 

speed and tension dropped dramatically even at zero and then recovered 

back to relatively normal levels (Figure 5.16 to Figure 5.18) 

 

Figure 5.15, Trace of white powder as the belt rotates and wears on the pulley 

surfaces 

 

Figure 5.16, Driven pulley rotational speed over time; belt is skidding laterally on the 

pulley surfaces and driven pulley speed is zeroed (55
th

 min) 
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Figure 5.17, Applied tension over time; belt is skidding laterally on the pulley surfaces 

and on the 55th min the driven pulley speed is zeroed, so does the tension due to 

very high friction  

 

 

Figure 5.18, Friction coefficient over time; belt is skidding laterally on the pulley 

surfaces and on the 55th min the driven pulley speed is zeroed, so does the tension 

as the dynamic friction coefficient reaches its maximum limit. 
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 As long as the belt could keep running at the same speed on both 

pulleys, at the end of each day of testing, the extent of damage was 

examined. Provided that any damage was less than half of its thickness 

and/or width, the test was continued. The parts of the belt that had been 

broken, delaminated and torn were rotating without contributing to the 

transmitted power anymore, so they were cut off. (A conventional flat belt 

though, would run until failure without any external interference on its shape 

and structure, but for the purpose this project this was necessary in order to 

able to evaluate the extent of the damage that occurred every day). So in the 

next day of testing, the belt was running again having cracks and cuts or 

even tears along the circumference. During the entire experimental period 

there was only one belt (th4) that exhibited a catastrophic failure by rupture 

across its cross section and that happened after 9 days of testing where it 

had been severely damaged all around its length. 

Figures 5.19 to 5.24 display the broken flat belts T7 and th4 

respectively and all the features described in this section, related to 

delamination due to shear and by extension to failure. 

 

Figure 5.19, T7 belt after failure 
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Figure 5.20, Delaminated broken section of T7 belt 

 

Figure 5.21, Delaminated broken section of T7 belt 

Even though belt T7 appears to be severely damaged at various points, 

as seen in Figure 5.19, there was no speed loss during testing, not even at 

the last moment of operation. Since the damage was extended though, and 

the criteria of half thickness delamination and/or half width tear were 

satisfied (Section 5.2 – “Test procedure”), the test procedure had to be 

terminated as the belt was considered to be broken. 

 

Figure 5.22, Ruptured thin belt th4 
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Figure 5.23, Broken cross-section of belt th4 

 

Figure 5.24, Broken cross-section of belt th4 

Belt th4 was the only case in which a catastrophic type of failure 

occurred. The belt, after being excessively damaged due to testing, snapped 

across its cross section, not vertically but diagonally as a result from crack 

propagation that had started as delamination developed at an earlier stage 

and kept growing. Figure 5.23 and Figure 5.24 display the two parts of its 

broken cross-section. 

5.4.2 Thick flat belt testing 

Table 5.2 presents the parameters required to analyse flat belt life and 

performance, as described in Section 5.3 – “Flat belt Mechanics”. These 

were calculated for thick flat belt T13 as an example, since Table 5.3 and 

Table 5.4 present overall comparative data for thick and thin respectively 

and display only their average values. The reason why each belt was tested 

only for some hours every day until it broke and not continuously was 

because the test apparatus could only operate for up to 8 hours per day and 

not 24 hours, due to the University health and safety regulations. 
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Table 5.2, PBT thick flat belt T13 test results 

Day  

Rotational 

speed 

(rpm) 

applied 

tension 

(N) 

Area 

(mm2) 

applied 

stress 

(MPa) 

torque 

(Nm) 

friction 

coefficient 

angular 

speed 

(rad/sec) 

duration 

(hr:min) 

Power 

(W) 

1st  400 125 29.20 4.28 6.69 0.26 41.89 06:40 280 

2nd  400 120 29.20 4.11 6.74 0.23 41.89 07:20 282 

3rd  400 135 29.20 4.62 6.87 0.20 41.89 07:00 288 

Average - - -  6.77 0.23 - - 283 

Total - - - - - - - 21:00 - 

 

Figure 5.25 to Figure 5.32 display the variation of each calculated 

parameter over time during one testing day. So the values in Table 5.2 are 

the average of that day. It can be seen that due to torque high signal noise, 

the parameters tight tension (Tt), effective and relative effective tensions (Te 

andTre(%)), axial tension (Tx) and friction coefficient (μ) that contain torque as 

a term for their calculation, have also increased signal noise.  On the 

contrary, applied tension (T) and slack tension (Ts) that are connected 

directly to torque have a much more stable signal. 

 

Figure 5.25, Torque over time for thick flat belt T13 (1st day of testing) 
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Figure 5.26, Applied tension over time for thick flat belt T13 (1st day of testing) 

 

 

Figure 5.27, Slack tension over time for thick flat belt T13 (1st day of testing) 

From Figure 5.26 and Figure 5.27 of applied and slack tensions (T and 

Ts) as well as Figure 5.28 and Figure 5.29 of tight and axial tensions (Tt and 

Tx), it can be seen that at the beginning of the test, when speed and torque 

were still zero, their values started from a high initial value which was the 

static setting. After a few minutes, when speed and torque started to be 

applied and the type of loading became dynamic, the tensions decreased 

rapidly and within 10 to 15 minutes, when the first obtained their final values, 

the tensions became more stable, forming a plateau until the end of the test.  
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Then, as speed and torque were zeroed again and the type of loading 

switched back to static, the applied tension as well as its directly proportional 

slack tension (T and Ts) increased rapidly to a much higher value. If the 

initial static value of tension was the same as the final value then the belt 

exhibited a stable performance (or no tension loss) which was considered to 

be a sign of low creep and wear (due to shear) and consequently longer life 

as will be shown in Section 5.4.3 – “Thin flat belt testing”.  

However, in both thick and thin flat belts, there was always a big 

decrease between initial and final static tension on the first day of testing, 

while over the following days that difference became smaller and smaller, i.e. 

their behaviour and performance became more and more stable. On the last 

day of testing the tension loss significantly increased again even zeroed in 

some cases and its behaviour was unstable in general (see Figure 5.34), as 

the belt became severely damaged and deformed. 

 

 

Figure 5.28, Tight tension over time for thick flat belt T13 (1st day of testing) 
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Figure 5.29, Axial tension over time for thick flat belt T13 (1st day of testing) 

 

Figure 5.30, Effective tension over time for thick flat belt T13 (1st day of testing) 

 

Figure 5.31, Relative effective tension over time for thick flat belt T13 (1st day of 

testing) 
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As seen in Figure 5.31, relative effective tension ranged from about 

75% up to 140%, which is far beyond the (Gates-Mectrol, 2006) rule of flat 

belts optimized performance at 10-30% as explained from Equation (5.27). 

The interesting point from this figure is also that its form is independent of 

the idler pulley position since it was assumed to be a freely rotating pulley 

not producing any torque in the system. 

 

Figure 5.32, Friction coefficient over time for thick flat belt T13 (1st day of testing) 

Friction coefficient in Figure 5.32 indicates a steady behaviour 

throughout the test, which was slightly increasing with time, as the belt 

smooth surface started to become rougher due to wear as well as from 

bending due to dynamic loading (tensioning) as it ran around the pulleys and 

better grip was achieved. 

After all nine thick flat belts were tested, the average values of their 

parameters were calculated and the results are displayed in Table 5.3. 

Through these results an overall picture of their power transmission and life 

characteristics can be obtained. 
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Table 5.3, Chronologically ordered thick flat belt test results 

Flat belts T1 T2 T3 T6 T4 T13 T7 T8 T10 

Rotational 
speed(rpm) 

400 400 400 400 400 400 400 400 400 

Angular speed 
(rad/sec) 

41.89 41.89 41.89 41.89 41.89 41.89 41.89 41.89 41.89 

nominal torque 0.2 0.2 0.2 0.25 0.2 0.2 0.2 0.2 0.2 
average 

torque(Nm) 
7.62 7.50 6.89 7.77 7.89 6.77 7.66 6.90 (-)7.38 

Initial tension(N) 
1st & 2nd  3rd 1st 2nd-5th   6th-7th 1st 2nd-3rd 1st  2nd  3rd 1st & 2nd 3rd   1st  2nd  3rd  

255 239 153 
140 640 227 165 274 160 274 132 145 145 126 140 125 120 135 

Area (mm^2) 27.56 26.40 27.92 27.72 27.58 29.20 28.97 29.37 29.36 

Stress(MPa) 5.1 23.2 8.6 6.3 10.4 5.7 9.8 4.8 5.2 5.2 4.6 5.1 4.3 4.1 4.6 8.8 8.1 5.2 

duration (hr:min) 21:30 50:00 25:00 23:30 18:00 21:00 22:15 07:30 14:30 

Working days 3 7 3.5 3 2.5 3 3 1 2 
Power 

transmission (W) 
319 314 289 325 331 283 321 289 309 

Average friction 
coefficient, μ 

- - - 0.275 0.225 0.232 0.263 0.248 0.352 

status broke Broke broke broke broke broke broke cracked broke 

comments 

Re-tensioned 
the 3rd day 

Re-tensioned the 6th 
day 

Re-tensioned 
the 2nd day 

Re-tensioned 
every day 

Re-tensioned  
the 3rd day 

Re-tensioned 
everyday 

No re-
tension 

No re-tension No re-tension 

Geometry not-
measured 

Geometry not-
measured 

Geometry 
not-

measured 

Tested only 1 
day in order to 

measure the 
plastic strain 

Motion on 
MOTOR2 in order 

to identify how 
the performance 

is influenced 
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Before the results analysis of Table 5.3 is further discussed, the 

following clarification needs to be made. In the first stage of the belt testing, 

the position of the idler pulley and the distance of its projection to the 

horizontal top part of the belt was not measured, so for belts T1, T2 and T3 

there were not enough data to conduct a complete tension analysis, i.e. to 

calculate the slack, tight, effective and axial tension as well as the friction 

coefficient of the belt as it was interacting with the pulleys. For the rest of the 

thick flat belts (T4 to T13), the dimensions of the belt-pulley system were 

measured before testing, as well as the circumference of the belt before and 

after being positioned (under tension), so all the parameters and their 

variation could be measured. 

From Table 5.3 some important conclusions can be drawn: 

 It appears from the data of Table 5.3 that the initial tension of the 

belts could not be maintained for more than one or two days, requiring in 

most cases to re-tension before the beginning of each day. 

 

 Thick flat belts could operate up to an average duration of 24 hours 

in 3 days, however the results exhibited quite a big fluctuation with belt T2 

being the most characteristic example. It lasted for 50 hours (7 working 

days), its tension remained steady for the first 5 days and it only required re-

tension on the 6th day. At the other extreme, belt T4 lasted for only 18 hours 

while tested under the same conditions and lower tension! The extremities of 

the applied tension variation of thick flat belts can be seen in Figure 5.33, 

where the average behaviour of thick flat belt T6 is compared with belts T2 

and T4, exhibiting the best and worst behaviours respectively. 
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Figure 5.33, Applied tension variation in thick flat belts 

 From the results of thick flat belt T10 it can be observed that motion 

given from MOTOR2 caused wear and failure faster with clockwise motion. 

That could be identified both from the reduced life duration and the 

increased friction coefficient. Figure 5.34 displays the applied tension 

variation over time, which indicates that, as seen especially during the 2nd 

day of testing, i.e. after the 7th hour, it varied significantly, exhibiting some 

big sudden changes from very low to very high values. That behaviour was 

due to extensive delamination which made the belt move laterally and 

touched the pulley flanges; hence the sudden switches in tension. 

 

Figure 5.34, Applied tension variation over time of belt T10 running anticlockwise 
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 The average friction coefficient from the belts tested using the right 

pulley as the driver (or using Motor 1 as “MOTOR”) is 0.25±0.02, while for 

belt T10 which was tested using Motor 2 as “MOTOR” was 0.35, i.e. 40% 

higher. That was attributed to the tight tension of the belt being applied to the 

smaller part NL and also at an angle (Figure 5.13), while the slack tension to 

the bigger horizontal part PQ between the two main pulleys, i.e. opposite to 

the configuration for all the other belts. In this case the difference between 

them (effective tension Te) was smaller than in the first testing 

configurations, as seen in Figure 5.35. So this tension loss had to be 

compensated by a higher friction (Figure 5.36) between the pulleys and belt, 

since the same amount of torque at a nominal value of “0.2” as well as 

power was transmitted at 400rpm speed. However that caused faster 

degradation and failure of the belts. 

 

Figure 5.35, Comparison of effective tension between T7 (running from MOTOR1) and 

T10 (running from MOTOR2) 
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Figure 5.36, Comparison of friction coefficient between T7 (running from MOTOR1) 

and T10 (running from MOTOR2) 

 

 So through belt T10 testing, it appears that a higher friction 

coefficient could have been achieved in the first 8 belts that used Motor1 as 

“MOTOR”, by applying higher speed or torque. And consequently more 

power could have been transmitted, since the belts would not slip (lower 

friction coefficient than that of belt T10). However, it is unknown how that 

hypothetical increase in power transmission would influence (decrease) the 

belts life, as wear and delamination would have occurred faster and would 

be more intense. 

  Another reason for not attempting to increase the power 

transmission was also that when a belt reached the highest dynamic friction 

coefficient and then skidded, the pulley surfaces became worn or even 

damaged, since it was vulcanized Polyurethane. That was a risk that was not 

taken for the pulley protection as they needed to carry out the total of belt 

tests, without changing their radii and consequently the geometrical 

components of the test configuration and the parameters calculated through 

it, considering the fact that a small amount of wear was expected and 

occurred from normal use. 
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5.4.3 Thin flat belt testing 

As explained in Chapter 4 – “Oriented polymer flat belts”, the initial flat 

belts were in general quite stiff due to their thickness and not as flexible as it 

was desired. For this reason, flat belts of smaller thickness and bigger 

circumference were produced by belt preforms of the same outer but bigger 

inner diameter than those used for thick flat belt manufacture. These thin flat 

belts were found to significantly increase flexibility. 

The belt manufacturing procedure had been optimized and any 

problems which occurred during thick flat belt testing, such as the apparatus 

ground interacting with the load-cell output signal, had been resolved. So, 

fewer thin belts as thick ones were tested at the same conditions in order to 

obtain comparable data. Only 4 thin flat belts were tested and all of them in 

different conditions, thus enabling a wider range of their performance to be 

covered. 
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Table 5.4, Chronologically ordered thin flat belt test results 

Thin flat belts th2 th3 th5 th4 

Rotational speed (rpm) 200 400 400 400 

Angular speed (rad/sec) 20.95 41.89 41.89 41.89 

 Nominal torque setting 0.3 0 0.2 0.2 

Average torque(Nm) 8.05 5.39 7.63 -7.34 

initial tension(N) 230 259 315 290 

Area (mm^2) 19.54 19.65 19.91 19.77 

Stress (MPa) 11.77 13.18 15.82 14.67 

duration (hr:min) 81:30 108:00 75:00 68:00 

Working days 11 14 10 9 

Power transmission (W) 169 226 320 308 

Average friction coefficient, μ 0.29 0.29 0.38 0.35 

Status Broke broke broke Broke (ruptured!) 

Comments 

Speed was zeroed due to high friction/slippage 

during the test, but when recovered, tension 

increased to higher values and remained steady 

throughout the rest of the test. A layer of white 

powder from the belt had been left on the pulley 

surface. 

- - 

Motion was given by MOTOR2 

(left) acting as the Driver, 

while the driven one was 

MOTOR1 (right). Motion was 

still clockwise. First belt that 

was ruptured. 
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From the results of Table 5.4 it can be seen that the thin flat belts 

lasted much longer than the thick ones. Also, although the applied torque 

was not especially high in general, it played an important role in determine 

the belt life duration, more important than the speed, as indicated from the 

comparison of belts th2, th3 and th5. Specifically, th3 and th5 were tested 

at the same speed but different torques. The difference was only 2.2Nm 

however the reduction in life duration of th5, which transmitted the higher 

amount of torque was approximately 30% (from 108 to 75 hours). In addition 

th2 was tested at 200rpm speed, i.e. half the speed of th3, but at the highest 

nominal torque of “0.3” transmitting 8.05Nm of torque, i.e. 2.6Nm more than 

th3. Its life duration was again approximately 25% reduced (from 108 to 81.5 

hours) indicating the more important role of torque than that of speed to belt 

life duration. 

Belt th4 was tested using MOTOR2 as “motor”, i.e. it was similar to 

thick flat belt T10. The same situation was seen in other thin flat belts, with 

the difference between tight and slack tension, i.e.  the effective tension 

(Figure 5.37) to be smaller for th4 than in th5.  

 

Figure 5.37, Comparison of effective tension between th5 (running from MOTOR1) 

and th4 (running from MOTOR2) 

 



143 
 

However, the situation with friction coefficient was the opposite than 

with thick flat belt T10. Specifically, friction coefficient of th4 did not increase 

as expected, but appeared to be slightly decreased (Figure 5.38), attributed 

to the greater flexibility of thin belts that provided a better performance 

without needing to use higher friction in order to overcome the tension lost, 

as shown in Figure 5.37. 

 

Figure 5.38, Difference in friction coefficient between th5 (running from MOTOR1) and 

th4 (running from MOTOR2) 

Comparing the overall behaviour of thick and thin flat belts from the 

data in Tables 5.3 and 5.4 respectively, the following observations and 

conclusions can be drawn: 

 Although the average cross-sectional area of thin flat belts was 

approximately 30% smaller than the thick belts, the initial load required to 

tension the thin belts was in general higher thus causing higher tensile 

stresses during testing across their cross-section compared to the thick 

(belts).  
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 Thin flat belts had increased flexibility compared to the thick. This 

can be explained from the bending stresses developing on the belts around 

the contact areas with the pulleys (Figure 5.39). The tensile forces on the 

outer circumference of the thick flat belts (where they get maximized) were 

significantly higher than those on the thin belts, due to higher thickness. 

Specifically, using the equation:                 (5.34), 

it was found that the maximum stresses on thick flat belts were 51MPa 

around the main pulleys and 111MPa around the idler, while for thin flat belts 

the equivalent stresses were 36 and 79MPa respectively, i.e. 29% lower.  

[where σ is the tensile stress, E is the Young’s modulus, y is the distance 

from the central neutral line in the middle of the cross-section to the point 

where stress is measured, i.e. half of the thickness since stresses are 

maximized on the top, and ρ is the radius of curvature from the pulley centre 

to the centroid (middle of belt thickness, i.e. r+t/2). Rectangular profile cross-

section was assumed.] 

 

Figure 5.39, Tension and compression applied on the outer and inner surface of a 

solid under bending stresses (TheTutelmanSite, 2008) 

 

 Along the thickness though, between the compressive and tensile 

zone on the belt surfaces, shear stresses were also developed which caused 

delamination which was the main failure mechanism of the belts. At the 

beginning of tests where the belt rotation was steady on the pulley crown 

there was only negligible lateral motion so it was assumed that no stresses 

were applied along the width but only in length and thickness, as shown in 

Figure 5.40.  
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Figure 5.40, Development of shear stresses on a flat belt under bending around the 

pulley (Childs T. H. C. and Parker I. K., 1989) 

Based on Childs and Parker (Childs T. H. C. and Parker I. K., 1989) the 

shear stresses developed around the pulley surface are as follow: 

      , no slip occurs and shear strain, , is 0 at the entry point (top)(5.35) 

From this equation it can be assumed that when the shear stresses are 

within the elastic region there is no slip of the belt. However, shear modulus, 

G, in the transverse direction of uniaxially oriented polymers has been found 

to be slightly reduced compared to the isotropic value (Ward and Sweeney, 

2004). [The reference refers to PET which is of very similar structure to 

PBT]. Hence uniaxially oriented PBT flat belts suffer from shear due to 

bending and are susceptible to failure. 

Close to the exit point of the pulley (bottom), when creep due to shear 

occurs, the shear stresses can be described by the following equation: 

            , (R is the pulley radius plus the belt thickness)      (5.36) 
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Hence, since the friction coefficients of thick and thin flat belts are similar 

and the contribution of belt thickness is significantly smaller compared to 

force, it appears that the higher the tensile force, F, due to bending on the 

outer circumference (maximum value) the higher the shear stress will be. 

This is the reason why thick flat belts failed much sooner than the thin ones, 

because due to their higher thickness they were subjected to higher bending 

stresses.  

 

From the above analysis it appears that uniaxial orientation does not benefit 

the material for an application which requires reinforcement in the transverse 

direction; hence the produced oriented materials are vulnerable to this kind 

of loading conditions. Also, thicker cross-sections are also a drawback 

because they are subjected to higher bending and shear stresses, however 

more experiments are needed to identify the optimum belt thickness for this 

material.  

 Due to the above reasons thin belts did not require re-tension at the 

beginning of the test every day, since they maintained the initial tension 

throughout their life duration (Figure 5.41). 

 

 The thin flat belts life duration and power transmission performance 

was expected to decrease at the same torques and tensions because of the 

higher tension over their smaller cross-sectional area, but to the contrary, 

they exhibited superior behaviour compared to the thick belts. Specifically at 

400rpm rotational speed and 0.2 nominal value of torque, both type of belts 

transmitted torque and power of 7.6Nm and 320Watts respectively. The thick 

flat belts’ life averaged 24 hours, while the thin flat belts’ life averaged 75 

hours, i.e. it increased by approximately 300% (Figure 5.42). This was also 

attributed to the lower bending and shear stresses exhibited by the thin flat 

belts, which were the cause for cracks initiation and delamination that led to 

failure. 
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Figure 5.41, Applied tension comparative diagram between thick and thin flat belts 

 

 

Figure 5.42, Transmitted torque comparative diagram between thick and thin flat belts 
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5.5 Creep tests 

The creep behaviour of the belts was also investigated because it is an 

essential characteristic of drive belts overall behaviour. When materials are 

operating under elevated temperatures and exposed to static mechanical 

stresses (e.g. turbine rotors in jet engines, drive belts, etc.), the elastic and 

plastic strains induced by these stresses are idealized as appearing 

instantly. Further deformation that occurs gradually with time is called creep 

(Callister D. W. and Rethwich G. D., 2011 ; Dowling, 2007).  

The creep test apparatus can be seen in Figure 5.43. The maximum 

elongation imposed by the Gates-IRC preliminary report (APPENDIX 1A) 

was 0.1%, however the conditions under which the belts should be tested 

were not defined exactly. Thin flat belt, th6, was hung around the same 

pulleys used in the belt life and performance tests. Through the hole at the 

centre of the bottom pulley, a 200N static load was hung in order to measure 

the elongation over time. This weight was selected because it was similar to 

the average value of tension force applied to thick and thick flat belts during 

testing. The test was conducted at room temperature and lasted for 6 

months. Temperature variation was within a range of 10 ±5oC.  

 

Figure 5.43, Creep testing apparatus for belts 
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The creep behaviour is shown in Figure 5.44 and Figure 5.45. Under 

loading, the belt elongation did not exceed 0.058% after 4320 hours 

(6months), which is almost half of the proposed limit. It also did not exhibit 

any cracks. Unfortunately, due to time constraints and suitable test 

apparatus it was not possible to examine creep behaviour at higher loads or 

at elevated temperatures.  

 

Figure 5.44, Strain behaviour of PBT thick flat belt over time 

 

 

Figure 5.45, Creep behaviour of PBT thick flat belt over (log) time 

 



150 
 

5.6 Interim discussion 

Based on the tests conducted in thick and thin flat belts for power 

transmission as well as their creep behaviour, the material suitability for the 

classification as proposed by the IRC and Gates is presented in Table 5.5. 

The life duration of both belt types was significantly lower than the target 

values of the belt categories and that is the main reason they were rejected.  

Table 5.5, Power transmission categories; operational conditions requirements 

(APPENDIX 1A) 

a/a APPLICATIONS 

A IS Evaluation 

  (suitable 

for) 

PBT 

belt 

type 

Max. 

tensile 

force (N) 

2500 

Desired 

life  (106 

cycles) 

100 – 400 

Creep 

(%)    

0.1 

 Max. 

tensile 

force (N)    

40 

Desired life  

(106 cycles)  

100 

Creep 

(%)       

0.1 

Thick X (700) X (0.12) +(0.06) +(700) X (0.12) +(0.06) rejected 

Thin X (500) X (0.37) +(0.06) +(500) X (0.37) +(0.06) rejected 

X: rejected, +: succeeded 

Belt life in cycles was calculated through Equations (5.37) and (5.38): 

                                                                     (5.37) 

                                                                              (5.38) 

A complete apparatus and experimental procedure has been presented 

in this chapter for flat belt testing. The produced oriented PBT flat belts, as 

described in Chapter 4, were tested and transmitted power successfully for a 

relatively short period of time, compared to commercially available 

conventional flat belts. Both types of produced flat belts, thick and thin, were 

tested at room temperature and under various conditions of torque, speed 

and tension. The results revealed the following conclusions: 
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 A freely rotating idler pulley was assumed in the belt mechanics 

calculations, i.e. it did not transmit any torque. Hence its position as a 

function of its projection on the distance between the two pulley centres was 

independent. Thus, it was placed exactly in the middle, i.e. its projection 

bisected the distance between the pulley centres for the convenience of the 

belt mechanics calculations. 

 The torque signals exhibited very high noise that influenced other 

mechanical parameter calculations, such as tight and slack tension as well 

as friction coefficient. For this reason, a 10 point moving average in Excel 

was used for data filtering.  

 The recorded torque was from the driver pulley and not the output 

from the driven pulley. The time of belt life duration presented in the results 

was the time that power was transmitted and concerned only the time where 

speed was transmitted synchronously, assuming a freely rotated idler pulley.  

 The temperature of the belts during testing increased only up to 10oC, 

so the overall temperature did not exceed the glass transition temperature of 

the material and hence did not change the mechanical properties of the belts 

significantly. This was also in an agreement with the loss modulus and tanδ 

behaviour of the material from DMA tests in Chapter 3. 

 Delamination due to shear caused failure of the belts. It started with 

the form of cracks on the belt surface and then propagated to defibrillated 

sections around the belt circumference that could be cut off as a means of 

monitoring the extent of the damage. Delamination occurred due to bending 

forces applied to belt circumference around the pulleys surfaces which 

induced shear stresses through the belt thickness. Uniaxially oriented PBT 

belts are vulnerable to shear stresses in the transverse direction to 

orientation, due to their reduced shear modulus (over the isotropic). 

 The life duration of thin flat belts was greater than that of thick belts 

despite their smaller cross-section area. Specifically, when tested at a 

rotational speed of 400rpm and transmitting 7.6Nm of torque and hence 

320Watts of power, thin flat belts could last 3 times (75hours) more than the 

thick belts (24hours). That has been attributed to the reduced bending and 

shear forces applied to the thin flat belts, due to their reduced thickness.  
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 As a consequence of belt flexibility it was also shown that the applied 

tension could not be maintained for a long time in thick belts while in thin 

ones, it could be maintained steady for many more hours and at higher 

levels.  

 Thin flat belt tests revealed also that torque had a bigger impact than 

speed on belt life, as its increase caused wear, delamination and failure 

faster than by increasing speed. 

  The configuration of the apparatus played another important role in 

belt testing, since as shown from flat belts T10 and th4 when motion was 

given by MOTOR2, the life duration of both was reduced. Specifically, the 

tight tension was applied only by a small section NL of the belt while the 

slack tension was in the bigger section of the belt between the two main 

pulleys PQ (Figure 5.13). The difference between them (effective tension Te) 

was smaller than in the first testing configuration, so in the case of thick flat 

belt T10 this tension loss had to be compensated by a higher friction 

between pulleys and belts, in order for the same amount of torque (nominal 

value of “0.2”) to be transmitted and power at 400rpm speed, something that 

caused faster delamination and failure of the belts. However, in thin flat belt 

th4, the friction coefficient remained the same, indicating the importance of 

improved flexibility as a means of compensating for the tension loss without 

the use of higher friction. 

  Finally, the creep behaviour of belts, as tested at room temperature 

and under 200N steady load, appeared to satisfy the proposed requirements 

and specifically the elongation reached only half of the maximum value. i.e. 

0.058 out of 0.1%. 

Since oriented PBT flat belts were successfully manufactured and 

transmitted power, it was decided that synchronous belts from the same 

material should also be manufactured. Synchronous belts have more a 

complicated design (due to the timing features) and combined with the 

manufacturing method used that was based on free drawing, the need of 

predictive Finite Element analysis was imperative in order to select the most 

suitable belt design. Chapter 6 describes the analysis for the timing belt 

design and in particular for the timing features on the belt pitch. 
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6. SYNCHRONOUS BELT DESIGN AND MANUFACTURE 

6.1 Overview of synchronous belt design with oriented 

polymers  

Flat belt manufacture and testing was completed and presented in 

Chapters 4 and 5. However, the PhD also sought to investigate the feasibility 

of creating oriented synchronous belts, whose design and manufacture were 

more demanding than flat belts, previously shown. As the belts would be 

prototypes, there were no limitations and constraints on the shape and 

number of timing features merely the capability of free drawing based 

production. As explained in Chapter 4, the oven and the pulley-clamps of the 

belt manufacturing apparatus limited the available space and thus final belt 

geometry. 

6.1.1 Synchronous belt manufacture through selective orientation 

Initial versions of synchronous belts were attempted by machining 

equally spaced grooves of different length and depth around the 

circumference of injection moulded preforms in order to obtain rectangular 

shaped toothed belt preforms of different pitch profiles. Based on the 

dimensions of the flat belt preforms, the machined toothed preforms had a 

maximum possible tooth wall thickness of 4.1mm and a groove thickness 

ranging from 2 to 2.5mm. The number of grooves was set to 20 and since 

each was 10mm long, this resulted in 20 teeth of 4.6mm in length, which was 

considered reasonable for a timing feature based on current synchronous 

belts specifications (Fenner, 2010). Figure 6.1 displays different aspects of a 

plain rectangular tooth profile belt preform. 

 

Figure 6.1, Isotropic PBT plain toothed belt sample 
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These synchronous belt preforms were manufactured following the 

same procedure used in flat belt manufacture, as described in Section 4.2.3 

(“Flat belt manufacture”), but using a different speed – load – extension 

profile. Aspects of synchronous belt manufacturing process through selective 

free – drawing can be seen in Figure 6.2.  

 

Figure 6.2, PBT synchronous belt manufacture through selective free-tensile drawing 

From the produced belts, it became apparent that the pitch length 

variation (close to 10%), caused by free – drawing, was unacceptably high. 

Because of a thickness variation in belt preforms of ±0.5mm combined with 

the parameters influencing the process described in Section 4.2.3 – “Flat belt 

manufacture”. In addition, the teeth were deformed and twisted, so even if 

the pitch length had been consistent, meshing with pulleys during operation 

would be impossible. 

6.1.2 Incorporation of timing feature for pitch control 

The free drawing of grooves had to be controlled as much as possible 

in order the belt to obtain a consistent pitch length and teeth to remain 

undeformed without influencing the pitch. The idea to overcome this problem 

was to find a way to guide orientation to a specific pattern that on the one 

hand would prevent entirely free drawing, resulting in a more consistent pitch 

length, and on the other hand would not induce high stresses or cracks to 

the groove during drawing.  
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It was decided that a feature should be designed and machined within 

the groove. Initially, a 6.35mm (1/4 inch) hole was drilled all way through the 

groove, with its centre coinciding with the centre of the groove. An example 

of this belt preform with the extra timing feature after machining is presented 

in Figure 6.3. The cutter used for machining the grooves had a 1mm radius 

corner to prevent high stresses from developing on tooth edges during 

stretching. 

 

Figure 6.3, Machined toothed belt preform with a hole on the groove 

The first toothed belts all failed during manufacturing due to initial 

micro-cracks created around the hole circumference during drilling. A hole-

punch tool was used to cut the hole and the resulted belts were oriented 

successfully. A different speed – load – extension profile was used, suited in 

synchronous belts (APPENDIX 6A). 

An oriented synchronous belt with a 6.35mm hole on the groove can be 

seen in Figure 6.4, while a closer view of the belt pitch is shown in Figure 

6.5. Teeth appeared to be insignificantly deformed, while the hole had 

stretched to an oval shape reaching almost from the tooth roots on both 

sides. Consequently, the groove consisted of two strips of oriented material 

connected by two short isotropic areas between the edges of the oval 

feature and the tooth roots in the middle of the width. This section did not 

orient during manufacture. 
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Figure 6.4, Oriented PBT toothed belt with initial 6mm hole on the groove 

 

 

Figure 6.5, Oriented PBT toothed belt pitch (initial 6mm hole on the groove) 

The isotropic areas provided an evaluation method of the resulted 

orientation. Based on the extent of these areas and the fact that teeth should 

remain undeformed, the maximum axial draw ratio (or extension) could be 

found experimentally and was found to be significantly smaller than the one 

achieved in die – drawing tests and also in flat belt manufacture. The 

produced synchronous belts had significantly improved pitch (length) 

consistency compared to the initial trials with plain grooves. The scanning 

method described in Chapter 4 was used to evaluate pitch length. The belts 

were placed on the scanner parallel to the horizontal edge, with the teeth on 

the outer circumference and a weight was placed on the inner circumference 

to keep the scanned part straight to achieve a proper measurement of the 

every pitch. 
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Figure 6.6 shows the dimensional characteristics of these produced 

synchronous belts and Table 6.1 presents their average values and standard 

deviations. It can be seen that the standard deviation of groove length 

ranged between 1.7 - 2%, which was much lower than that from the initial 

attempts (with plain grooves), proving that the incorporation of this feature 

had the required results. However, the selection of this particular design 

(circular hole) had not been justified but selected only because it was 

available in a hole-punch tool and because it was the most obvious design to 

start with, while trying to keep the induced stresses and stress concentration 

points as low as possible.  

 

Figure 6.6, Synchronous belt dimension characteristics as a reference to orientation 

direction 
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Table 6.1, Oriented polymer toothed belt dimensions consistency 

Properties 
 
 

Sample 

Circumfe-
rence (mm) 

Clamps 
extension 

(mm) 

Tooth (mm) Groove (mm) 
average 

draw ratio 
tl tw 

tt 
(centre) 

tt 
(edge) 

gl 
gw 

(left) 

gw 
(right) 

gt 
(left) 

gt 
(right) 

ti1 686 235 
4.89 ± 
0.05 

21.30 ± 
0.09 

4.07 ± 
0.01 

3.93 ± 
0.01 

29.64 ± 
0.60 

5.95 ± 
0.07 

5.64 ± 
0.07 

1.41 ±  
0.05 

1.42 ±   
0.04 

2.96 

ti2 659 225 
4.64 ± 
0.02 

22.14 ± 
0.07 

4.17 ± 
0.01 

4.01 ± 
0.01 

28.33 ± 
0.48 

5.3 ± 0.07 
5.47 ± 
0.06 

1.43 ± 
0.06 

1.47 ± 
0.03 

2.83 

ti3 644 215 
4.70 ± 
0.03 

22.04 ± 
0.09 

4.19 ± 
0.02 

4.05 ± 
0.02 

27.52 ± 
0.43 

5.42 ±   
0.21 

5.21 ±   
0.19 

1.47 ±  
0.03 

1.44 ±   
0.05 

2.75 

ti4 641 225 
4.53 ± 
0.01 

22.34 ± 
0.09 

4.19 ± 
0.01 

4.03 ± 
0.02 

27.54 ± 
0.47 

5.41 ± 
0.23 

5.37 ± 
0.28 

1.47 ± 
0.04 

1.45 ± 
0.04 

2.75 

tl: tooth length,  tw: tooth width,   

tt (centre): tooth thickness at the centre 

tt (edge): tooth thickness at the edge 

gl: groove length 

gw (left): groove width of left branch, measured in the middle of its length (minimum value) 

gw (right): groove width of right branch, measured in the middle of its length (minimum value) 

gt (left): tooth thickness of left branch, measured in the middle of its length (minimum value) 

gt (right): tooth width of right branch, measured in the middle of its length (minimum value)
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6.2 Finite Element Analysis of PBT drawing behaviour for 

synchronous belt manufacture 

Finite element analysis, through the commercially available software 

ABAQUS, was used to model the drawing behaviour of a synchronous belt 

pitch during manufacture. This allowed virtual testing of a number of timing 

feature designs, i.e. pitch. Although there was no limitation, the chosen 

design basis was similar to the conventional synchronous belts, i.e. toothed 

shape timing features on the one side of the belt alternating with machined 

grooves. 

6.2.1 Aim & requirements of the model 

The aim of the finite element model was to simulate the synchronous 

belt manufacture and in particular the drawing behaviour of the preform pitch 

(tooth and groove) that would determine the belt pitch size and shape.  

 The model required a three dimensional simulation of a belt pitch, 

consisting of one tooth and one groove, or one groove and half tooth on 

each side, or finally a quarter of a groove and a quarter of a tooth, assuming 

symmetry in the respective axis. 

 The material was modelled using an elastic – plastic mechanical data 

model obtained from tensile testing. 

 A final requirement was that the model should be considered to 

maintain its volume steady for calculation convenience, i.e. to be considered 

as incompressible and hence the set Poisson’s ratio value was 0.49. 
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6.2.2 Model analysis  

6.2.2.1 Material data acquisition The material used in the FE analysis 

was PBT and its mechanical behaviour should use data that would represent 

of its drawing behaviour during belt manufacture. For this reason, a series of 

tensile tests was conducted under the same thermal conditions as in belt 

manufacture, i.e. at a temperature of 140oC, in order to provide both elastic 

as well as the plastic property data.  

For the plastic data specifically, four strain rates were used, 0.5, 1, 10 

and 20%/sec in order to cover the wide range of strain rates that was used 

during belt manufacturing by increasing speed gradually and also to 

determine the extent of PBT strain rate dependence. From the resulting true 

stress – strain curves in Figure 6.7 it appears that PBT drawing behaviour 

remained unaffected by strain rate. 

 

Figure 6.7, True stress - strain curves of PBT specimens at 140
o
C and 4 different 

strain rates 

The true stress – strain data were calculated using the following two 

equations (6.1 and 6.2). 

 True strain, εt :  

                        (6.1) 
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 True stress, σt : 

                       (6.2) 

Where, e, is the nominal strain and s, is the nominal stress in MPa. 

From the obtained graphs, the representative one for each strain rate 

category was selected in order to be used for further calculations and 

analysis. The selection was based on their Young’s modulus value, which 

had to be as close as possible to the average value of the category, and the 

graph shape which had to be within the average range of forms without 

presenting any extreme features. 

In order to isolate the plastic deformation data from the representative 

true stress – strain graph, the elastic part data needed to be subtracted from 

the entire curve. This was done by drawing straight lines from the x-axis to 

the true stress- strain graph, whose slope was equal to Young’s modulus. 

Starting from (0,0) point and every time the slope of the true stress – strain 

curve was changing significantly, i.e (elastic part – yielding – neck 

propagation – strain hardening) 4 lines were drawn on the graph (Figure 

6.8). Then from the points that the modulus slope – lines intersected the true 

stress – strain curve, projections were drawn towards x and y – axis in order 

to use these points which corresponded to true stress and strain values. As 

appears in Figure 6.8, right triangles were formed through the projections on 

the x-axis (modulus slope line – vertical projection – horizontal part).  

 In order to collect the true stress- strain points that arose from the 

previous process (illustrated in Figure 6.8), the following equation can be 

derived: 

 

 
 

 

 
    

   

 
 

     

  
            (6.3) 

Where α = σ1, β = ε1 and Α = σn, for n≥1.  
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Figure 6.8, PBT dog-bone true stress - true strain diagram for plastic deformation data calculation 
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 So the true plastic strain can be determined from the following 

equation: 

            
     

  
    

  

 
     (6.4) 

For n =1,        
     

  
         

 Strain rate was calculated through the following equation: 

   
         

                
           (6.5) 

Where,   , is the strain rate measured in (%strain/sec), v, is the tensile 

test speed, and g.l. is the dog-bone specimen gauge length. 

The calculations and results of PBT true plastic stress and strain data 

can be found in Appendix 6B. After obtaining the data for each strain rate 

category they were plotted in a comparative graph that also exhibits the 

material’s strain rate independent behaviour (Figure 6.9). 

 

Figure 6.9, Strain rate dependence of PBT through tensile tests in different strain 

rates 

 This data was used in a two-dimensional model of a dog-bone 

specimen in order to validate the material model. 
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Figure 6.10, 2D - PBT dogbone specimen under stretching at 140
o
C 

 

 

Figure 6.11, Comparison between experimental and FEA results of a 2-D PBT dog-

bone specimen drawing behaviour at 140
o
C 
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From Figure 6.11 the drawing behaviour of PBT at 140oC was 

predicted with sufficient accuracy through the FE analysis in 2-D. The 

experimental graph at about 66mm of extension showed a steeper slope, as 

necking reached the “shoulders” of the specimen (end of gauge length) and 

hence load rises. 

6.2.2.2 Belt pitch 2-D model analysis for final pitch design 

selection   

After validation, the mechanical property data was introduced to 

different 2-D model of belt grooves (the orientated part between the teeth) 

with different geometry in order to select the most promising. All these 2-D 

models had a triangular type of mesh of 0.2mm size and the same boundary 

conditions, which are as follows: 

i) The uniaxial displacement was applied only in the y-axis, drawing axis. 

ii) The displacement at bottom side was restrained in x and y-axis. 

iii) The displacement at the top side was constrained in x-axis. 

The different belt pitch models were the following: 

1. Plain groove, no additional feature. 

2. Groove with 7x4mm slot, vertical to teeth. 

3. Groove with 4x7mm transverse slot, parallel to teeth. 

4. Groove with 8x5mm oval slot, vertical to teeth. 

5. Groove with cross slot: normal slot superimposed to transverse slot. 

6. Groove with ¼” = 6.35mm hole. 

It should be noted that these models did not consider the tooth sections. 

The groove designs are illustrated in Figure 6.12 and had centres of 

their geometrical features coincident with the centre of the groove, point (0, 

0). These designs were investigated because it had been observed from 

initial manufacture of oriented polymer synchronous belts with plain groove 

design, that the groove length standard deviation was very high (10%). The 

incorporation of these features in the groove provided an extra barrier that 
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“restricted” free-drawing from being completely free and led to more uniform 

and equally spaced structures, reducing the standard deviation to 1.5-2%. 

 

Figure 6.12, 2D - groove designs 

The objective was to find out which of these designs could provide 

orientated shapes of a similar draw ratio to the one achieved by die-drawing 

tests (λ=3.8, Chapter 3), given the ultimate tensile strength of PBT at 140oC 

(185 MPa), and at the same time, which of them left the least non-oriented 

area on the groove (the area between the teeth) after drawing. That area 

was assumed to be a weakness area and needed to be as small as possible. 

The analysis results showed that the second design with the 7x4mm, vertical 

to teeth slot, provided the least non-oriented area and the highest draw ratio 

of 2.5, Figure 6.13.  

y 

x 
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Figure 6.13, 2-D groove design with 7x4mm slot, after stretching 

The rest of 2D pitch designs can be found in Figures 6.14 to 6.17. The 

cross-shape slot in Figure 6.14 was rejected mainly due to its achieved draw 

ratio of 1.9, which was the lowest one. Also, the two formed strands after 

orientation would be very narrow compared to the other designs and this 

would pose a failure risk during belt manufacture. In addition, it would be 

difficult and expensive to manufacture a cutter of this design due to its 

complicated shape, which would also need to be refined as far as the 4 

pointed edges are concerned (Figure 6.14).  

The 6mm diameter hole in Figure 6.15 was rejected only because of its 

low draw ratio of 2.15 compared to the other designs. The oval slot in Figure 

6.16 was rejected because the space left between its end and the tooth root 

was very small (1.5mm each side) and that would cause the teeth to deform 

during orientation. Also its draw ratio of 2.25 was not the highest one 

achieved. 

The 4x7mm slot parallel to teeth (Figure 6.17) was finally rejected 

because of its relatively low draw ratio of 2.1 and its strands after orientation 

would also be very narrow as in the case of the cross-slot design (Figure 

6.14). 
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Figure 6.14, 2D groove design with cross-slot (4x7mm slot overlaid by 7x4mm slot), 

λmax = 1.9 

 

Figure 6.15, 2D groove design with 6mm diameter hole,  λmax = 2.15 

 

Figure 6.16, 2D groove design with 5x7mm oval slot, λmax = 2.25 
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Figure 6.17, 2D groove design with 7x4 mm slot, parallel to teeth, λmax = 2.1. 

6.2.2.3 Final belt 3-D pitch analysis 

Based on the second 2-D design (7x4mm slot), two 3-D models were 

created. The first was the entire belt pitch by adding half of the tooth on both 

sides of the groove, which was 2.3mm in length with a 0.5mm radius on the 

tooth edge and a 1mm corner radius on the tooth root and the thickness 

which was 2.5mm in the groove and 4.1mm in the tooth (Figure 6.18 and 

Figure 6.19). The second was a quarter of the first model and was used for 

time saving reasons. It had half of one tooth and a quarter of the groove, by 

assuming symmetry (Figure 6.20, Figure 6.21). Both models mesh was 

0.15mm in the slot surface and edges 0.2mm in the groove edges (top and 

bottom) and 0.30mm in the rest of the pitch. 

The boundary conditions for the models were different since the quarter 

pitch model had extra symmetries. Specifically, if the main direction of 

orientation was in x-axis and the pitch thickness and width along the y and z-

axis respectively, then the pitch model boundary conditions were: 

i) No displacement of the bottom edges of both teeth in y-axis (U2=0), in 

order to prevent free body motion in the y-axis. 

ii) Uniaxial deformation was applied by imposing an equally shared 

displacement of 19mm on the surface of the back of each tooth, applied in x-

axis. Thus the total displacement of 38mm divided by 10mm of the original 

length of the groove provided an axial draw ratio of 3.8, which had been 

obtained from the die-drawing tests (Chapter 3). 
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Figure 6.18, Synchronous belt pitch with 7x4mm slot in the groove 

 

Figure 6.19, Meshing of synchronous belt pitch  

The boundary conditions for the quarter pitch were: 

i) No displacement of the bottom edges of both teeth in y-axis (U2=0), for 

the same reason explained above. 

ii) The position of the tooth was fixed on the back side, due to symmetry 

in x-axis, i.e. U1=0. 

iii) The side created in the middle of the tooth due to geometry (a quarter 

of the original) were restricted in z-axis displacement (U3=0). 

iv)  Deformation was applied by imposing a displacement on the front 

surface of the (half) groove part, applied in x-axis. The amount was half of 

the total, i.e. 19mm. 
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Figure 6.20, Quarter section of synchronous belt pitch 

 

Figure 6.21, Meshing of synchronous belt pitch quarter section  

 

6.2.3 Results and discussion 

The results revealed that a maximum elongation of 35-35.2mm could 

be obtained through this particular model geometry, which corresponded 

approximately to a draw ratio of 3.5. Greater elongation produced stresses 

that exceeded the failure stress of the material. The resulted oriented form of 

this FEA model is presented in Figure 6.22 and Figure 6.23. 
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Figure 6.22, Oriented synchronous belt pitch with 7x4mm slot in the groove 

 

 

Figure 6.23, Quarter section of oriented synchronous belt pitch with 7x4mm slot in 

the groove 

 After obtaining the results, six alterations of this 3-Dmodel were also 

analysed in order to verify the selection of that particular geometry. The 

changes in these models had only to do with the geometry of the slot in the 

pitch groove and had the following dimensions: 



173 
 

i) 4x7mm slot (identical to the selected one but reversed by 90o, so the 

long axis was parallel to teeth) 

ii) 6.35mm hole, since synchronous belts with this feature had already 

been manufactured.  

iii) 5x4mm slot (1.5mm parallel section plus 2mm radius semicircle at 

every side) 

iv) 6x4mm slot (2mm parallel section plus 2mm radius semicircle at every 

side) 

v) 7x7mm square slot with 1.5mm corner radius  

vi) And a 7x2mm slot (5mm parallel section plus 1mm radius semicircle at 

every side) 

Results from these models are illustrated in Figures 6.24 to 6.29. The 

first 3 designs (i, ii and iii) in Figures 6.24 to 6.26 were rejected because of 

the resulted draw ratio which was below 3 (at the maximum possible stress). 

Designs (iv and v) in Figures 6.27 and 6.28 were also rejected even though 

their draw ratio was higher than 3. The first one simply because it was 

similar to the selected one but provided a slightly lower draw ratio and the 

second because this “square” feature was relatively big, so an actual belt 

preform with this pitch design might provide really narrow sections between 

teeth after orientation and this was considered to be an unnecessary failure 

risk specially since its draw ratio was still lower compared to the selected 

design one. The 7x2mm slot (design vi) exhibited the highest draw ratio, 

which was 3.63 (Figure 6.29) and that was expected since the slot was 

narrower meaning that more material was available for drawing in the 

direction of orientation. However it was rejected because the tips of the slots 

near the tooth edges had become very narrow after orientation, posing a 

failure risk as stress concentration points during actual manufacture whose 

nature is more complicated than the model’s simplified uniaxial drawing 

(periodical bending and friction around the pulley-clamps, while stretching, 

etc.). Also, by allowing more material to stretch freely (since the slot was 

narrower than the rest), it could be safely assumed that the produced belts in 

reality would exhibit higher dimensional variation. 
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Figure 6.24, Belt pitch section with 7x4mm slot parallel to tooth width; transverse direction, λmax = 2.2 

  

Figure 6.25, Belt pitch section with 6.35mm hole in the middle of the groove, λmax = 2.4 
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Figure 6.26, Belt pitch section with 4x5mm slot vertical to tooth width; main direction, λmax = 2.7 

  

Figure 6.27, Belt pitch section with 4x6mm slot vertical to tooth width; main direction, λmax = 3.2 
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Figure 6.28, Belt pitch section with 7x7mm slot in the middle of the groove, λmax = 3.3 

  

Figure 6.29, Belt pitch section with 2x7mm slot vertical to tooth width; main direction, λmax = 3.6
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6.3 Manufacturing of synchronous belts 

6.3.1 Pitch geometry design and machining 

With the use of a specially machined punch tool with the shape of the 

selected timing feature from FEA, slots like the one in Figure 6.30 were cut 

in the middle of the preform grooves, perpendicular to teeth (along the 

preform circumference). Initially this feature was machined using a normal 

cutter on a milling machine but was found to produce a surface which was 

very rough, with micro-cracks which developed during manufacture and 

caused tearing of the preform and failure. The choice of a punching tool 

provided a very smooth surface finish and a good control during 

manufacturing enabling the material to draw safer and closer to its desired 

draw ratio. The same 10mm cutter with 1mm corner radius was used for the 

machining of the grooves and also a 0.5mm corner radius cutter was used to 

make the teeth edges rounder in order a smoother and better meshing to be 

to achieved in case of testing. Figure 6.31 and Figure 6.32 display the final 

pitch design of synchronous belts. 

 

Figure 6.30, Punching tool design 

 

Figure 6.31, 3D design of synchronous belt pitch 
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Figure 6.32, Design of synchronous belt pitch 

6.3.2 Synchronous belt manufacturing procedure 

In timing belt manufacture, the preform teeth remained undrawn (or 

negligibly drawn) so yielding which occurred in the grooves of the preform 

started at a lower extension compared to flat belt preforms. So at 45mm of 

extension the speed was increased to 50mm/min in order to maintain load at 

a constant level or slightly increasing as neck propagated and then at 75mm 

of extension was raised again to 70mm/min and finally at 100mm extension 

it obtained its maximum value of 100mm/min. The final speed was 

significantly lower than the one used in flat belt manufacture, in order to 

prevent tooth deformation and/or rupture. 

During the final part of belt formation, neck propagation was completed 

and strain hardening occurred, which led to a steep load rise. When the 

target value was achieved, the machine was switched from extension control 

to load control, with the load being held constant. The oven and motor were 

left running, so that rotational motion continued to ensure even distribution of 

drawing around the belt. Subsequently, extension increased slightly up to the 

final value which varied on purpose in order to obtain the optimum pitch 

length (i.e. minimum pitch length variation) through a range of draw ratios 

and hence groove length standard deviations. 
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After this step, the oven was turned off and the door of the furnace was 

opened to cool down the belt, while rotated around the pulleys. Once again, 

load was kept constant because although stretching of belt was finished, 

temperature decreased to room temperature for 5 minutes while the belt was 

rotating. Load was presumed to be distributed uniformly all around its 

circumference in an attempt to provide a uniform draw ratio and thus belt 

pitch.  

An example of the load and extension behaviour over time of a PBT 

synchronous belt during manufacturing is illustrated in Figure 6.33.  
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Figure 6.33, Load and extension profile versus time for toothed belt manufacturing 
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Six synchronous belts were manufactured and aspects of them are 

displayed in Figures 6.34 to 6.38. One of them (tf5) had the long axis of its 

groove feature cut parallel to the teeth (design No:3, Figure 6.12), i.e. 90o 

reversed compared to the rest (tf1-tf5). This was attempted in order to 

investigate the differences and limitations of orientation behaviour using this 

extra timing feature in the opposite direction and also as an additional way of 

evaluating the belt pitch selection through Finite Element Analysis.  

 

Figure 6.34, Toothed belt tf6 (slot parallel to teeth) 

 

Figure 6.35, Toothed belt th6 pitch design (slot parallel to teeth) – outer side 
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Figure 6.36, Toothed belt th6 pitch design (slot parallel to teeth) – inner side 

 

Figure 6.37, Toothed belt th2 (slot perpendicular to teeth) 

 

Figure 6.38, Toothed belt th2 pitch design (slot perpendicular to teeth) – outer side 
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6.3.3 Synchronous belt dimensions & properties 

The produced finalized selectively oriented PBT synchronous belts 

were also scanned for groove length measurement, while the remaining 

dimensions were measured either with Vernier callipers (groove and tooth 

width and tooth length) or micrometre (groove and tooth thickness). The 

obtained average values were used for comparison with the FEA results for 

evaluation of the model, while their standard deviations indicated the degree 

of accuracy and repeatability of the process and hence a qualitative 

evaluation of the overall manufacturing procedure.  

Table 6.2 presents the average values and their standard deviations of 

the produced belts dimensions. Tooth length and thickness had two values 

due to the formation of a figure 8-shaped tooth, Figure 6.39. The smaller 

tooth length was at the edges and the centre of the tooth width where the 

edges of the groove branches and the slot reached the maximum 

deformation and then started pulling material from the tooth and deforming 

the tooth root initially and its overall shape finally. 

 

Figure 6.39, 8-shape tooth due to high deformation 

The lowest standard deviation groove length or highest pitch length 

consistency was ±1.05%, achieved by tf4 (gl = 34.51 ± 0.36 mm) and that 

was the best result of the entire experimental stage and among all the 

produced belts of any stage (Table 6.2). The average achieved draw ratio of 

the belts was identical to the one predicted by the FE analysis; 3.5 from the 

FEA and approximately 3.5 from the belts. This shows that the material data 

used to describe the plastic deformation behaviour of PBT was correctly 

calculated and thus its drawing behaviour could be predicted accurately. 
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The result for tf6 groove length standard deviation was 1.37%, which 

was also quite low. The geometry of the slot (long side parallel to teeth) 

favoured dimensional control of orientation because it kept teeth completely 

intact compared to the rest belts which had slight differences in tooth 

dimensions when measured at the edge and the centre. As a consequence 

though this geometrical configuration did not favour orientation which was 

the lowest one achieved, only 2.5.  
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Table 6.2, Finalized oriented polymer toothed belt dimension consistency 

Properties 
 
 

Belts 

Circumfe-
rence (mm) 

Clamps 
extension 

(mm) 

Tooth (mm) Groove (mm) Average 
draw 
ratio 

tl 
centre 

tl 
edge tw 

tt 
centre 

tt 
edge 

gl 
centre 

gw left 
gw 

right 
gt left gt right 

tf1 686 310 
4.60 ± 
0.05 

6.04 ± 
0.07 

19.01 
± 0.17 

3.90 ± 
0.03 

3.23 ± 
0.03 

35.86 ± 
0.63 

5.56 ± 
0.08 

6.07 ± 
0.11 

1.34 ± 
0.04 

1.33 ± 
0.04 

3.6 

tf2 791 300 
4.60 ± 
0.06 

5.56 ± 
0.09 

20.04 
± 0.15 

4.04 ± 
0.05 

3.53 ± 
0.05 

34.97 ± 
0.85 

5.76 ± 
0.10 

5.96 ± 
0.12 

1.28 ± 
0.08 

1.34 ± 
0.06 

3.5 

tf3 792 300 
4.59 ± 
0.04 

5.86 ± 
0.09 

19.16 
± 0.14 

3.97 
±0.03 

3.49 
±0.05 

35.0 ± 
0.69 

5.67 ± 
0.08 

5.82 ± 
0.08 

1.33 ± 
0.08 

1.38 ± 
0.04 

3.5 

tf4 781 300 
4.52 ± 
0.03 

5.86 ± 
0.12  

19.28 
± 0.18 

3.90 
±0.01 

3.36 ± 
0.04 

34.51 ± 
0.36 

5.83 ±  
0.08 

5.73 ± 
0.06 

1.36 ± 
0.06 

1.39 ± 
0.05 

3.45 

tf5 735 272 
4.60 ± 
0.05 

5.09 ± 
0.10 

21.01 
± 0.21 

4.06 ± 
0.02 

3.77 ± 
0.05 

32.17 ± 
1.21 

5.82 ± 
0.09 

5.91 ± 
0.12 

1.36 ± 
0.08 

1.37 ± 
0.05 

3.2 

tf6 599 205 
4.55 ± 
0.03 

4.55 ± 
0.03 

22.40 
± 0.05 

4.18 ± 
0.01 

4.01 ± 
0.01 

25.42 ± 
0.35 

4.94 ± 
0.07 

5.58 ± 
0.06 

1.37 ± 
0.04 

1.40 ± 
0.04 

2.5 

tl centre: tooth length measured at the centre, tl edge: tooth length measured at the edge,  

tt centre: tooth thickness measured at the centre, tt edge: tooth thickness measured at the edge 

tw: tooth width, gl centre: groove length 

gw left: groove width of left branch, measured in the middle of its length (minimum value) 

gw right: groove width of right branch, measured in the middle of its length (minimum value) 

gt left: groove thickness of left branch, measured in the middle of its length (minimum value) 

gt right: groove width of right branch, measured in the middle of its length (minimum value
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Table 6.3, Experimental vs. FEA results comparison of oriented PBT synchronous belt tooth dimensions  

a/a exp FEA differ/ce exp FEA differ/ce exp FEA differ/ce exp FEA differ/ce Exp FEA differ/ce exp FEA differ/ce 

belt 
tl 

centre 

tl 

centre 
(%) 

tl   
edge 

tl    
edge 

(%) 
tw    
top 

tw 

top 
(%) tt 

centre 
tt   

centre 
(%) tt   

edge 
tt   

edge 
(%) 

draw 

ratio,  

λ 

draw 

ratio,   

λ 

(%) 

tf1 4.6 5.08 +10.43 6.04 5.40 -10.60 19.01 21.98 15.62 3.90 4.07 4.36 3.23 3.49 8.05 3.59 3.52 1.95 

tf2 4.6 5.08 +10.43 5.56 5.40 -2.88 20.04 21.98 9.68 4.04 4.07 0.74 3.53 3.49 -1.13 3.50 3.50 0 

tf3 4.59 5.08 +10.67 5.86 5.40 -7.85 19.16 21.98 14.72 3.97 4.07 2.52 3.49 3.49 0.00 3.50 3.50 0 

tf4 4.52 5.08 +12.39 5.86 5.38 -8.19 19.28 21.98 14.00 3.90 4.07 4.36 3.36 3.49 3.87 3.45 3.45 0 

tf5 4.6 5.08 +10.43 5.09 5.38 +5.70 21.01 21.96 4.52 4.06 4.07 0.25 3.77 3.48 -7.69 3.20 3.20 0 

tf6 4.55 4.59 +0.88 4.55 4.64 +1.98 22.40 23 2.68 4.18 4.10 -1.91 4.01 4.10 2.24 2.50 2.50 0 

tl centre: tooth length measured at the centre,   tl edge: tooth length measured at the edge,  

tt centre: tooth thickness measured at the centre, tt edge: tooth thickness measured at the edge 

tw top: tooth width measured at the top 
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Table 6.4, Experimental vs. FEA results comparison of oriented PBT synchronous belt groove dimensions 

a/a Exp FEA diffe/ce exp FEA diffe/ce exp FEA diffe/ce exp FEA diffe/ce exp FEA diffe/ce 

belt 
gw 
left 

gw 
left 

(%) gw 
right 

gw 
right 

(%) gt 
left 

gt 
left 

(%) gt 
right 

gt 
right 

(%) 

draw 

ratio, 

λ 

draw 

ratio, 

λ 

(%) 

tf1 5.56 2.43 -56.29 6.07 2.43 -59.97 1.34 0.66 -50.75 1.33 0.66 -50.38 3.59 3.52 1.95 

tf2 5.76 2.45 -57.47 5.96 2.45 -58.89 1.28 0.67 -47.66 1.30 0.67 -48.46 3.50 3.50 0 

tf3 5.67 2.45 -56.79 5.82 2.45 -57.90 1.33 0.67 -49.62 1.38 0.67 -51.45 3.50 3.50 0 

tf4 5.83 2.49 -57.29 5.73 2.49 -56.54 1.36 0.68 -50 1.39 0.68 -51.08 3.45 3.45 0 

tf5 5.82 2.76 -52.58 5.91 2.76 -53.30 1.36 0.75 -48.85 1.37 0.75 -45.25 3.20 3.20 0 

tf6 5.91 3.03 -48.73 5.58 3.03 -45.70 1.37 0.62 -54.74 1.40 0.62 -55.71 2.50 2.50 0 

gw left: groove width of left branch, measured in the middle of its length (minimum value) 

gw right: groove width of right branch, measured in the middle of its length (minimum value) 

gt left: tooth thickness of left branch, measured in the middle of its length (minimum value) 

gt right: tooth width of right branch, measured in the middle of its length (minimum value) 
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Tables 6.3 and 6.4 show a comparison between the produced oriented 

PBT synchronous belt dimensions (average values) and the FEA model 

pitch dimensions, in order to evaluate the model prediction accuracy.  

Tooth dimensions had better accuracy than grooves and the 

characteristic “8-shape” (Figure 6.40) as well as the curvature along the 

width (Figure 6.41), as occurred in the produced belts, had been predicted 

by the analysis. Tooth length measured at the centre was higher than the 

experimental values by up to 12%, while when measured close to the edge 

the values were between 6% higher and 11% lower. Tooth thickness 

predictions showed a closer agreement with experiments.  

 

Figure 6.40, 8-shaped tooth from FEA model 

 

 

Figure 6.41, Tooth curvature along the width - thickness profile 
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Figure 6.42, Comparison between FEA results and actual belt pitch 

 

The dimensional accuracy in the grooves was significantly different for 

all measurements with analyses predicting thinner and narrower sections. 

One of the main possible reasons for this big variation was that the boundary 

conditions could not represent properly the manufacturing conditions. 

Specifically, motion of the pitch in y-axis (thickness direction) could not be 

genuinely described through FEA. More specifically, the belt (or pitch) shape 

during manufacturing changed periodically from bending around pulley-

clamps where its motion on the y-axis was prevented and the boundary 

condition in the FEA should be a curve, to being straight and able to stretch 

freely in the parallel sections between the clamps where it could deform in y-

axis and the boundary condition in the FEA should be free. And this 

periodical change of pitch bottom side y-axis behaviour is not constant since 

the speed during the process was changing 7 times (APPENDIX 6A). The 

above explanation is schematically displayed in Figure 6.43. Overstretching 

of finite element mesh, temperature distribution within the oven, friction 

around pulleys and strain rate sensitivity of the injection moulded material 

are other possible causes for error. The latter point considers the fact that 

material moulded within the preform may differ from that investigated with 

the mechanical property testing. 
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Figure 6.43, Variable boundary conditions in belt during manufacture 

 

6.4 Interim discussion 

In this chapter, the manufacturing process of synchronous belts using 

oriented polymer technology was presented, based on contemporary 

synchronous belts (Gates, 2004) initially. That was achieved by machining 

20 equally spaced grooves on an injection moulded cylindrical preform 

creating an equivalent number of teeth. Following the same manufacturing 

procedure used in flat belts (Chapter 4), this preform design provided a 

synchronous belt which had preserved its thick isotropic teeth as timing 

features alternating with long oriented strips of higher stiffness and flexibility, 

acting as a stress bearing component. 

Due to the high groove length variation as well as twisted – deformed 

teeth of the produced belts, it was decided that free – drawing of the grooves 

had to be controlled as much as possible so that the pitch length would be 

more constant without increasing drawing load or inducing localized stresses 

that could exceed the material fracture stress and lead to failure. The 

solution was the incorporation of a feature on the groove that would initiate 
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and guide orientation to a more controlled form and smoother way whilst the 

teeth would remain unstrained. A circular hole all way through the middle of 

the groove resulted in synchronous belts with more consistent pitch length. 

The grooves were separated in two parts by the oval shape created after 

stretching of the hole and two areas at the edges of that oval shape and the 

tooth roots remained undrawn, the teeth remained undeformed and the 

drawing load was lower. 

A Finite Element Analysis of the pitch drawing behaviour was 

conducted with several different designs in order to select the most 

appropriate in terms of the highest predicted draw ratio and the minimum 

remained isotropic area on the groove.  The model used both elastic and 

plastic strain data, obtained by a series of tensile tests on PBT dog-bone 

specimens at the temperature used in belt manufacturing process. Initially, 

the tensile behaviour was reproduced in a 2D model and then the drawing 

behaviour of groove designs with 5 different features was simulated in 2D as 

well. The feature that provided the highest draw ratio and the smallest non-

oriented area on the groove was a 7x4mm slot at the centre of the groove 

with its long axis being aligned with the perform circumference.  

 Synchronous belt preforms based on the Finite Element models were 

machined with that specific extra feature on the grooves and synchronous 

belts were manufactured. The results revealed a much more stable groove 

length variation, i.e. a more consistent pitch length and a smaller non-

oriented area on the grooves than that of the synchronous belts with the 

circular hole on the grooves. The dimensions of the produced belts were not 

in an agreement with the results from the FE analysis at the corresponding 

draw ratio. Specifically, the FEA dimensions for pitch groove width and 

thickness were almost half (approximately 55% smaller) of the actual ones 

from the produced belts. FEA tooth dimensions were closer to the actual 

ones, but higher in width by approximately 15%. This significant difference in 

FEA dimensions compared to the experimental results was attributed to the 

applied boundary conditions although alternate causes were listed. More 

advanced modelling analysis would be necessary to reproduce the real 

conditions, but such models were outside the objectives of this research.  
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7. DISCUSSION, CONCLUSIONS, RECOMMENDATIONS 

FOR FUTURE WORK 

From the work presented within this thesis it is evident that oriented 

polymers have some potential to be used in power transmission belts. The 

results are discussed here and conclusions are drawn followed by 

recommendations for future work and investigation. 

 

7.1 Overall Discussion 

7.1.1 Material selection for oriented polymer drive belt manufacture 

Through the die-drawing technique and the use of a die with a 

geometry providing a nominal draw ratio of 4, in accordance to Gates Report 

– APPENDIX 1A, all candidate polymers were oriented. All materials 

managed to produce oriented versions; the highest achieved actual draw 

ratio being 4.8 for PP and the lowest 2.8 for PPS. The remaining materials 

obtained draw ratios ranged from 3 to 4.3. Considering PP the fact that the 

actual draw ratio was higher than the imposed nominal draw ratio means 

that either the material necks within the die or due to free drawing outside of 

the die. PPS on the other hand only achieved an axial draw ratio of 2.8 as 

constant volume was maintained by an increase in the sample width. This 

was made possible since the billet was in contact with the die only on two 

faces. This is more likely than the reduced draw ratio being a result of elastic 

recovery. 

Higher draw ratios were attempted for PPS and PPSU by increasing 

drawing speed and temperature. These attempts led to fracture because the 

induced drawing stresses exceeded the polymer’s fracture stress. Coupled 

with the reduced axial draw ratio it is apparent that the natural draw ratio of 

these materials is below 4. 

From static tensile tests at room temperature it was found that the use 

of solid-phase orientation improved the mechanical properties of all 

candidate polymers (Young’s modulus and tensile strength) with TPE being 

the only exception. DMA testing and in particular dual cantilever bending 

tests showed an increase in Storage modulus and drop of Loss modulus (as 
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a percentage) for oriented PP, PPS and PEEK, as well as an increase of the 

Tg position for oriented PP, PPS, PBT and PEEK. This improvement follows 

the theory of induced orientation of molecular chains (Ward M. I., 1974) (Lee 

Y. and Porter S. R., 1991) that increases crystallinity through micro-fibril 

formation in the direction of orientation (The crystallinity increase was not be 

verified experimentally by e.g. low or wide angle X-ray diffraction (XRD), 

birefringence and differential scanning calorimetry technique (DSC), etc. 

(Ward M. I., 1974 ; Lee Y. and Porter S. R., 1991), since the mechanical 

properties improvement was sufficient for the material selection stage). The 

reduction of oriented PBT Storage modulus, up to the Tg position, compared 

to the isotropic, was attributed to experimental error, however additional 

tests would be required for safer and deeper understanding. 

Oriented TPE exhibited no improvement in dynamic mechanical 

properties, throughout the temperature range. In fact it showed a 9% 

reduction in static measurement of Young’s modulus at room temperature. 

TPE exhibits similar characteristics to thermoplastics at low strains, but at 

larger strains behaves as an elastomer being able to completely recover 

from large strains.  In order for this material to be usable for this application it 

would require a method of locking in orientation. 

Table 7.1 summarizes the achieved draw ratio and mechanical 

properties of the candidate polymers. 

 

Table 7.1, Summary of oriented polymer behaviour 

Material 
Actual draw 

ratio, λ 

Young’s modulus, E (MPa) 

(increase over isotropic) 

Tensile strength, (MPa) 

(increase over isotropic) 

PP 4.8 4405 ± 63 (+ 285%)
 

165±14 (+ 432%)
 

TPE 3.3 179 ± 8 (- 9%)
 

* 

PBT 3.8 3019 ± 36 (+ 42%) 224 ± 5 (+ 286%)
 

PPS 2.8 6537 ± 107 (+113%) 232 ± 5 (+ 147%)
 

PEEK 3.5 7020 ± 444 (+ 102%)
 

284 ± 18 (+ 150%)
 

PPSU 3.0 * 97 ± 7 (+44%)
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PP showed the highest increase in Young’s modulus and tensile 

strength through die-drawing as a result of its higher draw ratio. This is in an 

agreement with previous published work showing that polyolefins exhibit a 

near-linear relationship between draw ratio and modulus for example. PPS 

and PEEK showed the second highest increase in modulus, despite their 

lower draw ratios. PBT provided a balance between draw ratio and achieved 

mechanical property improvement, both of which were beneficial for the 

manufacture of drive belts from oriented materials. 

POM and PA6 were also examined for their drawing behaviour and 

exhibited acceptable draw ratio and material property improvement (POM 

was added as a candidate material in one of the meeting between Gates and 

IRC and this is why it is not mentioned in the material list in APPENDIX 1A). 

These materials were rejected due to factors such as moisture absorption, 

poor flexibility and low life during belt testing (tests conducted at Gates. 

7.1.2 Material evaluation for power transmission applications 

An alternative approach of this project could have been the following 

one. After the findings from literature review the ideal polymer/s for this field 

would have to have at least the following characteristics: 

- High stiffness, tensile strength and reasonable flexibility 

- Glass transition temperature outside the operational temperature range of 

a drive belt, (for example below 0oC or above 100oC) 

- High creep resistance 

Then, the material selection stage could have started without the 

preconceived idea that the desired polymer could only be one of the ten 

commercially available materials proposed by Gates-IRC report (APPENDIX 

1A), but by trying to design and compose a polymer (or copolymer) 

specifically customized for this application by combining rigid and flexible 

units (e.g. elastomers) if possible. This option would definitely have more 

scientific value, however this undertaking could cover the entire duration of 

this project, without achieving the desired results or even without being able 

to orient the novel polymer using solid-phase techniques.  
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This is why the option of investigating the preselected commercially 

available polymers appeared to be more reasonable for a 3-year project. 

However, this material list should have highlighted on polymers that have 

been thoroughly processed using solid-phase orientation techniques and 

ideally exhibit these three characteristics. As a result, materials such as PEI, 

PES and PPSU should not have to be included and hence processed and 

tested since there was no evidence that could produce oriented versions 

with improved mechanical properties, plus there are very rigid (glassy-like). 

Also, materials such as PBT and Nylon might not have been included since 

their Tg is within the operational temperature range of drive belts (even 

though orientation increases it) which means that their mechanical properties 

would be reduced dramatically above this temperature, which is undesirable. 

Heatsetting though could have resolved any issue regarding the operational 

temperature.  

On the other hand other materials such as POM should have been 

investigated more, for the exact same reasons as also explained in Section 

“7.3.1 - Candidate materials for oriented polymer drive belts” and it should 

not have been excluded by Gates. Especially, when the reasons it was 

rejected was due to failure in tests conducted in Gates using techniques 

suitable for conventional drive belts, i.e. for controversial reasons since 

Gates was looking for a material to satisfy the automotive synchronous belt 

requirements. 

7.1.3 Oriented polymer flat belt manufacture 

Solid-phase orientation for belt manufacture could be achieved by 

various methods. Small diameter (90mm) flat and toothed belts had already 

been produced through biaxial die-drawing using a normal or toothed 

mandrel respectively. Using a bigger diameter mandrel such as 500-

1000mm for bigger size belts created some practical difficulties in the 

machining and overall preparation of the apparatus and the preform 

samples, and hence that method was rejected.  
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The most convenient method was found to be the uniaxial free-drawing 

of a plain cylindrical sample at an elevated temperature with the 

simultaneous action of rotational motion in order to achieve orientation 

uniformly around a cylindrical belt preform. From the material investigation 

described above PBT was selected for belt manufacture based on more 

practical issues that concerned the designing and processing stage. PEEK 

was excluded due to its high cost and its very high processing temperature 

(≈ 310oC). PPS was also excluded because of its low draw ratio (2.8) which 

implied that either belts made by the same preform would be very small, or 

that the starting sample would have to be very large in order to obtain a belt 

of a certain size that would satisfy Gates expectations in terms of power 

transmission capacity which implied the need for “large” diameter belts. PP 

was excluded initially due to its low tensile strength, however due to its high 

natural draw ratio, space restriction of the heating chamber was also 

expected to cause difficulty during belt manufacturing. 

Through the manufacturing process based on free-drawing, oriented 

PBT flat belts were successfully produced from injection moulded cylindrical 

preforms. These belts had adequate dimensional consistency and 

repeatable draw ratio. The draw ratio was lower than that obtained by die-

drawing (3.5 compared to 3.8). One possible cause could be the friction of 

the sample around the pulley-clamps induced by the rotational motion which 

differed from free tensile drawing, as well as the cylindrical shape of the 

preforms. However, it is more likely due to the capability of the die-drawing 

process to strain materials to higher extent than conventional tensile 

deformation, through the compression zone created inside the die where 

polymer density increases.  

Two types of flat belts were manufactured, initially thick and then thin 

ones with the aim to increase flexibility. Thin belts were also found to have a 

higher draw ratio and increased dimensional stability. Possible causes for 

this behaviour include thermal gradients within the preform (either by 

insufficient initial heating, contact with the pulleys or heat generation due to 

plastic deformation) and or dimensional accuracy of the preforms.  
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7.1.4 Flat belt power transmission and creep behaviour investigation 

The belt testing arrangement consisted of two identical pulleys, i.e. 

equal diameter and width and a freely rotating idler pulley, which was 

assumed to be freely rotated in the belt mechanics calculations, i.e. it did not 

transmit any torque. Its position as a function of its projection on the distance 

between the two pulleys centres did not influence the tension analysis, 

nevertheless it was placed exactly in the middle for the belt mechanics 

calculations. 

The torque that could be recorded was that of the driver pulley and not 

the driven. The belt life shown in the results was the time that power was 

transmitted and concerned only the time where speed was transmitted 

synchronously, since only in this case the whole amount of torque was also 

transmitted by the driven pulley, assuming a freely rotated idler pulley. 

Throughout the period of testing, the temperature of the belts increased up 

to 10oC, so the overall temperature did not exceed the glass transition 

temperature of the material (76oC) and so the change of belt mechanical 

properties due to temperature was assumed to be negligible. 

 

The life duration of thin flat belts was found to be greater than that of 

thick belts despite their smaller cross-section area. Specifically, when tested 

at a rotational speed of 400rpm and transmitting 7.6Nm of torque and hence 

320Watts of power, thin flat belts could last 3 times (75hours) more than the 

thick belts (25hours). This was attributed to their reduced cross-sectional 

thickness (-30%) which offered improved flexibility and significantly lower 

tensile forces on the outer circumference and the transverse shear stresses, 

when being bended around the pulleys surface. It was also shown that the 

applied tension could not be maintained for a long time in thick belts while in 

thin ones it could be maintained for many more hours and at higher levels. 

This was also a result of the increased bending and shear stresses on the 

thicker belts and maybe a consequence of pulley configuration and geometry 

imposing high tensile stresses on the outside surface of the thicker belts. 

Alternate pulley diameters could be used to investigate this effect. 



198 
 

The reduced shear modulus in the transverse direction of orientation 

(through thickness) poses an important drawback for uniaxially oriented PBT 

flat belts since when being subjected to shear due to bending forces 

developed around the pulleys, they experience delamination which 

eventually leads to failure. It was found that thicker the belts, the higher the 

bending forces and the shear stresses and hence the faster failure occurs. 

The creep behaviour of belts was assessed at room temperature and 

under a 200N load, which was comparable to the tension in the belts during 

testing, and appeared to satisfy the proposed power transmission 

requirement. Specifically, the elongation just exceeded half of the maximum 

value. i.e. 0.058% out of 0.1%, during a testing period of 6 months. 

Additional creep testing is discussed in future work.  

7.1.5 Synchronous belt design and manufacture 

By machining equally spaced grooves on the outer circumference of 

the belt preforms, toothed belts with a rectangular tooth profile were 

produced through the same procedure used in flat belts. That was not 

sufficient though to provide a consistent pitch length and in addition teeth 

deformation occurred during manufacture. The reason for this behaviour was 

attributed to the sharp transition from the thin groove section to the thick 

tooth (tooth root), which was a 90oC angle initially. Also, due to the nature of 

the process, the grooves did not stretch all at the same time and not under 

the same strain rate (multiple speed process). Consequently if plastic 

deformation started close to the tooth on one of the edges, rupture of the belt 

in the tooth root was likely to occur, or in the best case scenario the tooth 

was likely to be deformed as the groove reached its maximum draw ratio. 

Also, the groove that yielded first was very likely to overstretch as elongation 

continued until the end of the test while the rest of the grooves were 

gradually yielding and drawing. 
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It was found that by machining the grooves with a 1mm corner radius 

on the tooth root and also by cutting a hole (as an extra timing feature) all 

the way through the middle of the grooves, the produced flat belts displayed 

a smoother orientation behaviour without tooth root failures or deformed 

teeth, while the obtained pitch length was much more consistent due to the 

guidance of orientation by that extra timing feature (hole). In essence, by 

inserting an extra timing feature (hole) the groove section was converted 

from a flat plate with uniform cross-sectional area to a plane with two regions 

of reduced cross-sectional area. These areas acted in a similar way to the 

gauge length in a standard tensile sample, i.e. stretching initiation occurred 

in this region. 

The drawbacks of this feature incorporation were that the area between 

the tooth root and the hole could not be completely oriented and a region 

was left undrawn. The final draw ratio was also found to be smaller than that 

of the belts with plain grooves.  

Finite Element Analysis (FEA) was employed to predict the 

synchronous belt pitch design and by extension the overall synchronous belt 

shape. 2D and 3D models were constructed using many different timing 

feature designs such as different diameter holes, vertical or parallel to teeth 

oval slots of various dimensions, and cross design. Based on FEA results 

synchronous belts were produced by the machined preforms with a 

particular timing feature. These belts showed more consistent pitch length 

and the minimum standard deviation ±1% (with an average ±2.2%). 

Nevertheless, it should be noted that this result was still high compared with 

commercial belt dimensional tolerances. 

The average draw ratio of the produced oriented PBT synchronous 

belts was found to be equal to that predicted by the FE analysis, i.e. 3.5. 

FEA failed to predict some of the tooth dimensions, mainly the thickness and 

width of the grooves. Specifically, the groove width and thickness were 

almost half of the produced belt dimensions. The most probable reason for 

this difference was the boundary conditions of the model. The FE model was 

designed to predict the behaviour in plain uniaxial deformation while in fact 

the manufacturing process combined rotational motion through pulley-

clamps and uniaxial drawing simultaneously and occurred at increasing 
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speed. Specifically, the boundary conditions on the axis across the thickness 

(y-axis) would change from plane to curve as the belt pitch would pass from 

the parallel section of the belt around the pulley-clamps and consequently 

from a state of free-tensile drawing to a non-stretching state, respectively. It 

then assumed that this dimensional discrepancy was attributed to non-

representative boundary conditions. This could be simulated with time 

dependent boundary conditions, but such an analysis would exceed the 

goals of this research. 

 

7.2 Conclusions 

The conclusions made during this research are listed below and 

compared with the original objectives and milestones. 

 All materials with the exception TPE are able to both orient and show 

improvements in mechanical properties on orientation.  

 None of the candidate oriented polymers are suitable for class IG, due 

to the 10GPa Young’s modulus target value, at least at the draw ratio shown 

here.  

 PP, PBT, PPS and PEEK satisfy some of the criteria for classes A 

and IS. 

 PP has a tensile strength 20% lower than the desired value of 

200MPa and is unsuitable for all classes, when oriented to a draw ratio of 

4.8.  

 PEEK is the only material with a mechanical behaviour suitable for 

two classes (A and IS), when oriented to a draw ratio of 3.5 

 PBT provides the best balance between achievable draw ratio and 

mechanical properties. 
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Table 7.2, Power transmission classes requirements as proposed from Gates 

(APPENDIX A1) 

categories 

requirements 

Class A 

(Automotive) 

Class IG 

(Industrial) 

Class IS 

(Industrial) 

Operating temperature 

range (oC) 
-40 to 160 0 to 150 15 to 40 

Young’s Modulus, E, (GPa) 4 – 8 10 1 

Tensile strength, σTS, (MPa) 200 200 200 

Desired Life (106 cycles) 100 to 400 50 100 

Elongation (creep) (%) 0.1 0.1 0.1 

 The above conclusions cover the first three objectives and the first 

milestone as described in Chapter 1. 

 Die-drawing was impractical for large diameter belt manufacture, but 

remains the safest method for obtaining synchronous belts with consistent 

pitch length, due to the use of a toothed mandrel. 

 Uniaxially oriented PBT flat belts can be produced, from injection 

moulded preforms, by a method based on the use of interchangeable speed 

free-tensile drawing and the simultaneous action of rotational motion. The 

combination of these two different motions enabled a relatively uniform 

orientation distribution along the belt circumference. 

 Control of belt manufacture through this route requires changes in 

extensional strain rate to produce dimensionally consistent belt. 

 Thinner section belts are less prone to dimensional instability 

compared to thicker ones. 

These four conclusions covered the fourth objective and the second 

milestone (Chapter 1) when considering flat belts only. 

 Thin flat belts of oriented PBT can maintain the same amount of 

torque and power as thicker versions three times longer. 
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 Bending around the pulleys create tensile and compressive stresses 

on the top and bottom side of the belt, respectively, as well as shear 

stresses on the transverse direction (through thickness). This was the failure 

mechanism of oriented PBT flat belts. 

 Oriented PBT flat belts are vulnerable to applications where shear 

occurs in the transverse direction to orientation because orientation 

decreases shear modulus. 

 Thin flat belts of oriented PBT have longer in service life compared to 

thicker versions. 

 Torque has a higher impact than speed on thin belt life (made from 

oriented PBT) 

Table 7.3, Influence of torque and rotational speed on thin flat belt performance 

a/a th2 th3 th5 

Rotational speed (rpm) 200 400 400 

 Nominal torque setting 0.3 0 0.2 

Average torque(Nm) 8.05 5.39 7.63 

duration (hr:min) 81:30 108:00 75:00 

 

 Flat belts made from oriented PBT have a in-service life too short for 

commercial applications (if produced with the described method and grade 

of material). 

 Flat belts made from oriented PBT have creep properties suitable for 

application in power transmission. 

These seven conclusions covered the fifth objective and the third 

milestone (Chapter 1) when considering flat belts only. They also form part 

of the basis of this thesis that oriented polymers can be used for power 

transmission applications (flat belts). 

 Selectively oriented belts made of PBT can be produced by the same 

method used for flat belt manufacture, i.e. uniaxial tensile drawing combined 

with rotation motion. 



203 
 

 Belts with one or more timing features (tooth or hole) can be 

manufactured using this particular method. 

 Geometries of teeth and grooves alone do not produce consistent pitch 

lengths when manufactured using this method and material (PBT). 

 The inclusion of a circular hole within the groove section of an isotropic 

PBT preform can stabilise drawing during manufacture of a belt (based on 

this method) and drive it towards a more controlled shape in terms of 

dimensional consistency. 

 FEA can be used as a design tool for oriented PBT belt manufacture 

based on free-drawing and specifically for the design of the belt pitch and 

timing features. 

 A 7mm long 4mm wide “close-cap tube” design, vertical to teeth (3mm 

parallel sides connected with 2mm radius semicircles) and cut all way 

through the middle of a groove, provides the highest draw ratio and the least 

non-oriented region on the groove, compared to similar designs, when 

modelled using FEA of an oriented PBT belt manufactured using free-

drawing.  

These six conclusions covered the fifth, sixth and seventh objectives as 

well as the second and third milestones of Chapter 1 when considering 

synchronous belts only, with the exception of drive belt testing. They also 

form part of the basis of this thesis that oriented polymers can be used for 

synchronous power transmission applications. 
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7.3 Recommendations for future work  

7.3.1 Candidate materials for oriented polymer drive belts 

PEEK and POM both exhibit desirable properties and thus should be 

considered for future investigation in oriented polymer drive belts. Both 

materials have high isotropic mechanical properties and have been oriented 

in the past successfully to a maximum draw ratio of 4 (Richardson et al., 

1985) and 16, respectively (Taraiya A. K. et al., 2003). In addition, based on 

their glass transition temperatures, 145oC for PEEK and -30oC for POM, their 

mechanical performance will stay unaffected during a very broad 

temperature range that covers the operational needs of drive belts, 

something that has already been shown for PEEK through DMA tests. 

7.3.2 Drive belt design 

As described in flat belt manufacture and testing, Chapters 4 and 5, the 

life duration of thin flat belts was increased due to their increased flexibility 

arising from their thinner cross-section, compared to the thick ones, when 

tested under the same power transmission conditions. Hence, future work 

should be conducted in the manufacture and testing of flat belts with even 

thinner but much wider cross-sections and as highly oriented as possible. 

This improved design would provide the belts with a higher flexibility 

combined with a high draw ratio and thus improved stiffness, strength and 

creep resistance. Also, the wider cross-section will increase the contact area 

for friction with the pulleys and the belts will be capable of running in higher 

speeds and will obtain larger tensioning capacity for higher torque and power 

transmission capacity. 

V-belts, which have superior power transmission capacity than to flat 

belts due to additional friction on the sidewalls, could probably be produced 

through the same manufacturing method. A modification of the belt preform 

design would be required, in order that a thick V-shape profile could be 

obtained first, which after orientation could be maintained in a thinner 

version. The difficulty could be that the tip of the belt i.e. the narrower section 

should be at the outer circumference, since the flat base would be in contact 
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with the pulley-clamps surface. Assuming a successful result, the produced 

V-belt would have to be turned inside-out in order to be able to run properly 

around the appropriate pulleys and it is not clear whether that action would 

induce high stresses to the belt or even twist and distort its shape.  

Synchronous belt pitch design will always be an issue of importance as 

long as these belts are produced through the manufacturing procedure 

presented here. The reason is that the pitch length consistency was not high 

enough to satisfy the tolerances of conventional synchronous belts. 

Nevertheless, pitch design could help to improve significantly the 

dimensional accuracy of belts and their timing features, and can also provide 

useful information about the material behaviour during belt manufacture and 

the potential of the manufacturing method itself.  

Curvilinear profile teeth should be made with a rounder tooth profile 

with smoother transition to the groove in order to reassure safer 

manufacturing behaviour and smoother engagement with the pulley grooves, 

as it has already been shown by conventional synchronous belt progress 

(trapezoidal –> curvilinear(HTD) –>.modified curvilinear. The number and 

size of teeth (and thus of grooves) is also another important parameter that 

influences all the stages of this undertaking, i.e. the initial shape of the 

preform, the produced belt dimensions and mechanical properties (due to 

the extent of orientation) and its power transmission capacity, based on the 

number of teeth and the available contact area with the pulley teeth. So 

based on the material used, the chosen geometry and the desired draw ratio 

of the belt segments, belt mechanics analysis can be made in order to 

identify the torque, power and tensioning limits of these belts. This analysis 

will differ from the conventional synchronous belt mechanics analysis in the 

following points: 

 As it has been shown by Dalgarno et al. (Dalgarno et al., 1993) 

synchronous belt stiffness, yield stress and tensile strength are assumed to 

be equal to the stiffness of the cord, since they are orders of magnitude 

higher than those of the elastomeric compound. As shown in Figure 7.1, the 

tension (on the cord) of contemporary synchronous belts is changing from Ti 

at the boundary with pitch to Ti+1 with an intermediate value Ti
’ at the junction 
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between the tooth and land. The force equilibrium gives that   
        and 

        
    , where Qi is the tooth-pulley groove contact load, concerning 

only the elastomer compound properties and specifically its shear modulus 

and strength. Fi is the land friction force which is calculated using the 

Capstan formula, assuming sliding between the belt and pulley land: 

     
           , where μ is the land sliding friction coefficient and δ=±1, 

depending on the direction of sliding (Childs et al., 1997). By knowing the 

cord and elastomer compound properties the applied stresses can be 

calculated for the synchronous belt and can be found out if they exceed the 

materials specifications. 

 Applying this stress analysis to a selectively oriented polymer belt, 

the frictional, F, and tooth loading, Q, forces are also influenced by the 

material properties of each component phase, i.e. by the oriented polymer 

for the friction forces in the land and the isotropic polymer for the tooth 

loading. 

 

 

Figure 7.1, Comparison between pitch structure of contemporary and novel 

synchronous belts 
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 However, as seen in Figure 7.1 the situation is different for the applied 

tension in the belt, because the oriented grooves do not cover the entire belt 

circumference but only segments, alternating with isotropic teeth of lower but 

still comparable properties. Hence, the tension applied to the circumference 

does not induce the same stress in every point of the belt since it is partially 

oriented and partially isotropic. The belt would need to be considered as a 

“continuous fibre reinforced composite” where load is acting in the 

transverse direction of the component phases, as illustrated in Figure 7.2. So 

apart from the individual phases moduli, the overall belt Young’s modulus 

would need to be derived from the equation:  
     

           
 , (Callister, 

2009) where Ei and Eo are the elastic moduli of isotropic and oriented 

polymer, respectively, and likewise Vi and Vo are their volume fractions. For 

isotropic teeth though, it is not clear if for the isotropic volume fraction (Vi), 

the entire tooth volume will be used or only the volume up to the same 

thickness of the groove. Likewise similar calculations will be needed for the 

entire belt yield stress, tensile strength. 

 

Figure 7.2, Ground plan design of selectively oriented synchronous belt under 

tension 
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 By conducting these calculations and determining the maximum 

values of mechanical properties, novel belts can be designed with the 

specific dimensions that will correspond to specific properties. In the case of 

the produced synchronous belts (Chapter 6), these calculations are more 

complicated due to the gap in the middle of the grooves. Nevertheless, if a 

design is selected then a specific mould should be made for injection 

moulding of the belt preforms for the elimination of machining errors due to 

human factor (Chapter 4). 

7.3.3 Modelling of prototype belts behaviour during operation 

Finite Element Analysis of oriented polymer belt interaction with pulleys 

during operation would be a very useful tool. The analysis could provide 

useful information about the material response when subjected to dynamic 

stresses and it would be particularly useful for synchronous belts, for tooth 

design evaluation through its engagement with the pulley grooves. 

7.3.4 Testing of prototype belts life 

Current or future oriented polymer drive belts need to be tested in a 

wide torque, speed, applied tension and temperature range covering both 

low (below 0oC) and elevated temperatures (close to 100oC), in order to 

identify their limitations and investigate which applications these belts have 

the potential for. 

7.3.5 Mechanical properties testing (stress relaxation and creep 

tests) 

A 6 month creep test was conducted on a thin flat belt revealing useful 

information about oriented PBT creep behaviour and the behaviour of flat 

belts, which is particularly useful for drive belts. However, more tests are 

required using different loading and temperature conditions, in order to 

obtain a broader range of information over the flat belt creep behaviour.  
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Stress relaxation is also another very important mechanical parameter 

for every material involved in mechanical engineering applications. When a 

specimen is quickly loaded to some given strain and then held, stress 

relaxation is the material stress response to maintain that specific amount of 

strain over time (Callister, 2009). These tests also need to be tested in a 

wide temperature range so as they present the full image of the material 

mechanical performance and hence their potential for the application in 

question comparing the results with those of contemporary belt materials. 

7.3.6 Novel manufacturing process for oriented polymer 

synchronous belts 

A plan for prototype belt design with better controlled dimensions 

synchronous belts was proposed during this research programme, but was 

pursued for time and cost reasons. This plan concerned an apparatus that, 

using a mechanism similar to that of an umbrella, would be able to draw all 

grooves simultaneously, forming much more consistent synchronous belts in 

terms of pitch length and overall dimensions.  

More specifically, folded “branches” around a conical core would be 

able to unfold and thus stretch, as the core would move upwards and its 

diameter would increase and would push them out providing an equal and 

controlled amount of elongation. Each branch would have specially 

machined die-clamps that would enclose every single timing feature and 

allowing them to orientate under the same way due to die geometry, as well 

as up to the same elongation since the distance from branch to branch 

would be equal as the clamps would move onto tracks over the conical 

surface. Through this method synchronous belts of “necklace” type would be 

able to be produced consisting of thick isotropic “beads” acting as 

synchronous features alternating by equally stretched oriented cord (round 

shape) or even tape (flat layer shape) acting as the belt land. This is seen as 

an important way forward for future research in this field. 
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APPENDICES 

1A – Preliminary research report by the IRC and Gates 

Corporation 

Scope of Work 

University of Bradford / Gates 

Oriented Polymer Belts 

Introduction 

Project goal – ‘to examine the feasibility of producing an automotive 

camshaft drive system based around the use of oriented polymer belts’ 

Following discussions of the 27th February and 6th June 2007, Gates 

have provided an initial summary of the technical challenges facing this 

project in the form of ‘functional requirements’ for an automotive engine 

camshaft drive system (Section 2). The scale of the scientific challenge is 

considerable and since this is the first time that oriented polymers will have 

been used for continuous mechanical power transmission, effort is required 

to understand how oriented polymers will perform under conditions of 

continuous cyclic loading under a relatively wide and demanding range of 

operating conditions. Even if the highest level of automotive operation 

parameters cannot be achieved for this innovation, the research should still 

enable the development of new products in the short term with worthwhile 

cost benefit to the company. 

The initial project will be divided into four Stages. There are review and 

decision points at 6, 12, 18, and 24 months. Stage 1 will concentrate on 

screening candidate materials to identify if there are any materials which 

would provide the properties required for belt power transmission.  Stage 2 

will investigate the effects of environmental and operating conditions on the 

mechanical properties of oriented polymers. Stage 3 consists of selecting 

the materials to be used, the testing of “test” belts, and the development of 

initial belt and system concepts.  Stage 4 consists of creating, testing, and 

evaluating the initial belt and system concepts.  
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There will be 1 page summary reports each month, quarterly reviews 

via teleconference and net meetings (PowerPoint report submitted by 

University of Bradford) with Review and Decision points having lengthier 

summary reports including any relevant supporting data. 

As part of the project its is understood that there will be a commitment 

to a 3-year PhD research project, focusing on the underlying science of 

using oriented polymers for mechanical power transmission by means of 

finite element analysis and associated validation leading to optimised 

orientation distribution within a polymer component. 

 

1. Functional Requirements for Power Transmission Drive System 

Original specification of desired material properties provided by Gates 

requires: 

  Class A 

(Automotive) 

Class IG 

(Industrial) 

Class IS 

(Industrial) 

Max. Tensile Force 2500 N 180 N 40 N 

Operating 

Temperature 

-40 to +160 oC 0°C to 150 oC 15°C to 40 oC 

Desired Life 100 to 400M 

cycles 

50M cycles 100M cycles 

Initial selection of materials based on these criteria is shown in Section 3. 

Additional material requirements (Table 0.1) and environmental / 

operating conditions (Table 0.2) have now been incorporated into the 

proposal. During the project these tables will be used as a measure of 

success, although they may be subject to change. 
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Table 0.1, Target material requirements over temperature range and environmental exposures 

Property Class A Class IG Class IS Comments 

Tensile 

Modulus 

4 – 8 GPa 10 GPa 1 GPa  

Tensile 

Strength 

200 MPa 200 MPa 200 MPa Gates specify 4 kN at end of useful life (2kN per strand), 

failure stress dependent on cross sectional area. 

Elongation 

(Creep) 

0.1 % 0.1 % 0.1 % Estimate of material creep only; total elongation 

including wear 0.15 % and 0.1 % respectively. Need to 

understand creep strain vs. stress, time under load etc. 

Flexural 

Fatigue 

400 Mcycles 

(55 mm) 

50 Mcycles 

(40 mm) 

100 Mcycles 

(6 mm) 

Gates specify full reverse bend over specified diameter 

pulley, need to include the effect of flexural fatigue under 

tension. 

Tensile 

Fatigue 

200 MPa 200 MPa 200 MPa Need to investigate tensile fatigue in order to understand 

failure modes in combined tensile and flexural fatigue 

Coefficient of 

Thermal 

Expansion 

12 to 24 

(10-6 K) 

12 to 24 

(10-6 K) 

12 to 24 

(10-6 K) 

Compatible with expansion of applications (metal). 
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Table 0.2, Environmental / operating conditions 

Operating / 

Environmental 

Condition 

Target Detail Normal operating 

range 

Comments 

High 

Temperature 

160 oC Intermittent: 20 

minutes 

60 to 130 oC Need to understand effect of temperatures 

between 0 and 140 oC on basic material 

properties of oriented polymers 

Low 

Temperature 

-40 oC Intermittent: 10 

starts 

0 oC Need to understand effect of very low 

temperatures on basic material properties 

of oriented polymers 

Air Guarded but 

unenclosed 

Open to atmosphere 

and contamination 

Standard operating 

environment 

 

Oil Fully compatible 

operating 

environment 

Enclosed, in engine 

lubrication oil 

Desirable standard 

operating 

environment 

Need to understand the effect of engine oil 

on basic material properties of oriented 

polymers 

Water    

(humidity / 

moisture) 

Fully compatible 

operating 

environment 

Air environment, 

exposed to water 

High humidity rather 

than full immersion 

Need to investigate tensile fatigue in order 

to understand failure modes in combined 

tensile and flexural fatigue 



233 
 

2. Suitable Polymers 

It has been agreed that the evaluation of material properties and 

behaviour would address existing commercially available (or near-market) 

polymers only, as the cost of successfully developing a suitable new polymer 

for commercial production specifically for this purpose is considered to be 

prohibitive. However, it is intended that composite and or blended polymer 

materials may be included in the research. 

A list of potential materials is included in Table 0.3.  This list is based 

on information provided by the Polymer CIC, University of Bradford, and a 

survey of materials conducted by Gates.  This list is based on selecting 

materials that may have the potential to meet the combined requirements 

(modulus, strength, thermal stability, and chemical resistance) for the range 

of applications selected.   

Table 0.3, Prospective materials 

Priority Material Potential  

Polymer 1 Polypropylene Class IS & IG 

Polymer 2 PPS Class A 

Polymer 3 Polyetherimide Class A 

Polymer 4 Polybutylene terephthalate Class IS & IG 

Polymer 5 Polyarylate Class A 

Polymer 6 DSM Arnitel EB500 TPE Class IS 

Alternative Polyether etherketone Class A Backup 

Alternative Polyether sulfone Class A Backup 

Alternative Polyamide 6 Class IS & IG Backup 

Alternative Estane ETE55DS3 Class IS Backup 
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Whilst Table 0.3 lists prospective materials for the automotive timing 

belt it should not be considered as a definitive list. As with Tables 0.1 and 

0.2 it is expected that the list of materials will change during the project. A 

review of alternative materials to be added to Table 0.3 will be based on 

material cost, melt temperature, glass transition temperature and % 

elongation although it is understood that the last criteria (% elongation) will 

be dependent on Tensile Modulus, Tensile Strength, and achieved draw 

ratio. 

3. Project Work 

Initial discussions within the University of Bradford team suggest that 

the greatest scientific challenge will be to understand how the mechanical 

properties of oriented polymers are influenced by repeated tensile loading 

and bending at a range of relevant frequencies (Stage 1). Once this has 

progressed to a stage where some level of confidence in the prospect of this 

novel technology, and some associated positive evidence, it will be 

necessary to investigate the effect of environmental and operating conditions 

on the mechanical properties of the oriented polymers (Stage 2). From this 

stage the research would move to system design (Stage 3). It is understood 

that some operating parameters will be system dependent, but a staged 

approach has the advantage of enabling decisions about progress and 

direction to be made on the basis off scientific knowledge rather than 

evidence from a particular system configuration. 

Stage 1 – Screening of Candidate Materials 

The basic material properties and mechanical behaviour of types of 

oriented polymer materials will be investigated by a combination of scientific 

review of published work, laboratory level manufacture of oriented polymer 

samples, and testing.   Specifically the process of creating samples, 

adapting tests for these samples, testing those samples, and evaluating the 

initial results will need to be completed.  At the end of Stage 1 there will be a 

decision point based on indications that suitable materials and production 

methods have been found, or appear feasible.  
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Stage 2 – Evaluation of the Effect of Operating and Environmental 

Conditions on the Behaviour of Oriented and Unoriented Polymers 

Stage 2 will concentrate on the effects of environmental and operating 

conditions on oriented polymers chosen in Stage 1 for consideration.   The 

effects of low and high temperatures on mechanical performance and the 

effects of environmental factors such as immersion in water and oil will be 

studied.  A band sample for studying the effects of flex fatigue and 

mechanical aging will be created.  Specifically samples will be created, 

subjected to operating and environmental conditions, tested, and the test 

results evaluated.  At the end of Stage 2 there will be a decision point based 

on this evaluation and a selection of materials for continued study. 

Stage 3 – System Design Including Possible Distributed Orientation 

Products 

Stage 3 concentrates on devising methods of producing and concepts for 

variable oriented timing systems.  Specifically designs will be created and 

evaluated.  Methods of producing the concepts will be determined including 

any experimental trials to prove feasibility. Selection of materials and 

geometries will be based on knowledge gained during Stages 1 and 2.  At 

the end of Stage 3, there will be a decision point based on the evaluation of 

these concepts and production methods. 

Stage 4 – Creation, Testing, and Evaluation of Prototypes 

Stage 4 will concentrate on producing, measuring the properties, durability 

and functional testing, and evaluating the test results for selected prototypes 
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4. Timed Project Goals 

Specific project goals are described in Table 0.4, After the completion of 

Stage 1 these goals may be revised.  

Table 0.4, Timed project goals 

Project Time Goal 

Quarter1 Creation of material test samples (tensile and strip 

specimens). 

Quarter 2 Initial Material test results. 

Quarter 3 Creation of material test samples (bands) 

Quarter 4 Material test results (conditioned strips and bands). 

Quarter 5 Initial system design concepts 

Quarter 6 Evaluation of initial design concepts 

Quarter 7 Produce prototype belts with meshing capability. 

Quarter 8 Test results for prototypes 
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5. Testing Methods 

Figure 0.1, provided by Gates, relates to a sample in which direction 1 is the 

major orientation direction. 

 

 

Within Table 0.6 the term aged relates to baking of the sample at 100 

oC for a period of time to be determined (between 48 hours and 1 week).   

Step strain in Table 0.6 describes a cyclic test in which the sample is loaded 

to a nominal strain level of 1%, for example, subsequently unloaded and 

then loaded to a higher strain (2%), unloaded and then loaded to a higher 

strain (3%) etc.  The University of Bradford will provide instructions for 

cutting and machining of test samples provided. 

All samples are to be produced at the University of Bradford and 

delivered to Gates.  All samples produced and consumed during Bradford 

testing should be offered to Gates for additional use by Gates.  The exact 

number of prototype devices to be delivered will be determined during the 

evaluation of the concepts but is expected to be substantial. The samples 

required for Gates testing are: 

 

 

 

1^ WG

2^ XG

3^ TH

Figure 0.1, Sample axes definition 
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Table 0.5, Testing methods 

Sample Dimensions Stage 1 Stage 2 Stage 3 Stage 4 

Drawn 

tensile 

specimen for 

each 

polymer and 

draw ratio 

 

To be 

provided by 

Univ. of 

Bradford 

All used 

+3 min. 

unbroken 

   

Oriented 

strip 

(will be cut 

into smaller 

pieces for 

testing) 

2mm thick 

15mm wide 

1000 mm long 

8 min. for 

each 

polymer 

4 min. 

for 

each 

polymer 

  

Oriented 

band 

2 mm thick 

6 - 25 mm 

wide 

63 mm 

diameter 

(200 mm 

circumference) 

 50 Min. 

for 

each 

polymer 

50 Min. 

for each 

polymer 

 

Prototype 

“Belts” 

TBD   TBD 

(10 for 

each 

concept) 

TBD 

(200 for 

each 

concept) 
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Table 0.6, List of tests shown 

Test Sample Temperature(oC) Test Parameters Responsibility Comments 

Tensile Oriented 

strip WG 

160, 125, -40 1 and 100% / second 

strain rate 

Gates Samples aged @ Gates. 

Compressive Oriented 

strip TH 

160, 125, -40 1 and 100% / second 

strain rate 

Gates Samples aged @ Gates. 

Shear Oriented 

strip 23 

160, 125, -40 1 and 100% / second 

strain rate 

Gates Samples aged @ Gates. 

Shear Oriented 

strip 13 

160, 125, -40 1 and 100% / second 

strain rate 

Gates Samples aged @ Gates. 

Step strain Oriented 

strip WG 

160, 125, -40 1 and 100% / second 

strain rate 

Gates Samples aged @ Gates. 

Flexural 

Modulus 

Oriented 

strip WG 

160, 125, -40 Static 3 point bend test Bradford Univ. 

Gates 

Background research into test standards for 

polymeric materials would be advisable. 

DMTA Oriented 

strip 

To be discussed Torsion test (sample twist) 

Three point bend 

Bradford Univ. DMA is available at University of Bradford 

although thermal range and control needs 

clarification. Additional test equipment will be 

required. 

TMA  160  Bradford Univ Determination of coefficient of thermal expansion, 

glass transition and dilation (temperature 

dependent permanent volumetric change).  

DSC    Gates Determination of isothermal oxidation time from 

dynamic DSC. DSC is available at University of 

Bradford. TGA is also available. 

Mechanical 

Softening / 

Oriented 

strip 

To be developed To be developed Bradford Univ. 1. Current technique involves heating a sample in 

an oil bath under three-point bend type loading. 

Measure sample deflection with respect to 

temperature (130 
o
C). 
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Tensile Creep 2. Tensile creep via sample held under load for 1 

week at 130 
o
C 

Flex Fatigue Oriente

d Strip 

125  Gates Test to be developed; may not be possible. 

Tensile 

Fatigue 

Oriente

d strip 

125 100,000 cycles 

increasing to 1,000,000 

cycles 

Bradford Univ Test requires interpretation of crack growth 

within the sample. 

DeMattia Oriente

d strip 

125 To be developed Gates  Sample has semi-circular cut in one side with a 

notch perpendicular to loading direction. Sample is 

compressed cyclically and crack length is 

monitored. 

Mechanically 

Worked 

Specimen 

Oriente

d strip 

To be 

developed 

To be developed Gates/Bradford ‘Shoe shine test’ where sample is pulled over a 

circular form to mimic belt passing over a gear. 

This could be replaced by a modified impact test. 

This would require the fabrication of a testing 

machine. 

The list of tests shown in Table 6 is not considered complete as additional effects may become of significance during the 

project, such as rate dependence and localised heating due to deformation. 
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2A – Conventional drive belt technical data 

Table 0.7, Commercially available V-belt specifications (Gates, 2008b , Fenner, 2010) 

Belt profile 
Belt width 

(mm) 
Belt life (hr) 

Maximum 

length (mm) 

Power Capacity 

(kW) 

Rotational Speed 

(rpm) 

classical section 10 - 32  
16833 (Carlisle, 

2012) 

560 

 
6000 

classical section multiple - 
Up to 25000 

(Gates, 2008b) 
12700 - 

30000 

(Gates, 2008b) 

Raw edge classical section 12.5 - 31.75 - 9213 - - 

Multiple raw edge classical 

section 

RBX, RCX, 

RDX 
- 9240 - - 

Narrow (wedge) section 10-25 - - 450 6000 

Narrow section multiple 2-5 rib Up to 25000 15278 450 6000 

Raw edge narrow section 10-22  
5092  

(Carlisle, 2012) 
600 6000 

Multiple raw edge, moulded 

notch, narrow section  
R3VX, R5VX Up to 25000 5108 - - 

Multi ribbed micro-V 2-30 ribs Up to 25000 2540 - 20000 

- : data not found 
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Table 0.8, Commercially available synchronous belt specifications (Gates, 2008c , Fenner, 2010 , Dayco et al., 1998) 

Belt tooth profile Pitch length (mm) 
Max. No. of 

teeth 
Width (mm) 

Max. length 

(mm) 

Max. Power 

(kW) 

Max torque 

(Nm) 

Rotational Speed 

(rpm) 

Trapezoidal 

MXL(2.03),XL(5.08), 

L(9.5), H(12.7), 

XH(22.22), XXH(31.75) 

648 3.18 to 127 5918 
Up to 150 

(Gates, 2008b) 
35 20000 

HTD 3, 5, 8, 14, 20 760 6 to340 6600 
Up to1000 

(Fenner, 2010) 

150 (Gates, 

2007) 
25000 

Modified 

curvilinear 
2, 3, 5, 8, 14 

915  

(Gates, 2007) 
12 to 170 6860 

Up to 650 

(Gates, 2006b) 

60 

195 (Gates, 

2007) 

14000 

RPP 5, 8, 14, 20 550 12 to 120 

6860 

(Goodyear, 

2006) 

1099 (Sit-S.p.A., 

2009) 
- 

7000-10000 

 (Sit-S.p.A., 2009) 

STPD 3, 5, 8, 14 560 12 to 125 4480 

Up to1037 

(1440hp) (Gates, 

2012c) 

- 
5500 

 (Gates, 2010a) 

HOT 8, 14 224 

16, 32, 35, 

52.5, 64, 70, 

105 

- 
772 (Goodyear, 

2005) 
- 

20000  

(Goodyear, 2005) 

- : data not found 
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2B – Belt body materials 

Natural rubber  

 Natural rubber (e.g. Polyisoprene) is characterized by high resilience and 

high compressive strength. It also exhibits good moulding properties, but due to 

its high coefficient of friction it does not provide good surface finish. Natural 

rubber is also known for its high tear strength, low crack growth as well as its 

ability to withstand low temperatures. However, it has poor oil and solvent 

resistance and it is unsuitable for ketone and alcohol-based environments. 

Natural rubber was the first material ever used for drive belts, but has now been 

replaced by the following synthetic elastomeric materials.  

Polychloroprene (Neoprene) 

Polychloroprene is a polymer of 2-chloro-1,3,butadiene, (chloroprene)  and 

it is a synthetic rubber. Its polymeric structure can be modified through 

copolymerization with sulphur to 2,3,dichloro-1,3,butadiene or other monomers, 

resulting in a group of materials with a wide range of chemical and physical 

properties. Although there are several types of Neoprene, there are some basic 

characteristics that are standard in every type: 

 Degradation resistance from sun, ozone and weather conditions. 

 Good performance even in hostile environments, such as during contact 

with oils and many chemicals. 

 Good performance over a wide temperature range. 

 Outstanding physical toughness 

 Higher resistance to burning compared to exclusively hydrocarbon 

rubbers. 

Neoprene compounds can offer a broad range of physical and processing 

capabilities depending on the application requirements. The right type of 

Neoprene should be selected based on its physical and mechanical properties. 

There are three types of Neoprene for dry rubber applications, according to the 
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DuPont terminology (Dupont, 2009) known as G, W and T and all three types 

have both raw polymer and vulcanizate versions. G-type is ideal for high loading 

applications and when good friction characteristics are desired. W-type has a 

better process ability and a more uniform molecular weight distribution than G-

types. Vulcanized W type Neoprene has the best resistance to heat aging and 

compression set, significantly better than the correspondent G-types. T-type is 

more suitable for extrusion applications.  

Hydrogenated nitrile elastomer (HSN) 

HSN is an elastomer made by selective hydrogenation of nitrile elastomer 

(butadiene-acrylonitrile copolymer) so it is also known as hydrogenated nitrile 

butadiene rubber (HNBR). HNBR has a high degree of saturation which gives 

the material good heat and oxidation resistance. HNBR is also known to have 

better dynamic properties than Neoprene, which of course is very beneficial in 

synchronous belt applications, which involve wide temperature ranges. 

Specifically, compounding techniques allow for HNBR to be used over a broad 

temperature range, -40° to 165°C, with minimal degradation over long periods 

of time. It also exhibits high tensile strength (20 – 31 MPa at room temperature) 

and elasticity, good abrasion resistance and low plastic deformation. 

HNBR superiority over other heat- and oil-resistant elastomers relies on 

the good stability of their properties towards thermal ageing, i.e. they are 

retained under continuous heat exposure, as well as at low temperatures. In 

addition it has excellent resistance to common automotive fluids (e.g., engine 

oil, coolant, fuel, etc.) and many industrial chemicals.  This combination of 

properties makes this elastomer suitable for a broad range of applications, 

mainly in the automotive industry hence the fact that it replaces polychloroprene 

in automotive synchronous belts. On a volume basis, the automotive market is 

the largest consumer, using HNBR for a host of dynamic and static seals, 

hoses, and belts. HNBR has also been widely employed in industrial sealing for 

oil field exploration and processing, as well as rolls for steel and paper mills 

(Hans Magg, 1998).  
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Chlorosulphonated polyethylene (CSM) 

CSM is an elastomer which has previously been used for high temperature 

synchronous belt applications and it is known to have excellent heat resistance. 

It is made by the addition of sulphonyl chloride side groups to saturated PE and 

these side groups then provide cross-linking sites for the vulcanisation of CSM 

elastomer.  

CSM derives its heat resistance from its saturated PE backbone, but the 

elastomer has relatively poor dynamic properties when compared to HSN 

elastomer and this has limited the extent to which it has been utilised in belts.  

Polyurethane (PU) 

Polyurethane (PU) is a very versatile polymer that can be either 

thermoplastic or thermosetting and it can be extruded, cast, or sprayed onto 

many surfaces and it can also be machined fairly easily.  Polyurethane can be 

formed in many types such as flexible and rigid foams, coatings adhesives, 

sealants and elastomers (American Chemistry Council, 2012), as well as in 

thermoplastic and reaction injection moulding or extruded version. 

Thermosetting PU is not related to the purposes of the project since it has 

limited flexibility and its processing is not in favour of structures such as drive 

belts.  

TPU is being used in power transmission and synchronous applications 

within the automotive industry for the production of conventional composite 

drive belts as the matrix-body material or in linear positioning and positive drive 

within the food processing industry. An example of a TPU based conveyor can 

be seen in Figure 0.2 and Figure 0.3. The reason is that TPU offers the 

elasticity of rubber combined with the higher toughness and durability, that of 

thermoplastics. It is also used due to its high coefficient of friction (up to 0.7), 

high chemical resistance and better abrasion and tear resistance than rubber 

and elastomers. The operational temperature range is also an advantage of 

TPU usage in drive belts which is from -40 to +93oC. 
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Commercially available single material drive belts, made totally out of 

extruded TPU only, exist in V, notched V and flat types, as well as diamond, 

square or T-profile belts which are mainly used for tracking guides for conveyor 

belts, in ceramic/tile and food industry and for low power applications in 

automotive industry. Open-end belts of virtually any length can be produced 

utilizing a thermal welding process which joins the ends of the belt together 

(PAR, 2010). 

 

Figure 0.2, TPU based composite positive drive conveyor (Habasit, 2012c) 

 

Figure 0.3, TPU based composite drive belt structure (Habasit, 2012c) 

Polyvinyl chloride (PVC) 

Polyvinyl chloride (PVC) is very common thermoplastic very important for 

the pipe industry. Nowadays belts entirely made by PVC available (Habasit, 

2012b) in many different profiles such as round, flat, V, notched V and slanted 

T-profiles, as well as crested (diamond) or V-shape. Also for low power 

transmission applications PVC based composite drive belts are available with 

PET reinforcement cord. These belts have high abrasion resistance and are 

suitable for textile, packaging, paper, ceramics and wood industries for power 

transmission, as well as in food industry since they are approved based on the 

European and American regulations. They are also made through extrusion 

(like TPUs) and their length can reach up to 200m and can be joint through 

welding (Habasit, 2012c).  



247 
 

2C – Belt reinforcing phase 

Steel cord 

Steel was the first material used as a high stiffness cord in drive belts 

(although during the first decades cotton textile was also used in leather flat 

belts). Until recently, when carbon fibres started being used in drive belts, it 

exhibited the best mechanical properties and in particular the greatest tensile 

modulus for the lowest belt elongation under load, but its weight and low 

corrosion resistance are its main disadvantages. For specific applications in the 

food industry, stainless steel cord can also be used. 

Glass-fibres  

Glass-fibres (cord) is the most commonly used material for drive belts. 

They exhibit high modulus and strength combined with low elongation and the 

best thermal and dimensional stability. They also present excellent chemical 

resistance and virtually no creep. Their composition is a combination of oxides, 

such as silica SiO2, alumina Al2O3, zirconia ZrO2, etc. There are several types 

of glass-fibres, the most widely used of are A, E, AR, C, and S type (Mortensen 

A., 2006). However, due to their high stiffness, glass fibres are resistant to 

bending and their behaviour in general is quite brittle with poor shock resistance 

(SDP/SI, 2009). 

Aramid fibres 

Aramids are high performance man-made organic polymer fibres. They 

were first produced in 1970s and the most common types are Kevlar and 

Nomex. These fibres have a general structure of aromatic rings alternating with 

amide linkage (aromatic linkage). Aramid fibres are suitable for high load 

applications due to their high modulus and strength and low elongation. In 

addition, they exhibit very good shock resistance and its very low density offers 

an outstanding strength to weight ratio (better than metals) which makes them 

preferable for lightweight applications (SDP/SI, 2009). They also have excellent 

thermal stability (decomposition starts above 400oC), but they are vulnerable to 
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visible light and moisture, which can cause degradation of their properties. 

Thus, they are always coated, or covered with other parts of composite 

structures. 

Due to their anisotropic structure, aramids exhibit high tensile strength in 

the longitudinal direction (fibre axis), but weak in the transverse direction. Also, 

when loading to breaking point, they exhibit longitudinal cracking or fibrillation, 

instead of a clean break. Inside a composite material this behaviour is still 

present, no matter whether the applied load is shear or normal, tension or 

compression (Jones R. F., 1994).   

Polyester (PET) fibres 

Polyester has a relatively low modulus, compared to glass and aramid 

fibres. Although that feature should be considered as a disadvantage in general, 

it enables belts to rotate smoothly over small diameter pulleys. In addition, 

polyester is suitable for low load – high speed applications, as well as for 

equipment which use stepping motors. Some of polyester fibre properties are 

very important in products like timing belts. Its quite low density (compared to 

glass-fibres) results in lightweight products and its elasticity provides good wear 

properties as well as the ability to absorb shock and damping vibrations.  

Carbon fibres 

Carbon fibre is the most important reinforcing material for advanced 

polymer matrix composites, because of their impressive mechanical properties. 

Carbon fibres applications are very impressive, including automotive, 

aeroplane, aerospace industry and many other fields. They have the highest 

stiffness and tensile strength compared to the current materials used in drive 

belt cords. They are used in synchronous belts suitable for automotive 

applications. They are produced by the controlled oxidation, carbonisation and 

graphitisation of carbon-rich organic precursors which are already in fibre form. 

The main precursor material is polyacrylonitrile (PAN), which gives the highest 

carbon fibre properties, as well as pitch and cellulose. By regulating the 

temperature mainly of the graphitisation process the produced fibres can have 
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either high strength, HS, (at 2600oC) or high modulus, HM, (at 3000oC), as well 

as other types in between. Once formed, carbon fibres need a surfactant 

treatment or oxidization to improve matrix bonding and chemical sizing which 

serves to protect them during handling. Other precursors through which carbon 

fibres are also produced are rayon, cellulose and pitch. Typically, their diameter 

ranges from 4 to 10 μm. 

Carbon fibres are grouped according to mechanical properties:  

 High strength (HS) carbon fibres made of PAN at 1500oC. 

 Intermediate modulus (IM) fibres, which are combined with good values 

of modulus and strength. 

 High modulus (HM) carbon fibres made of PAN at 2500oC.  

 Ultra high modulus (UHM) carbon fibres. 

These different categories of carbon fibres are a result from variation of 

the graphitisation process (Jones R. F., 1994) 

The following table presents the basic physical and mechanical properties 

of these three fibres. These values are not absolute but average, since there 

are many different types of each fibre group.  

Table 0.9, Mechanical properties of the three most commonly used cord materials 

(SDP/SI, 2009 , Jones R. F., 1994 , Black W. B, 1980) 

Fibres Young’s 

modulus 

(Gpa) 

Specific 

Young’s 

modulus (Gpa) 

Tensile 

strength 

(Gpa) 

Specific tensile 

strength (Gpa) 

Elongation at 

break (%) 

Steel 210 300 2.5-3.1 4.5 2-3 

Glass  72.5 – 87 310-390 3.5-4.9 11-14.5 2.5 – 3.5  

Aramid 131 - 3.6 – 4.1 - 2.5 

PET 14 110 1.1 9.2 14.0 

Carbon 228-724 - 1.5 – 4.8 - - 
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2D – Failure modes of power transmission belts  

The most important failure factors for drive belts are the environmental 

conditions, installation and maintenance: 

ii) Harsh environmental conditions such as humidity, dust, contamination, 

extreme temperatures or corrosion reduce belt life. Rust for example (Figure 

0.4), as a consequence of corrosion, is a common problem in drive systems 

where moisture content is high. It results in belt cracking and also premature 

tooth wear in synchronous belts, which reduces significantly belt life. Belt 

cracking can also be caused by extreme low temperature start up (Gates, 

2008a) 

 

Figure 0.4, Rusted pulley as a result of a corrosive environment 

iii) Installation factors are very often responsible for belt premature failure 

and especially in synchronous belts which have more complex design and are 

susceptible to additional failure modes than the rest drive belts. Specifically: 

 Too low or high tension has been found to be the cause of belt edge wear in 

all drive belts. Too low tension for example can cause instability in classical and 

narrow V-belts which can result in pulsation leading belts to turnover in their 

pulley grooves. High tension on the other hand causes flat, round and V-belts to 

creep, something that is not an issue for synchronous belts due to their toothed 

construction. The reason is that the performance of the first depends entirely 

upon friction and belt tension and consequently they stretch. This increasingly 

prolonged (during operation) stretch that occurs after the static tension has 
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been applied to the belt called belt creep. In synchronous belts, too low tension 

causes premature tooth wear or possible “tooth jumping” that will cause 

premature failure and loss of synchronous power transmission (Figure 0.5). 

Total tension required in a belt drive depends on the belt type, the design power 

and the drive speed. Since running tensions cannot be measured, it is 

necessary to tension a drive statically. Methods using force and deflection 

formulas, provided by design catalogues, are most often used. Once a 

calculated force is applied to the centre of a belt span (i.e. the part of the belt on 

the slack side that is not in contact with pulleys) to obtain a known deflection, 

the recommended static tension is established. When installing a new belt, the 

installation tension should be set higher, usually 1.4-1.5 times the normal static 

tension. This is necessary because drive tension reduces during the seating-in 

process. This extra initial tension does not affect bearings because it decays 

rapidly (Foszcz L. Joseph, 2001). 

 

Figure 0.5, Belt under-tension leading to toot cracking (Gates, 2008a) 

 Also, in synchronous belts, improper belt profile or pulley size (low number of 

teeth in mesh) can result in tooth shear, premature tooth wear. 

  Misalignment is another cause of premature belt failure to V and 

synchronous belts mainly, through gradual reduction of belt performance by 

increasing temperature, wear and fatigue and in particular for synchronous 

belts, by causing premature tooth wear, tooth shear. If its severity is very high, 

misalignment can destroy a belt within a few hours. There are two different 

types of misalignment, angular and parallel (Gates, 2008a). 
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Figure 0.6, Angular and parallel misalignment configuration (SKF, 2012) 

 

Figure 0.7, Angular misalignment of timing belt (Gates, 2008a) 

iv) Maintenance problems, such as late replacement of the belt or 

inadequate inspection can also lead to failure (Seyfert, 2004). For example back 

cracking failure mode results from fatigue of the belt matrix material (usually 

seen in elastomers) on the back of the belt. This produces cracks which run 

across the belt and which ultimately lead to structural failure of the belt. This 

failure mode is influenced by the position of the pulleys and the idlers within the 

belt run, with large angles of wrap on back idlers considered especially 

damaging. The belt matrix fatigue resistance is the material property that has 

the key role for this failure mode, with the strains on the backing of the belt 

throughout the belt run driving the fatigue (Dalgarno et al., 1997). 
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Studies on synchronous timing belts failure modes have been conducted 

mainly by Koyama (Koyama et al., 1979), who had identified three failure mode, 

assuming that belt installation has been properly executed: 

1. Tensile member breakage and tooth shear, which are associated with 

short life and high load tests and excessive shock loads. Tensile member failure 

starts with delamination, which is observed when the cord (helically wound) 

starts to leak out from the side of the belt. When a sufficient length of cord has 

become loose it could become trapped between the belt and the pulley, 

resulting in the belt being ripped out of the side of the belt, usually taking the 

backing of the belt with it. The root of this failure mode lies on the very few small 

fibres that leak from the side of the belt by becoming delaminated from the rest 

of the cord, suggesting that the inter-fibre adhesion strength of the cord, 

together with the cord strain, will determine this failure (Dalgarno et al., 1997). 

2. Tooth wear, which is exhibited in long life – low load tests. Wear in 

synchronous belts can lead to failure through the belt teeth wearing to such an 

extent that the tooth section is no longer able to support the levels of load 

required for belt operation. The belt matrix material is not thought to have a role 

in this failure, with the material property of most interest being the wear 

resistance of the fabric (Dalgarno et al., 1997). 

3. Tooth root cracking; an intermediate state between the two above 

extremes. It is the most common failure mode and occurs when the facing fabric 

which covers the teeth from wear, fatigues and eventually fails in the tooth root 

area of the belt. The belt matrix is then left unprotected and failure occurs 

rapidly by tooth shear (Dalgarno et al., 1997). Fabric cover damage originates 

from a failure of the layer of adhesive/ matrix which lies between the cord layer 

and the fabric/ belt teeth. This allows the fabric/ belt teeth to become completely 

detached from the cord layer leaving the belt unable to support any load. This 

failure initiates in the adhesive/ matrix layer underneath the tooth root and is 

thought to be related to the shear strain in the adhesive/ matrix layer in this 
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area. This will be determined by the strain in the cord and by the tooth 

deflection (Dalgarno et al., 1997). 

Figure 0.8 displays images of synchronous belt failure modes, as 

described in the previous paragraphs. 

 

Figure 0.8,  Synchronous belt failure modes (Gates, 2008a) 
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3A – Conventional tensile test results 

 

Figure 0.9, Stress - strain diagram of PP specimens at 10mm/min for different 

temperatures 

 

 

Figure 0.10, Stress - strain diagram of PP specimens at room temperature for different 

speeds 
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Table 0.10, Tensile tests conditions and mechanical properties results for isotropic PP 

 

 

Table 0.11, Tensile test conditions and results for isotropic TPE EM550 

 

Temperature (
o
C) speed (mm/min) Emodulus (MPa) Tensile strength (MPa) 

 

20 

 

5 666.7 28.1 

10 734.3 31.0 

20 826.7 33.9 

 

100 

 

5 64.1 8.5 

10 59.7 9.3 

20 98.0 8.7 

125 

5 37.8 5.2 

10 47.4 5.4 

20 45.2 4.7 

150 

5 24.4 1.7 

10 27.2 2.1 

20 26.4 1.5 

Temperature (
o
C) speed (mm/min) Emodulus (MPa) Tensile strength (MPa) 

 

20 

 

5 47.1 27.9 

10 63.7 28.0 

20 58.6 28.1 

 

100 

 

5 37.2 10.2 

10 26.7 15.7 

20 24.2 15.1 

 

150 

 

5 19.8 6.3 

10 25.1 10.0 

20 20.5 10.8 

180 

 

5 16.4 4.3 

10 13.9 3.8 

20 18.6 5.4 

190 

5 14.3 2.6 

10 17.4 2.9 

20 13.3 3.3 
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Figure 0.11, Stress - strain diagram of isotropic TPE specimens at 20mm/min for different 

temperatures 

 

 

Figure 0.12, Stress - strain diagram of isotropic TPE specimens at 20
o
C for different 

speeds 
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Figure 0.13, Stress - strain behaviour of isotropic PBT at room temperature 

 

Figure 0.14, Stress - strain behaviour of oriented PBT at room temperature & 20mm/min 

speed 

 

Figure 0.15, Stress - strain behaviour of isotropic PA6 at room temperature & 20mm/min 

speed 



259 
 

 

Figure 0.16, Stress - strain behaviour of isotropic POM at room temperature & 20mm/min 

speed 

 

Figure 0.17, Stress - strain behaviour of isotropic PEEK at room temperature & 20mm/min 

speed 

 

Figure 0.18, Stress - strain behaviour of oriented PEEK at room temperature & 20mm/min 

speed 
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Figure 0.19, Stress - strain behaviour of isotropic PPS at room temperature & 20mm/min 

speed 

 

 

Figure 0.20, Stress - strain behaviour of oriented PPS at room temperature & 20mm/min 

speed 



261 
 

 

Figure 0.21, Stress - strain behaviour of isotropic PPSU at room temperature & 20mm/min 

speed 

 

 

Figure 0.22, Stress - strain behaviour of oriented PPSU at room temperature & 20mm/min 

speed 
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3B – Video-extensometer tensile test results 

 

Figure 0.23, Stress- strain curve of isotropic PP 5E89 video-extensometer tensile test: 1st 

cycle 0 - 0.4mm extension 

 

Figure 0.24, Stress- strain curve of isotropic TPE EM550 video-extensometer tensile test: 

1st cycle 0- 0.4mm extension 

 

Figure 0.25, Comparative stress- strain curve of isotropic vs. oriented PBT tribit-1503 

video-extensometer tensile test: 2nd cycle - 0.4mm extension 
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Figure 0.26, Comparative stress- strain curve of isotropic vs. comparative PEEK video-

extensometer tensile test: 1st cycle 0 - 0.4mm extension 

 

 

Figure 0.27, Stress- strain curve of isotropic PA6 video-extensometer tensile test: 2nd 

cycle - 0.4mm extension 

 

 

Figure 0.28, Stress- strain curve of isotropic POM video-extensometer tensile test: 2nd 

cycle - 0.2mm extension 
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3C – Dynamic Mechanical Analysis test results 

Polypropylene, PP 5E89 

 

Figure 0.29, Overall storage modulus vs. time diagram for isotropic PP tested at different 

frequencies 

 

Figure 0.30, Overall loss modulus vs. time diagram for isotropic PP tested at different 

frequencies 

 

Figure 0.31, Overall tanδ vs. time diagram for isotropic PP tested at different frequencies 
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Figure 0.32, Overall storage modulus vs. time diagram for oriented PP tested at different 

frequencies 

 

Figure 0.33, Overall loss modulus vs. time diagram for oriented PP tested at different 

frequencies 

 

Figure 0.34, Overall tanδ vs. time diagram for oriented PP tested at different frequencies 
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Thermoplastic elastomer, TPE EM550 

 

Figure 0.35, Storage modulus vs. time diagram for isotropic TPE tested at different 

frequencies 

 

Figure 0.36, Loss modulus vs. time diagram for isotropic TPE tested at different 

frequencies 

 

Figure 0.37, Tanδ vs. time diagram for isotropic TPE tested at different frequencies 
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Figure 0.38, Storage modulus vs. time diagram for oriented TPE tested at different 

frequencies 

 

Figure 0.39, Loss modulus vs. time diagram for oriented TPE tested at different 

frequencies 

 

Figure 0.40, Tanδ vs. time diagram for oriented TPE tested at different frequencies 
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Polybutylene terephthalate, PBT tribit-1503 

 

Figure 0.41, Storage modulus vs. time diagram for isotropic PBT tested at different 

frequencies 

 

Figure 0.42, Loss modulus vs. time diagram for isotropic PBT tested at different 

frequencies 

 

Figure 0.43, TanDelta vs. time diagram for isotropic PBT tested at different frequencies 
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Figure 0.44, Storage modulus vs. time diagram for oriented PBT tested at different 

frequencies 

 

Figure 0.45, Loss modulus vs. time diagram for oriented PBT tested at different 

frequencies 

 

Figure 0.46, TanDelta vs. time diagram for oriented PBT tested at different frequencies 
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Polyphenylene sulfide, PPS Fortron 0309 

 

 
Figure 0.47, Storage modulus vs. time diagram for isotropic PPS tested at different 

frequencies 

 

Figure 0.48, Loss modulus vs. time diagram for isotropic PPS tested at different 

frequencies 

 

Figure 0.49, TanDelta vs. time diagram for isotropic PPS tested at different frequencies 
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Figure 0.50, Storage modulus vs. time diagram for oriented PPS tested at different 

frequencies 

 

Figure 0.51, Loss modulus vs. time diagram for oriented PPS tested at different 

frequencies 

 

Figure 0.52, TanDelta vs. time diagram for oriented PPS tested at different frequencies 
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Polyether ether ketone, PEEK 

 

Figure 0.53, Storage modulus vs. time diagram for isotropic PEEK tested at different 

frequencies 

 

Figure 0.54, Loss modulus vs. time diagram for isotropic PEEK tested at different 

frequencies 

 

Figure 0.55, TanDelta vs. time diagram for isotropic PEEK tested at different frequencies 
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Figure 0.56, Storage modulus vs. time diagram for oriented PEEK tested at different 

frequencies 

 

Figure 0.57, Loss modulus vs. time diagram for oriented PEEK tested at different 

frequencies 

 

Figure 0.58, TanDelta vs. time diagram for oriented PEEK tested at different frequencies 
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4A – Injection moulder specifications 

Battenfeld BA 750 / 315 CDK 

Details 

 

Manufacturer: 
Battenfeld 

Type of machine: 
BA 750 / 315 
CDK 

Year: 1994 
Control version: Unilog 2040 
Operating Hours 49589 Hrs. 
 

Technical details 

Clamping unit 
Clamping force: 750 kN 
Size of mould platens (h x v): 590 mm x 590 mm 
Distance between tie bars (h x v): 370 mm x 370 mm 
Mould opening stroke: 355 mm 
Mould height min.: 150 mm 
Mould height max.: 400 mm 
Max daylight: 755 mm 

Injection unit 
Screw diameter: 40 mm 
Ls/D ratio:   
Injection pressure: 1575 bar 
Stroke volume: 201000 mm3 

Shot weight, PS: 182.9 g 
Injection stroke:  Mm 
Screw speed: 1/min 
Plasticising rate max.: 21 g/s 
Nozzle pressure:  kN 

Electric and Hydraulic Equipment 
Installed heating capacity: 8.98 kW 
Adjustable barrel heating zones: 1+3 
Pump power: 15 kW 
Oil: 200 litres 

  Dimensions und weights 
Total machine weight: 3700 kg 
Dimensions ( L x B x H ): 4.15 x 1.50 x 1.95m 
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4B – Injection moulding die designs  

The following 5 Figures are designs of sections of the die used in the 

injection moulding process for preform manufacture. 

 

 

Figure 0.59, Bore of the injection moulding die 

 

Figure 0.60, Back part of the injection moulding die 
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Figure 0.61, Section of the injection moulding die 

 

Figure 0.62, Front part of the injection moulding die 

 

Figure 0.63, Section of the injection moulding die 
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4C – PBT data sheet (material specifications) 

Table 0.12, PBT TRIBIT-1503 High Flow data sheet (MatWeb) 

Physical Properties Metric English Comments 

Specific Gravity 1.30 g/cm^3 1.30 g/cm^3 ASTM D792 

Water Absorption 0.10%, at Time 24.0 hour 0.10%, at Time 24.0 hour ASTM D570 

Linear Mold Shrinkage 
0.0140 - 0.0220 cm/cm 

At Thickness 3.00 mm 

0.0140 - 0.0220 in/in 

At Thickness 0.118 in 
ASTM D955 

Melt Flow 

16 g/10 min, at Load 2.16 

kg, 

Temp/ture 235 °C 

16 g/10 min, at Load 4.76 

lb, 

Temperature 455 °F 

ASTM D1238 

Mechanical Properties Metric English Comments 

Hardness, Rockwell R 118 118 ASTM D785 

Tensile Strength, Yield 54.9 MPa 7970 psi ASTM D638 

Elongation at Break <= 100 % <= 100 % ASTM D638 

Flexural Modulus 2.26 GPa 327 ksi ASTM D790 

Flexural Yield Strength 80.4 MPa 11700 psi ASTM D790 

Izod Impact, Unnotched 
0.686 J/cm 

At Thickness 3.17 mm 

1.29 ft-lb/in 

At Thickness 0.125 in 
ASTM D256 

Electrical Properties Metric English Comments 

Volume Resistivity 1.0e+16 ohm-cm 1.0e+16 ohm-cm ASTM D257 

Dielectric Constant 3.2, at Freq/cy 1.0e+6 Hz 3.2, at Freq/cy 1.0e+6 Hz ASTM D150 

Dielectric Strength 17.0 kV/mm 432 kV/in ASTM D149 

Dissipation Factor 0.02, at Freq/cy 1.0e+6 Hz 0.02, at Freq/cy 1.0e+6 Hz ASTM D150 

Arc Resistance 180 sec 180 sec ASTM D495 

Thermal Properties Metric English Comments 

CTE, linear 90.0 µm/m-°C 50.0 µin/in-°F ASTM D696 

Melting Point 226 °C 439 °F 
 

Deflection Temperature 

at 0.46 MPa (66 psi) 
165 °C 329 °F ASTM D648 

Deflection Temperature 

at 1.8 MPa (264 psi) 
160 °C 320 °F ASTM D648 

Flammability, UL94 HB, at Thickness 1.59 mm HB, at Thickness 0.0625 in 
 

Processing Properties Metric English Comments 

Rear Barrel Temp/ture 230 - 240 °C 446 - 464 °F 
 

Middle Barrel Temp/ture 220 - 240 °C 428 - 464 °F 
 

Front Barrel Temp/ture 200 - 220 °C 392 - 428 °F 
 

Nozzle Temp/ture 230 - 240 °C 446 - 464 °F 
 

Melt Temperature 245 °C 473 °F 
 

Drying Temp/ture 110 - 130 °C 230 - 266 °F 
 

Dry Time 4 - 6 hour 4 - 6 hour 
 

Moisture Content 0.0100 - 0.0150 % 0.0100 - 0.0150 % 
 

Screw Speed 40.0 - 60.0 rpm 40.0 - 60.0 rpm 
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4D – Dimensions of machined injection moulded belt preforms 

Table 0.13, Dimension list of machined belt preforms 

Properties 

 

Belt 

Inner 

diameter 

(mm) 

Outer 

diameter 

(mm) 

Thicknes

s (mm) 

Circumfe-

rence (mm) 

Width 

(mm) 

T1 85.04 93.10 4.03 279.8 22.25 

T2 85.00 93.10 4.05 279.8 21.47 

T3 85.00 93.10 4.05 279.8 22.25 

T4 85.10 93.10 4.00 279.9 22.32 

T5 85.15 93.15 4.00 280.0 19.90 

T6 85.02 93.10 4.04 279.8 22.25 

T7 84.80 92.82 4.01 279.0 23.32 

T8 84.75 93.05 4.15 279.3 23.20 

T9 84.60 93.04 4.22 279.0 23.00 

T10 84.80 93.09 4.15 279.4 23.00 

T11 84.70 92.93 4.12 279.0 23.35 

T12 84.50 93.00 4.25 278.8 23.00 

T13 84.90 93.10 4.10 279.6 23.05 

th1 87.40 93.00 2.80 283.4 23.00 

th2 87.50 93.00 2.75 283.5 23.02 

th3 87.35 92.92 2.83 283.2 23.03 

th4 87.27 92.95 2.84 283.3 23.05 

th5 87.50 93.00 2.75 283.5 23.00 

th6 87.30 92.96 2.83 283.2 23.03 

 Thickness = (Outer diameter – Inner diameter)/ 2        (4.4) 

 Circumference = π x (Outer diameter + Inner diameter)/ 2      (4.5) 

 Width, outer and inner diameter were measured with a Vernier calliper, 

having ± 0.02mm accuracy. 
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5A – Axial compensated load-cell F256 

 

Standard Ranges 20, 40, 80, 125, 250 and 500kg 1, 2, 4 and 6tonne (0.2 to 

60kN) 

 

 High accuracy   

 Misalignment error compensation 

 Highly adaptable inert end fixings 

 Standard 2 year warranty 

 Output rationalised to 2mV/V  

Geometry: Beam and diaphragm combination. Tension, compression and bi-

directional options are available. All standard bi-directional loadcells are calibrated in 

both modes. The loadcell's unique strain system compensates for typical force 

misalignment in force measurement rigs and industrial weighing systems. Maximum 

error in axial force component measurement is limited to 0.25% within a 3° angle swept 

through 360° around the loadcell axis. Its various end-fixing options are all inert and 

easily modified for direct inclusion in mechanical assemblies. The basic versions of the 

F256 are all sealed to IP65. IP67 is available as an option. Integral 4 to 20mA or ±10V 

output amplifiers can be fitted as an option. Additional information can be found in 

Engineering Application Sheet E032 and the ICA6H data-sheet. We are happy to 

design variants of this loadcell to meet your specific requirements. Versions can be 

manufactured for fully compensated operation up to +250°C. Please consult our 

engineering department. Details of our other loadcell families can be found in the 

Loadcell Specifier Guide. If you require a copy please contact our sales department or 

look on our web site at www.novatechloadcells.co.uk. 
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Ordering 

Codes: 

See the loadcell ordering code sheet for more details. Add range in 

the required units. 

F256CFR0KN 
Compression, flat base, 

IP65 
F256DFR0KN 

Compression, stud 

base, IP65 

F256LFR0KN 
Compression, convex 

base, IP65 
F256UFR0KN 

Bi-directional, stud 

base, IP65 

F256TFROKN 
Tension, stud base, 

IP65 
F256EFR0KN 

Tension, eye base, 

IP65 

All F256s are rationalised as standard. Change R to an S for IP67. Integral amplifiers are 

available with all options. 

F256 Specification 

Parameter       Value     Unit 
Non-linearity – Terminal     ±0.05     % RL 
Hysteresis       ±0.05     % RL 
Creep - 20 minutes      ±0.05     % AL 
Repeatability       ±0.02     % RL 
Rated output - Rationalised        2.0     mV/V 
Rationalisation tolerance      ±0.1     % RL 
(applies to single direction calibrations) 
Output symmetry       ±0.3     % AO 
Zero load output      ±4     % 
RL 
Temperature effect on rated output per ºC    ±0.002    % AL 
Temperature effect on zero load output per ºC  ±0.005    % 
RL 
Temperature range – Compensated    -10 to +50    ºC 
Temperature range – Safe     -10 to +80    ºC 
Excitation voltage - Recommended      10       V 
Excitation voltage - Maximum      20       V 
Bridge resistance        700       W 
Insulation resistance - Minimum at 50Vdc     500       MW 
Inclined load error - concentric at 3°    ±0.25     % RL 
Overload – Safe       50     % RL 
Overload - Ultimate        100     % RL 
Sealing - R option   IP65    -S option    IP67 
Weight - Nominal (T version excluding cable)  20-80kg 0.1 125-500kg 0.3 1-6tonne 1.0 
kg 

Ranges up to 80kg are manufactured in aluminium; all other ranges are manufactured 

in stainless steel. 
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Structural stiffness - Nominal 

Range 
(N) 

Stiffness 
(N/m) 

Range 
(kN) 

Stiffness 
(N/m) 

Range 
(kN) 

Stiffness 
(N/m) 

200 7.8 x 106 2.5 3.9 x 107 40 4.0 x 108 

400 2.3 x 107 5 7.8 x 107 60 6.0 x 108 

800 1.2 x 107 10 1.0 x 108 - - 

1250 1.9 x 107 20 2.0 x 108 - - 

Notes 

1. AL = Applied load.   3. Temperature coefficients apply over the compensated 

range. 

2. RL = Rated load.    4. AO = Average of tension and compression outputs for full 

load. 

Connections 

For ranges up to 500kg the loadcell is fitted with 2 metres of PVC insulated 4 core 

screened cable type 7-2-4C. Ranges above 500kg are fitted with 16-2-4C cable. 

Excitation + = Red,   Excitation - = Blue,   Signal + = Yellow,  Signal - = Green,  Screen = 

Orange 

Reverse the signal connections to obtain a positive signal in tension mode. The screen 

is not connected to the loadcell body. 

Loadcell size Ø ‘A’ ‘B’ ‘C’ Thread ‘D’ ‘E’ ‘F’ Ø ‘G’ ‘H’ ‘I’ 

Size 1 20-500kg 44 32 25 M12x 1.75 26.5 12 12 12 20 

Size 2 1-6 tonne 66 45 35 M24 x 2 51.5 24 24 24 40 

 

NOVATECH MEASUREMENTS LTD 

83 CASTLEHAM ROAD, ST LEONARDS ON SEA, EAST SUSSEX, TN38 9NT, ENGLAND 
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6A – Speed-load-extension profile for oriented PBT timing belts 

Table 0.14, Oriented polymer toothed belt manufacturing settings 

Speed (mm/min) Load (kN) Extension (mm) Apparatus 

10 0 – 0.5 0 - 8 

Motor: ON 

Oven: ON 

Tensile machine: 

ON 

20 0.5 -1.0 8 -16 

30  1.0 - 1.45 16-45 

50 1.35 - 1.4 45-70 

75 1.4 - 1.45 75 -100 

100 1.45 -1.65 100-220 

Variable 

Load was held steady 

at ≈ 1.55 until final 

extension was 

achieved 

220– final extension 

equal to 225 – 235 

Oven door was 

open for 5 minutes 

of cooling  

Load was held steady 

Final extension:  

225 – 235, belt was 

rotating at steady 

position 

Motor: ON,  

Oven: OFF 

Tensile machine: 

OFF 
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6B – Elastic and plastic data selection for FEA model 

So the true plastic deformation data are calculated through the way 

presented at Table 0.15 

Table 0.15, PBT true plastic deformation data for FEA model 

PLASTIC 

Strain, e 

(mm/mm) 

True strain, 

εt (mm/mm) 

Plastic true strain, 

 εP (mm/mm) 

Nominal 

stress, 

 s (MPa) 

True 

stress,  

σt (MPa) 

Strain rate 

(%/sec) 

e1 ε1 
εP1= ε1–(σ1/Ε)= ε1– 

(σ1∙ε1)/σ1=ε1 – ε1 = 0 s1 σ1    

e2 ε2 εP2 = ε2 – (σ2/Ε) s2 σ2 ∙//∙ 

. . . . . ∙//∙ 

. . . . . ∙//∙ 

. . . . . ∙//∙ 

. . . . . ∙//∙ 

en εn εPn= εn – (σn/Ε) sn σν ∙//∙ 

The exact mechanical properties used in the model are presented in Table 

0.16 where as it can be seen, the material was assumed to be incompressible 

and thus it was given a Poisson’s ratio value of 0.49.  

Table 0.16, PBT elastic and plastic data for FEA model 

ELASTIC 

Modulus of elasticity, E (MPa) Poisson’s ratio, v 

224 0.49 

PLASTIC 

Strain, e 

(mm/mm) 

True strain, 

ετ (mm/mm) 

Plastic true strain, 

εP (mm/mm) 

Nominal stress, 

s (MPa) 

True stress, 

 σt MPa) 

0.038 0.037 0 8.033 8.338 

0.097 0.093 0.035 11.880 13.034 

0.255 0.227 0.160 11.952 15.0 

0.864 0.623 0.521 12.144 22.638 

1.766 1.017 0.850 13.557 37.50 

 3.693 2.80  200.0 

 6.368 4.750  362.5 

 


	cover_sheet_thesis
	University of Bradford eThesis

	D. Vgenopoulos PhD Thesis 2012_UB 07020883

