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1 Introduction 

1.1 Companies 

This Master’s thesis was carried out in the LBN Ricerca laboratory, which is a company associated with AGLA 

Power Transmission. The specimens of elastomers used for the laboratory tests are produced by Bottino 

Girardi. 

LBN Ricerca is a multi-disciplinary research group dedicated to the study of correlations between production 

processes and advanced materials through the integration of laboratory tests with finite element analysis and 

experiments on pilot plants or specific test benches. L.B.N. RICERCA S.r.l. was established in July 2002 with 

the purchase of a pre-existing research laboratory founded in 1994 in Avigliana (TO). Today the laboratory is 

a point of reference for any problem concerning the introduction of new materials and the definition of 

innovative production processes in the following branches of activity:  

• production systems for plastic deformation of metallic materials; 

• development of special production machines and systems; 

• industrial automation; 

• testing, inspections and trials. 

A peculiarity of the LBN Ricerca laboratory is the presence of specific test benches for tests accredited by the 

main players in the international automotive market (VOLKSWAGEN-AUDI, PSA GROUP, FCA, 

MASERATI). [1] 

AGLA Power Transmission was founded in 1962. The company is specialized in sheet metal stamping and 

component assembly. Today AGLA is a global leader in cold plastic deformation of steel, expertise that 

translates into innovative technological solutions dedicated to components for engines and automatic 

transmissions. AGLA is known throughout the world for its torsional vibration dampers and pulleys, bestsellers 

in a range that includes components for automatic transmissions, flexplates and other stamped components. 

[2] 

Fondazione Bottino Girardi & C was founded in 1957 in Turin. The production, initially focused on motorcycle 

components, extended to automotive components, metal and rubber components, rubber bushings as vibration 

isolators, filter gaskets and spare parts for Piaggio and Fiat. The headquarters moved to Moncalieri (TO). 

Today Bottino Girardi boasts a large-scale production of gaskets, o-rings for the automotive sector, shock 

absorbers and torsional vibration dampers, filters, soundproof bumpers, and a series of rubber components for 

windshields, handlebars and eyelets. The company also provides solutions with high-quality materials for 

commercial vehicles and large cars, such as tractors and commercial vehicles; standardized or highly 

customized solutions based on customer requests or drawings. The products made of NBR, HNBR, NR, SBR, 

EACM, EPDM, VMQ, FVMQ, EAM, FKM are part of a process that starts from a well-defined preventive 

analysis of the customer's need or design, up to an accurate design analysis according to highly technological 

standards, ending with a whole series of proposals to submit to the customer. [3] 

 

1.2 Aim of the thesis 

The aim of this Master’s thesis is to investigate how the mechanical properties of elastomers change depending 

on the position of the specimen inside the die and inside the oven. Indeed, to produce the elastomers, the 

elastomeric compound is vulcanised inside a die and subsequently post-cured inside an oven. As the 

temperature inside the oven is not homogeneous, the mechanical properties, such as hardness, tensile stress 

and strain at break and tear strength at break, can be affected by the position of the elastomer inside the oven. 

Moreover, the post-curing effect is analysed by comparing the mechanical properties of the elastomers before 

and after entering the oven.  

To measure the mechanical properties of the elastomers, different tests are carried out in laboratory following 

the corresponding norms: hardness Shore test, tensile test and tear test. After collecting the data, they are 

analysed using statistics tools. 
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The elastomers analysed in this thesis will be used by AGLA Power Transmission to produce advanced tyres 

for motorcycle sector, in particular for enduro races, without an inner tube, with an anti-puncture system and 

able to guarantee a long life with a view to the circular economy. 
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2 Tyres in the motorcycle sector 

2.1 Inner tube tyre 

There are different types of tyres. The simplest type is the inner tube tyre, which can be seen in Figure 2.1.1. 

It is composed mainly by two parts: the carcass, which is the external part and stays in contact with the ground, 

and the inner tube, which is the internal part and contains pressurized air. The air pressure is variable depending 

on the scenario and on the type of vehicle. This type of tyre is very good at staying inflated even with cracked 

or mildly bent rims and it is the cheapest solution. On the other hand, it suffers from punctures and if there is 

the necessity to be repaired, it is needed to remove the carcass in order to gain access to the inner tube. 

 

 
Figure 2.1.1: Inner tube tyre 

 

The inner tube is made of butyl rubber, also known as Isobutylene-isoprene (IIR), which is a synthetic rubber, 

a copolymer of isobutylene with isoprene. Butyl rubber is produced by polymerization of about 98% of 

isobutylene with about 2% of isoprene. Structurally, polyisobutylene resembles polypropylene, but has two 

methyl groups substituted on every other carbon atom, rather than one. Polyisobutylene is a colorless to light 

yellow viscoelastic material. It is generally odorless and tasteless, though it may exhibit a slight characteristic 

odor. Butyl has outstanding resistance to attack by oxygen and ozone, and good chemical resistance to a large 

number of organic and inorganic media. Butyl rubber is the only known elastomer that is impervious to 

gases. It is flexible, with good room temperature damping characteristics. Figure 2.1.2 shows the atomic 

structure of this polymer. [4] 

 
Figure 2.1.2: Atomic structure of butyl rubber 
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2.2 Tubeless tyre 

Another type of tyre which is more popular nowadays is the tubeless tyre. This type of tyre, which is showed 

in Figure 2.2.1, does not need the inner tube because it has continuous ribs moulded integrally into the bead of 

the tyre that are forced by air pressure into a flange on the metal rim of the wheel, sealing the tyre to the rim. 

Traditional designs of pneumatic tyres required a separate inner tube which could fail for a number of reasons, 

such as incorrect tyre fit, friction between the tyre wall and inner tube generating excess heat, or a puncture. 

Tubeless tyre technology does away with the need for an inner tube thereby increasing safety. In a tubeless 

tyre, the tyre and the rim of the wheel form an airtight seal, with the valve being directly mounted on the rim. 

If a tubeless tyre gets a small puncture, air escapes only through the hole, leading to a gentle deflation. 

Conversely, a tubed tyre, with an inner tube, could burst like a balloon, leading to deflation of the tyre which 

could result in sudden loss of control of the vehicle. Tubeless tyres provide several advantages, such as 

remaining operational at lower air pressure. Due to their high width, tubeless tyres are less likely to get 

punctured than regular tube tyres. Air leakage is also reduced as the rubber in the tyre keeps the air trapped for 

longer, giving an extra time to drive safely and pull over. In addition, mending a tubeless tyre is easier than a 

traditional one: a simple liquid sealant poured over the puncture is often enough to patch it. Furthermore, the 

higher air pressure inside a tubeless tyre provides more stability and comfort while driving. Lastly, the lack of 

a tube also boosts fuel efficiency due to reduced tyre friction. 

 

 
Figure 2.2.1: Tubeless tyre 

 

Tyre sealant is made of glycol or latex. Glycol, which is showed in Figure 2.2.2, is a water based substance 

made of ethylene or propylene, while latex is a non-water based substance. Latex has a limited life span and 

dries in the tyre after about 15,000 km, it adheres to the tyre and the rim and it’s often impossible to remove. 

Propylene glycol has an indefinite shelf life and can be reused. It is easily washed out with water. [5] 

 
Figure 2.2.2: Atomic structure of glycol 
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2.3 Non-pneumatic tyre 

An innovative type of tyre is the non-pneumatic tyre (NPT), also known as an airless tyre, which represents a 

cutting-edge technology designed to replace traditional pneumatic tyres. Pneumatic tyres suffer from common 

drawbacks, with the most critical being the risk of getting flattened or damaged during use. If a flat occurs 

while driving, it can hinder the vehicle from reaching its destination safely, potentially causing catastrophic 

damage and endangering the lives and property of passengers. Although many vehicles are equipped with a 

spare tyre as a precaution, there is still a risk involved in replacing it during critical situations. Moreover, 

traditional tyre solutions such as run flat systems and temporary repair methods often fall short in heavy-duty 

usage scenarios. Therefore, NPTs have attracted significant interest from various tyre manufacturers, offering 

a promising solution for demanding applications. 

The core concept behind NPTs is to substitute the air in a pneumatic tyre with a polymeric spoke structure, 

usually constructed from poly urethane (PU). NPTs typically consist of three key components:  

1) an elastomeric shear band; 

2) a polymeric spoke structure; 

3) a steel hub. 

The shear band resembles a solid tyre composed of rubber and layers of steel belts/cables. These layers confine 

the elastomer from expanding in the circumferential direction, causing the rubber to deform mainly in shear: 

thus the term “shear band”. Its primary function is to support the load of the vehicle by mimicking the inflation 

pressure in a pneumatic tyre. The spokes play a crucial role in transferring the load of the vehicle from the 

steel hub to the shear band. Additionally, the spoke structure determines the deformation and load distribution 

characteristics of the NPT. It is important to design the spoke structure meticulously because it significantly 

influences the performance and behaviour of NPTs. [6] 

The companies who have worked in making airless tyres are: Michelin, Uniroyal, Yokohama, Bridgestone, 

Britek, Toyo, Hankook, Polaris, Amerityre, Boeing, Resilient Technologies. These tyres cannot be used for 

high speeds. The Uptis (Unique Puncture-Proof Tyre System) technology developed by Michelin (Figure 

2.3.1) is an example of the utilization of airless tyre for automobiles. 

 
Figure 2.3.1: Michelin Uptis 

 

Michelin has launched its Tweel family of products (Figure 2.3.2) that has non-pneumatic tyres that can be 

used in light weight construction equipment. They can be used in a broad range of surfaces. The unique design 

will give better stability and reduces the fatigue to driver due to bounce back effects and these tyres lasts 2–3 

rimes longer than conventional pneumatic tyres. 
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Figure 2.3.2: Michelin X Tweel 

 

Michelin is now working towards producing 3D printed airless tyre using completely biodegradable material 

(Figure 2.3.3) and bi-inspired design. Also, it has onboard sensors to collect real time tyre data. 

 

 
Figure 2.3.3: Michelin 3D Printed Concept tyre 

 

Synthetic bio rubbers are made from ethanol which is derived from the sugar that is extracted from molasses. 

Goodyear 3D printed eco-friendly airless tyres (Figure 2.3.4) from recycled powder rubber from old tyres 

using selective laser sintering technique. Goodyear unveiled its latest concept tyre that has living moss that 

grows in the side walls, and it grows by doing photosynthesis and thus it takes carbon dioxide as intake and it 

exhales oxy gen. If this concept is used in all the vehicles in a city like Paris, 4000 tons of CO2 will be converted 

into 3000 tons of oxygen. 
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Figure 2.3.4: Goodyear 3D Printed Concept tyre 

 

BigRep, a 3D printer manufacturer based in Germany has 3D printed airless tyres for bicycles Figure 2.3.5. 

This tyre prototype utilizes BigRep’s Pro FLEX filament which has high durability and temperature resistance. 

These tyres have bio-inspired honeycomb structures, that reduces the weight by 40% when compared to 

conventional rubber tyres. This weight reduction is a significant advantage to the fuel economy of any vehicle. 

Also, the extreme durability of airless tyres will bring smile in the face of the user due to big cost savings. 

 

 
Figure 2.3.5: Bigrep 3D printed Bicycle tyre 
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Polaris, the largest ATV manufacturer has used airless tyres in its military grade ATV as shown in Figure 2.3.6 

and demonstrated the awesome capacity of the airless tyres. They keep on running 8000 km distance even after 

taking bursts from AK47 and it travelled 1800 km after inserting a railroad spike. Hence Polaris decided to 

focus on airless tyres for military applications. 

 

 
Figure 2.3.6: Airless tyres in Polaris Military grade ATV 

 

The UK tyre manufacturer Kumho Tyres won IDEA award, 2017 for its concept tyre called BON (Born on 

nature) with its bio-inspired design (Figure 2.3.7). The manufacturer has won the Platinum A’Design award 

2015 for its Maxpolo tyre (Figure 2.3.8a) that has treads to self-adjust for all weather conditions from wet to 

snow. It has both 3D grooves and circumferential grooves which pumps the water from the contact patch. In 

slippery roads spikes will be unveiled to decrease the dangers faced due to ice and snow. The same 

manufacturer collaborated with Ssang Yong Motor Company and surprised the IAA Motorshow 2015 with a 

tyre model called Smasher (Figure 2.3.8b). The tyre has optimal designs meant to be used in all extreme 

weather conditions. It has suction plates which helps the vehicle to ascend and descend steep slopes. It also 

has tread blocks in the shape of grinder, which crushes the uneven areas of the terrain and helps the vehicle to 

drive through very tough terrains. 

 

 
Figure 2.3.7: BON 

 

 
Figure 2.3.8: (a) Maxpolo, (b) Smasher 
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Kenda Rubber Industrial Co., Ltd has launched an airless tyre (Airless tyre 3003) for the Asian market for 

lawn mowers. It has spokes that are flexible, and they will absorb all the impact loads and the design pattern 

used gives better durability and stability (Figure 2.3.9). 

 

 
Figure 2.3.9: Airless tyres by Kenda Rubber Industrial Co., Ltd 

 

Autovector has sustainable transportation as its mission statement and it launched “Absolut Airless”. It has 

spokes made of elastomers in the longitudinal direction, acting as beams between the rigid spoke in outer loop 

and the rim spokes in the inner loop as shown in Figure 2.3.10. This design will always make the beams to be 

in tension unlike the tension-compression cyclic load, which gives increased cushioning. 

 

 
Figure 2.3.10: Absolut Airless 

 

NEXEN Tyre South Korea has introduced a bio-inspired airless tyre called Dandelion that was designed like 

a flower. It has 72 pins that are cantered from a spherical nucleus as shown in Figure 2.3.11. Each pin moves 

independently vertically upwards and downwards based on the road condition, this arrangement allows the 

tyre to be used in any rough terrain. This design has won the 2019 Reddot award. 
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Figure 2.3.11: Dandelion 

 

Bretek has launched a separate segment of Energy Return Wheels (ERW) which transforms the elastic potential 

energy that was stored in the wheel into useful forward momentum. It has a series of carbon fibre reinforced 

rods that has stretched rubber: this rod can be adjusted to vary the cushioning levels based on the terrain (Figure 

2.3.12). [7] 

 

 
Figure 2.3.12: ERW 

 

The vertical mechanical performance of non-pneumatic tyres is related to their load capacity. Most non-

pneumatic tyres adopt the top load-bearing mechanism, and each component participates in load bearing with 

uniform stress. However, rigid non-pneumatic tyres, such as honeycomb tyres, continue to use the bottom load 

bearing mode and rely on the grounding area. Compared with ordinary pneumatic tyres, the vertical stiffness 

of non-pneumatic tyres is greater and negatively related to the load. Theoretically, due to the special support 

structure of non-pneumatic tyres, their load-carrying capacity is greater than that of pneumatic tyres. The 

shape, thickness, and density of the spokes of the support structure significantly affect the vertical stiffness of 

non-pneumatic tyres. Proper vertical stiffness can not only ensure the comfort of drivers and passengers but 

also reduce the damage caused by road turbulence. In contrast to the close coupling between the vertical 

stiffness and inflation pressure of traditional pneumatic tyres, the vertical stiffness of non-pneumatic tyres is 

easier to adjust. This aids researchers in implementing optimisation according to different road conditions and 

user experience. 

The study of the longitudinal mechanical properties of tyres is vital for analysing envelope characteristics, 

transient response, and rolling resistance. Rolling resistance is the most critical factor that increases vehicle 

fuel consumption and tyre temperature. The rolling resistance of non-pneumatic tyres is calculated using the 

total viscoelastic energy loss per unit rolling distance at maximum stable speed. Non-pneumatic tyres are found 

to exhibit excellent rolling resistance under general medium and low loads. Similar to traditional pneumatic 
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tyres, the rolling resistance of non-pneumatic tyres is a result of the interaction of various components. 

However, owing to the flexible structural design and wide material selection, more means are available for 

optimising the rolling resistance of non-pneumatic tyres. Researchers have found that the structural parameters 

of the support and shear layer can significantly affect the rolling resistance of non-pneumatic tyres. The 

increase in rolling resistance is an important indicator of performance optimisation. 

The lateral mechanical characteristics of tyres are the most important characteristics that determine the 

handling stability of a vehicle. Because the support of non-pneumatic tyres is mainly arranged laterally in a 

circumferential manner, their lateral deformation under lateral loads is negligible. Therefore, non-pneumatic 

tyres typically have greater lateral stiffness than pneumatic tyres. 

Improving the distribution of ground pressure such that it is uniform and reasonable directly affects the 

performance of non-pneumatic tyres. The ground pressure and vertical stiffness of pneumatic tyres are directly 

and closely coupled with air pressure. In contrast, the ground pressure of non-pneumatic tyres is primarily 

related to the tread profile size and shear zone parameters. Thus, the ground pressure and vertical stiffness of 

a relatively independent non-pneumatic tyre may be high or low. However, the grounding and air pressure of 

traditional pneumatic tyres are significantly coupled. Generally, optimising the grounding pressure of non-

pneumatic tyres during design is easier. The grounding characteristics of different non-pneumatic tyres vary; 

however, their overall performance is satisfactory. The deformation of the Tweel tyre in the grounding area is 

larger than that of the pneumatic tyre of the same specification, forming a special structure of “contact piece” 

at the grounding point. This feature is conducive to reducing the grounding pressure and energy loss of the 

Tweel tyre during rolling. Under medium and low loads, the grounding pressure of honeycomb tyres was 

slightly higher than that of pneumatic tyres; however, with an increase in load, the grounding pressure of the 

honeycomb tyres was smaller. The contact mark of the mechanical elastic wheel was approximately 

rectangular. Under heavy loads, the mechanical elastic wheel does not have a stress concentration on the tyre 

shoulder. Compared with pneumatic tyres with the same specifications, the ground pressure distribution of 

mechanically elastic wheels was more uniform. 

The vibration characteristics of non-pneumatic tyres are essential factors and must be investigated to improve 

tyre quality and design. At high speeds, the spokes of the non-pneumatic tyres enter the grounding area and 

produce bending deformation. When the spokes leave the grounding area, they quickly return from bent state 

to tensioned state. During the process of entering and leaving the grounding area, the spokes generate self-

excited vibrations owing to deformation, causing overall tyre vibration and noise. Current research indicates 

that the vibration of the support is an important factor affecting the mechanical properties of non-pneumatic 

tyres. Researchers have analysed the vibration and noise mechanisms generated by non-pneumatic tyres. When 

non-pneumatic tyres run at high speeds, the deformation of the support structure causes self-excitation, causing 

vibration and noise throughout the tyre. This defect directly affects the stability and riding comfort of the 

vehicle as well as limits the use of non-pneumatic tyres. Researchers have also proposed a scheme to reduce 

vibration and noise by increasing the thickness and curvature of supporting spokes. However, no accurate data 

indicate whether the vibration characteristics of optimised non pneumatic tyres are comparable to those of 

pneumatic tyres. In summary, the vibration characteristics of non-pneumatic tyres considerably differ from 

those of traditional pneumatic tyres. To improve these characteristics, several aspects must be optimised. 

Reliability and durability are essential indices of non-pneumatic tyres and are directly related to the safe 

operation of vehicles. The primary failure mode of non-pneumatic tyres is fatigue failure caused by alternating 

stresses. In the rolling process of non-pneumatic tyres, the flexible spokes bear an enormous alternating stress 

of extrusion and tension and a single alternating stress for a long time, resulting in the fatigue failure of flexible 

spokes. Research on the fatigue characteristics of non-pneumatic tyres is important for achieving the goals in 

the design stage, optimising the configuration in the improvement stage, and avoiding potential safety hazards. 

Under the action of alternating stress over an extended time, the fatigue performance of the support structure 

is unsatisfactory. At high speeds, the deformation of the support easily generates significant heat, further 

affecting the fatigue performance of non-pneumatic tyres and even leading to the failure of the support 

structure as conformed by experimental results.  The driving mileage of traditional pneumatic tyres is 

approximately 50,000 km and that of non-pneumatic tyres of the same specification is less than half of this 

distance. Presently, the main problem restricting the use of non-pneumatic tyres in general passenger vehicles 

is their poor fatigue durability. This concern must also be resolved by researchers. The fatigue durability of 

the different non-pneumatic tyres is compared in Figure 2.3.13. 
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Figure 2.3.13: Comparison of  tyre fatigue durability 

 

Although non-pneumatic tyres possess several excellent properties and have considerable potential in the civil, 

military, and aerospace fields, they are still in the exploratory stage. To date, the application range of non-

pneumatic tyres is limited. Because the support structure of non-pneumatic tyres is exposed, foreign matter 

can easily enter and cause damage. Moreover, when the vehicle passes areas, such as muddy and snow-covered 

sections, soil or snow can accumulate in the gaps of the structure and affect tyre performance. The difference 

in durability between non pneumatic and traditional pneumatic tyres is considerable. Accordingly, non-

pneumatic tyres must be further optimised considering multiple perspectives. The aspects that must be 

improved to promote the application non-pneumatic tyres to vehicles and realise industrialisation are as 

follows: 

1) improve structural design, and optimise tyre performance; 

2) develop high-performance composites; 

3) simplify the assembly process, and reduce the production cost; 

4) develop an appropriate moulding technology for non-pneumatic tyres; 

5) combine non-pneumatic tyre technology and frontier technologies. [8] 

 

2.4 Tyre mousse 

In off-road race vehicles, such as enduro motorcycles, where punctures are a great issue, air is replaced by tyre 

mousse. Tyre mousse is a component in certain types of off-road run-flat tyres, designed to allow them to 

maintain functionality despite a puncture. It is a ring of flexible foam that is placed inside a tyre before it is 

fitted on the rim. The original run-flat mousse, called Bib-Mousse, was developed in 1984 by Michelin, for 

use on motorbikes in enduro, rally-raid and motocross events. Bib-Mousse, which can be seen in Figure 2.4.1, 

is a tyre mousse made by French tyre manufacturer Michelin. The Bib-Mousse was named after Michelin's 

well-known mascot, Bibendum. It is a ring of butyl honeycomb foam with its cells filled with nitrogen. It has 

a smooth-moulded outer skin that is designed to slip into specific size off-road motorcycle tyres. [9] 
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Figure 2.4.1: Michelin Bib-Mousse 

 

2.5 Company proposal 

AGLA Power Transmission is investigating a new type of tyre for enduro motorcycle sector. The main problem 

of mousse is that it degrades quickly, so it lasts only one race and then it has to be changed: this leads to higher 

costs and environmental impacts. The idea is to create a non-pneumatic tyre suitable for enduro races. In this 

way, the internal structure does not need to be changed at every race. 
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3 Mechanical characterisation 
To study the elastomeric compounds in the LBN Ricerca laboratory, different tests are carried out: hardness 

Shore test, tensile test and tear test. The procedures to carry out these tests are described respectively in norms 

ISO 48-4, DIN 53504 and ISO 34. These norms give details about the dimensions of the specimens and the 

functioning of the measure instruments used in laboratory. 

 

3.1 Hardness Shore test 

During the hardness test, a durometer with an indentor penetrates a surface of the specimen and the hardness 

of the material is measured depending on the protrusion depth. There are several types of hardness tests. In 

this thesis, Shore method is used.  

Norm ISO 48-4 specifies a method for determining the indentation hardness (Shore hardness) of vulcanised or 

thermoplastic rubber using durometers with the following scales: 

• the A scale for rubbers in the normal-hardness range; 

• the D scale for rubbers in the high-hardness range; 

• the AO scale for rubbers in the low-hardness range and for cellular rubbers;  

• the AM scale for thin rubber test pieces in the normal-hardness range. 

The rubbers analysed in this thesis belong to A scale. 

An indentor of specified dimensions is pressed into a test piece under a specified load and the depth of 

indentation is measured. This indentation is converted to a hardness value by means of a specified relation. 

When using durometers, the scale should be chosen as follows:  

• for values less than 20 with a type D durometer: type A;  

• for values less than 20 with a type A durometer: type AO;  

• for values over 90 with a type A durometer: type D;  

• for thin test pieces (less than 6 mm thick): type AM. 

As described by this norm, the durometers for the different scales have slightly different dimensions and 

shapes. The following description is about type A durometer because it is the one used in this thesis. 

The pressure foot shall have a diameter of 18 mm ± 0,5 mm and a central hole of diameter 3 mm ± 0,1 mm. 

The indentor shall be formed from a hardened-steel rod of diameter 1,25 mm ± 0,15 mm to the shape and 

dimensions shown in Figure 3.1.1. 

 
Figure 3.1.1: Indentor for type A durometer (dimensions are given in millimetres) 
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The indicating device allows the extent of protrusion of the point of the indentor beyond the face of the pressure 

foot to be read. It shall be calibrated directly in terms of units ranging from 0 for the maximum protrusion of 

2,50 mm ± 0,02 mm to 100 for zero protrusion obtained by placing the pressure foot and indentor in firm 

contact with a suitable flat, hard surface (e.g. glass). 

The calibrated spring is used to apply a force F, expressed in millinewtons, to the indentor in accordance with 

Equation (3.1.1): 

𝐹 = 550 + 75𝐻𝐴 (3.1.1) 

 
where HA is the hardness reading taken from the type A durometer. 

The automatic timing device shall be automatically activated when the pressure foot is in contact with the test 

piece and shall indicate the end of the test time or lock the test value at its completion. Use of a timing device 

for the test time improves precision. When the instrument is used on a stand, the time tolerance shall be ± 0,3 

s. 

The original concept of a durometer was a portable instrument that could be used, for example, on a product 

in service. However, better precision can be expected by using a stand with a weight centred on the axis of the 

indentor to apply the pressure foot to the test piece. The operating stand shall be capable of supporting the 

pressure-foot surface of the durometer parallel to the test piece support table. The stand shall be capable of 

applying the test piece to the indentor, or vice versa, without shock. The total mass of the durometer and extra 

mass to overcome the spring force shall be 10
+0.1 kg. 

The force values shall be in accordance with Table 3.1.1. 

 

Table 3.1.1: Durometer spring forces 

 

 

The thickness of the test piece shall be at least 6 mm. The other dimensions of the test piece shall be sufficient 

to permit measurements at least 12 mm away from any edge. The surface of the test piece shall be flat and 

parallel over an area sufficient to permit the pressure foot to come into contact with the test piece over an area 

having a radius of at least 6 mm from the indentor point. Satisfactory hardness determinations cannot be made 

on rounded, uneven or rough surfaces using durometers. 

For all test purposes, the minimum time between vulcanization and testing shall be 16 h. 
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To measure the hardness with Shore method, the test piece is placed on a flat, hard, rigid surface (e.g. glass). 

Subsequently, the pressure foot is applied to the test piece, or vice versa, as rapidly as possible but without 

shock, keeping the foot parallel to the surface of the test piece and ensuring that the indentor is normal to the 

rubber surface. The applied force must be sufficient only to obtain firm contact between the pressure foot and 

the test piece and the reading is taken at the specified time after the pressure foot is in firm contact with the 

test piece. The standard test time is 3 s for vulcanised rubber, which is analysed in this thesis. 

The instrument shall be calibrated regularly using suitable instruments for measuring force, indentation depth 

and indenter geometry. To do the calibration, the instrument is pressed against a suitable flat, hard surface (e.g. 

glass) and adjusted, where possible, the reading on the scale to give a value of 100. Subsequently, the 

instrument check is continued using a set of standard rubber blocks covering the measurement range. All 

adjustments shall be made in accordance with the manufacturer's instructions. The set of standard rubber blocks 

used shall consist of at least three reference blocks in a suitable covered container away from light, heat, oil 

and grease. The reference blocks shall be recalibrated once a year, or if the mean value deviates more than one 

unit compared with the certificate of the reference blocks. The calibration of the reference blocks needs to be 

done with a reference measurement device of an accredited laboratory. Instruments in regular use shall be 

checked at least each week against standard rubber blocks. [10] 

 

3.2 Tensile test 

During the tensile test, the grips of the testing machine clamp the specimen and they stretch it at a constant 

speed until it breaks, while the extensometer measures how much the specimen is stretched. The machine 

measures the force. In this way, the curves of force-extension and stress-strain can be plotted and the values 

of stress and strain at break are obtained. 

The test method specified in norm DIN 53504 serves to determine the tensile strength at break, tensile stress 

at yield, elongation at break and stress at a given strain of rubber test pieces of specified shape when these are 

stretched to rupture at a constant rate of traverse. It is advisable that the full force-extension curve or at least 

part of it be plotted, since the behaviour of rubber when subjected to tensile stress cannot be adequately 

characterized by the tensile strength at break and elongation at break. 

The norm describes the procedures to test rings and dumb-bells. The specimens of rubbers used in this thesis 

are dumb-bells-shaped, so the following description is about testing dumb-bells. 

The tensile testing machine is equipped with two grips designed to enable the longitudinal axis of the test piece 

to be aligned to coincide with the strain axis of the machine at any time. The dumb-bell shall be held so as to 

prevent slip relative to the grips as far as possible. Suitable grips are those which maintain or even increase the 

pressure on the dumb-bell as the stress increases. The grips shall not cause premature rupture of the dumb-

bell. 

The testing machine permits both force-extension curves and stress-strain curves to be plotted. The 

extensometer is suitable for determining the change in test length of the test piece at any moment during the 

test and shall have as low an inertia as possible. When an extensometer attached to the test piece is used instead 

of a contact-free extensometer, there shall be no sign of damage to the test piece nor any slippage between the 

extensometer grips and the test piece. 

There are different types of dumb-bells with different dimensions. In this thesis, the S3A type, which is showed 

in Figure 3.2.1, is used and its dimensions are specified in Table 3.2.1. 

 
Figure 3.2.1: Dumb-bell 
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Table 3.2.1: Dimensions of dumb-bell (dimensions are given in millimetres) 

 

 

Where test pieces are prepared separately, choose the sheet form. The thickness of the sheets shall be equal to 

the thickness of the final test pieces. If the test pieces cannot be cut directly from finished components, cut out 

sheets of appropriate thickness so that test pieces can be taken from these. Remove any unevenness by grinding. 

The test is carried out at (23 ± 2) °C (referred to as ambient temperature). Prior to the test, the test pieces should 

be conditioned for at least 20 minutes at the test temperature. Testing shall not be carried out less than 16 hours 

after vulcanization. 

Prior to testing, measure the test piece thickness at ambient temperature at not less than three points, that of 

dumb-bells within the initial test length L0, preferably at the two ends and in the centre. Calculate the initial 

cross-sectional area from the median thickness and the width of the narrow portion. 

The test piece is inserted in the grips in such a way that its longitudinal axis coincides with the strain axis. An 

area as large as possible should be gripped, but it must not include any region having a width less than bk. 

Then, the grips are tightened evenly so as to prevent slippage of the test pieces. Afterwards, an initial stress of 

< 0,1 MPa is applied at a rate of traverse of < 50 mm/min and then the machine is stopped. At this point, the 

extensometer is brought into contact with the test piece. Finally, the machine starts to stretch the dumb-bell 

specimen with a rate of transverse equal to 200 mm/min. This method gives slightly falsified results owing to 

the initial stress applied. Accordingly, the selected initial stress shall be as small as possible while still 

sufficient to tauten the dumb-bell. Tests where the rupture occurs outside the test length must not be evaluated. 

The tensile strength at break is calculated using Equation (3.2.1): 

𝜎𝑅 =
𝐹𝑅

𝐴0
 (3.2.1) 

 
where: 

• σR is the tensile strength at break in MPa or N/mm2; 

• FR is the force at break in N; 

• A0 is the initial cross-sectional area in mm2. 
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The tensile stress at yield is calculated using Equation (3.2.2): 

𝜎𝑚𝑎𝑥 =
𝐹𝑚𝑎𝑥

𝐴0
 (3.2.2) 

 
where: 

• σmax is the tensile stress at yield in MPa or N/mm2; 

• Fmax is the force at yield in N; 

• A0 is the initial cross-sectional area in mm2. 

The elongation at break is calculated using Equation (3.2.3): 

𝜀𝑅 =
𝐿𝑅 − 𝐿0

𝐿0
× 100 (3.2.3) 

 
 
where: 

• εR is the elongation at break in %; 

• LR is the test length at break in mm; 

• L0 is the initial test length in mm. 

The tensile stress at a given strain is calculated using Equation (3.2.4): 

𝜎𝑖 =
𝐹𝑖

𝐴0
 (3.2.4) 

 
 
where: 

• σi is the tensile stress at a given strain i in MPa or N/mm2; 

• Fi is the force at a given strain i in N; 

• A0 is the initial cross-sectional area in mm2. [11] 

 

3.3 Tear test 

During tear test, an initial cut is created on the specimen, then the grips of the testing machine clamp the 

specimen by the two extremities of the cut and they stretch it at a constant speed to propagate the cut until the 

specimen is torn up. In this way, the curve of force as a function of displacement of the crosshead of the testing 

machine is obtained and the tear strength can be calculated. 

Norm ISO 34-1 specifies three test methods for the determination of the tear strength of vulcanised or 

thermoplastic rubber, namely the following:  

• method A, using a trouser test piece;  

• method B, using an angle test piece, with or without a nick of specified depth;  

• method C, using a crescent test piece with a nick.  

The value of tear strength obtained depends on the shape of the test piece, speed of stretching, and temperature 

of test. It can also be susceptible to grain effects in rubber. 

In this thesis, the trouser-shaped specimen is used, so the following description is about method A. 

The trouser tear strength is defined as the median force required to propagate a cut in a specified trouser-shaped 

test piece by tearing, divided by the thickness of the test piece. The force is acting in a direction substantially 

in the plane of the cut. 
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The test consists in measuring the force required to tear a specified test piece, in continuation of the cut or nick 

already produced in the test piece. The tearing force is applied by means of a tensile testing machine, operated 

without interruption at a constant rate of traverse until the test piece breaks. 

Method A, using the trouser test piece, is not sensitive to the length of the cut, unlike the other two test pieces 

in which the nick has to be very closely controlled. In addition, the results obtained are more easily related to 

the fundamental tear properties of the material and are less sensitive to modulus effects (provided that the leg 

extension is negligible) and the rate of propagation of the tear is directly related to the rate of grip separation. 

The die used for cutting trouser test pieces shall have the dimensions shown in Figure 3.3.1. 

 
Figure 3.3.1: Trouser test piece die (dimensions are in millimetres) 

 

A sharp razor blade or a sharp knife free from ragged edges shall be used for producing a cut in the test piece. 

The test piece shall be clamped firmly, especially in the region where the nick is to be introduced. The cutting 

tool, consisting of a razor blade or similar blade, shall be clamped in a plane perpendicular to the major axis 

of the test piece, and positioned so as to introduce the nick in the appropriate place. The blade clamping device 

shall permit no lateral movement and shall be fitted in guides to enable the blade to be moved across the test 

piece with its edge remaining perpendicular to the plane of the test piece. Alternatively, the blade shall be fixed 

and the test piece arranged to move in an analogous manner. 

A thickness gauge measures the thickness of the test piece. 

The testing machine shall be capable of registering the applied forces within 1% during the test while 

maintaining the specified constant rate of separation of the jaws of 100 mm/min ± 10 mm. A low-inertia 

machine having autographic force-recording facilities is essential when using the trouser test piece. 

The machine shall be provided with a type of grip which tightens automatically as the tension increases and 

exerts a uniform pressure across the widened end of the test piece. Each grip shall incorporate a means for 

positioning so that the test pieces are inserted symmetrically and in axial alignment with the direction of the 

pull. The depth of insertion shall be such that the test piece is adequately gripped, within the parallel-sides 

portion, when testing angle and crescent test pieces. Trouser test pieces shall be inserted in the grips in 

accordance with Figure 3.3.2. 
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Figure 3.3.2: Positioning of trouser test piece in testing machine 

 

Test pieces shall be cut from rubber sheet of uniform thickness. Preferably, the sheet shall have a thickness of 

2.0 mm ± 0.2 mm; however, it is recognized that, when sheets are prepared from finished products, this 

thickness cannot always be achieved. Sheets may be moulded or prepared from products by cutting or buffing. 

The sheets shall be conditioned at standard laboratory temperature for at least 3 h before test pieces are cut 

from them. Each test piece shall be cut from the sheet by punching with a die, shaped as shown in Figure 3.3.1, 

using a single stroke of the press. The rubber shall, if necessary, be wetted with water or soap solution and 

shall be supported on a sheet of slightly yielding material (e.g. leather, rubber belting or cardboard) on a flat 

rigid surface. The test pieces shall be allowed to dry thoroughly prior to testing. 

The tear strength is particularly susceptible to grain effects in the rubber. Each test piece shall, if possible, be 

taken in such a way that the tear strength can be determined in two directions which are at an angle of 90° to 

one another i.e. one at right angles to the grain and the other parallel to the grain. The directions in which the 

test piece is taken shall be indicated so that the effect of anisotropy can be assessed. The direction of tear 

propagation is parallel to the length of the trouser test piece. 

The cut of depth of test piece is 40 mm ± 5 mm made at the centre of the width of the test piece (Figure 3.3.1). 

It is important that the last 1 mm (approximately) of the cut is made with a razor blade or a sharp knife. Test 

pieces shall be cut, measured and then tested, preferably immediately, but if not tested immediately they shall 

be kept at chosen standard laboratory temperature until tested. The period between cutting of the test piece and 

testing shall not exceed 24 h. The cut shall be made after any ageing treatment has been carried out. Unless 

any ageing treatment, the cut shall be made immediately after the preparation of the test pieces. 

The test is normally carried out at a standard laboratory temperature. If the test is to be carried out at a 

temperature other than a standard laboratory temperature, the test piece shall be conditioned for a period 

sufficient to reach substantial temperature equilibrium at the test temperature, immediately prior to testing. 

This period shall be kept as short as possible in order to avoid ageing the rubber. 

The thickness of the test piece is measured in the region in which tearing is expected to occur. Subsequently, 

the test piece is mounted in the testing machine. The test piece is extended at a rate of separation of the grips 

of 100 mm/min ± 10 mm/min until the test piece breaks. An autographic recording of the force throughout the 

tearing process is made. 

 



25 
 

The tear strength TS, expressed in kN/m of thickness, is calculated using Equation (3.3.1):  

𝑇𝑆 =
𝐹

𝑑
 (3.3.1) 

 
 
where: 

• F is the median force in N; 

• d is the median thickness in mm. [12] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



26 
 

4 Experimental set up 

4.1 Elastomeric compound 

The elastomeric compound analysed in this thesis is the EPDM (Ethylene Propylene Diene Monomer), which 

is based on ethylene, propylene and a third diene monomer that allows cross-linking with sulphur. 

Its main characteristics are the follows: 

• excellent resistance to atmospheric agents, ozone, and UV rays; 

• excellent resistance to water and steam; 

• good resistance to high temperatures (up to approximately 130°C, even higher with special 

formulations); 

• poor resistance to oils and fuels; 

• excellent elasticity even at low temperatures. 

EPDMs are used in automotive door and window seals, cable and pipe sheathing, roofing and waterproofing, 

and industrial gaskets. 

These elastomers are composed of ethylene (-CH₂-CH₂-), which provides flexibility; propylene (-CH₂-

CH(CH₃)-), which reduces crystallinity and improves weather resistance; and diene, which allows sulphur 

cross-linking. 

The ratio of ethylene to propylene influences mechanical properties and processability. The diene introduces 

double bonds into the main chain, which can be exploited for vulcanization (sulphur cross-linking), making 

the material more elastic and resistant. 

EPDM is nonpolar, so it has poor compatibility with oils and polar solvents, but excellent resistance to water 

and weathering. [13] 

Figure 4.1.1 shows the atomic structure of EPDM. 

 
Figure 4.1.1: Atomic structure of EPDM 

 

4.2 Laboratory specimens and oven 

The specimens of the elastomers used in this thesis are produced by Bottino Girardi. These specimens are ring-

shaped. In Bottino Girardi factory, the elastomeric compound is poured inside a die with pressure to be 

vulcanised. Vulcanisation is a process to improve the mechanical properties of rubber. The raw rubber is heated 

with sulphur or other crosslinking agents. The sulphur atoms form crosslinks (bridges) between the long rubber 

polymer chains to prevent them from sliding. This process increases the elasticity, improves the strength and 

resistance to wear, makes rubber less sticky and more resistant to heat and chemicals and reduces the plasticity. 

To exploit more efficiently the die and to increase the productivity, after about ten minutes, when the 

elastomeric compound solidifies and assumes the form of a tube, it is extracted from the die and put inside an 

oven for about four hours, where the post-curing process occurs. In this way, the sulphur atoms continue to 
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form crosslinks between the rubber polymer chains in the oven and the die is used to vulcanise other compound. 

After the post-curing, the tube is taken out from the oven and cut in rings. 

The die has four cavities, indicated with 1, 2, 3 and 4 numbers, in which the elastomeric compound can be 

poured. From each cavity, a hollow tube is extracted and cut to obtain seven rings, indicated with A, B, C, D, 

E, F and G letters. The rings are sent to LBN Ricerca laboratory where they are tested. Figure 4.2.1 shows a 

tube and the rings obtained from it, while Figure 4.2.2 shows a section of an enduro motorcycle tyre and a ring 

used for laboratory tests.  

 
Figure 4.2.1: Rings obtained by a tube 

 

 
Figure 4.2.2: Section of a motorcycle enduro tyre (top) and ring used for laboratory tests (bottom) 

 

The oven has fifteen positions in which the tubes can be placed. The positions, which can be seen in Figure 

4.2.3, are the following: 

• FCM: Front Centre Middle; 

• FUL: Front Up Left; 
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• FUR: Front Up Right; 

• FDL: Front Down Left; 

• FDR: Front Down Right; 

• C: Centre; 

• MCL: Middle Centre Left; 

• MCR: Middle Centre Right; 

• CU: Centre Up; 

• CD: Centre Down; 

• BCM: Back Centre Middle; 

• BUL: Back Up Left; 

• BUR: Back Up Right; 

• BDL: Back Down Left; 

• BDR: Back Down Right. 

The reference system used to describe the positions is in the centre with the axes oriented according to Figure 

4.2.3 and the dimensions of the oven are the following: 

• length of 2.5 m; 

• width of 1.5 m; 

• height of 2 m. 

Furthermore, the oven is heated from below and the door is in the front. 

 
Figure 4.2.3: Sketch of Bottino Girardi oven with the positions of the tubes 

 

In this thesis, only the rings obtained from one of the four cavities available in the die are analysed because a 

previous investigation showed that the cavity does not affect the mechanical properties of rubber: this means 

that there are seven rings for each position of the oven. The rings are sent to LBN Ricerca laboratory divided 

in fifteen groups corresponding to the fifteen positions of the oven.  



29 
 

In this thesis, the tests are carried out on ring specimens to investigate anisotropy induced by the proposed 

industrial process in order to produce enduro motorcycle tyres. 

 

4.3 Hardness Shore test 

Hardness Shore test is carried out as described in Paragraph 3.1.  

The durometer, which is showed in Figure 4.3.1, has four legs and a bubble to adjust the position of the 

instrument in order to make the surface of the support horizontal. Furthermore, there are a lever to bring the 

specimen to the indentor and a screen to read the value of hardness as well. 

 
Figure 4.3.1: Durometer 

For each ring, eight measurement are carried out, four for each side.  

 

4.4 Tensile test 

Tensile test is carried out as explained in Paragraph 3.2. 

From each ring, a dumb-bell specimen is cut using the instrument of Figure 4.4.1. The instrument has a lever 

to bring the die to the specimen. The die has the shape of the dumb-bell. 
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Figure 4.4.1: Instrument to cut the specimens 

 

After obtaining the dumb-bell specimen, the thickness gauge showed in Figure 4.4.2 is used to measure the 

thickness of the specimen at its centre. The value of thickness is used to calculate the initial cross-sectional 

area of the specimen. The dumb-bell shall be placed with its concavity upwards. As rubber is a soft material, 

the tip of the thickness gauge can affect the measured value with its weight: for this reason, this thickness 

gauge is made especially for rubbers. 

 
Figure 4.4.2: Thickness gauge 

 

Finally, the testing machine showed in Figure 4.4.3 is used to carry out the tensile test. The dumb-bell is 

clamped by the two grips, then the extensometer is applied and the test can be started.  
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Figure 4.4.3: Tensile testing machine 

 

For each dumb-bell, the corresponding stress-strain curves as well as the values of stress and strain at break 

are obtained. 

 

4.5 Tear test 

Tear test is carried out as explained in Paragraph 3.3. 

From each ring, a trouser specimen is obtained using the instrument showed in Figure 4.4.1 and a cutter to 

create the initial cut. 

The thickness gauge of Figure 4.4.2 is used to measure the thickness of the trouser at one extremity. 

Finally, the testing machine of Figure 4.4.3 is used to carry out the tear test. The grips of the testing machine 

clamp the trouser by the two extremities of the cut and the test is started. 

For each trouser, the corresponding curve of force as a function of displacement of the crosshead of the testing 

machine as well as the value of force at break are obtained. Then, from the force at break, tear strength is 

calculated using Equation (3.3.1). 

 

 

 

 



32 
 

5 Data analysis 

5.1 Statistical methodologies 

After collecting all the data from laboratory tests, the data are analysed by using Minitab, which is a software 

to study statistics. The scope of this thesis is to investigate if there is a correlation between the mechanical 

properties of rubber, the position of the tube inside the oven and the position of the ring inside the tube. 

First of all, all the data are visualised using descriptive statistical tools, such as boxplots and dotplots.  

Subsequently, the outliers are identified through the Grubbs’ test. In fact, when something is measured, there 

are factors which can lead to accidental errors. These values have to be identified and excluded from the study. 

Afterwards, the ANOVA (Analysis Of Variance) is carried out. The ANOVA allows to understand if there are 

correlations between the mechanical properties of the elastomers, the position of the tube inside the oven and 

the position of the ring inside the tube. 

Finally, the response surface regression is carried out to create a model which predicts the mechanical 

properties of the rubber as a function of the position of the tube inside the oven and of the position of the ring 

inside the tube. 

 

5.1.1 Descriptive statistics 

Some useful tools of descriptive statistics are boxplots and dotplots. 

A boxplot is a method for demonstrating graphically the locality, spread and skewness groups of numerical 

data through their quartiles. In addition, there can be lines called whiskers extending from the box indicating 

variability outside the upper and lower quartiles. Outliers that differ significantly from the rest of the dataset 

may be plotted as individual points beyond the whiskers on the boxplot. The parameters of the boxplot are the 

following: 

• minimum (Q0 or 0th percentile): the lowest data point in the data set excluding any outliers; 

• maximum (Q4 or 100th percentile): the highest data point in the data set excluding any outliers; 

• median (Q2 or 50th percentile): the middle value in the data set; 

• first quartile (Q1 or 25th percentile): also known as the lower quartile, it is the median of the lower half 

of the dataset; 

• third quartile (Q3 or 75th percentile): also known as the upper quartile, it is the median of the upper 

half of the dataset. 

Another important element that can also be employed to obtain a boxplot is the interquartile range IQR, which 

is calculated using Equation (5.1.1): 

𝐼𝑄𝑅 = 𝑄3 − 𝑄1 (5.1.1) 

 
The box is drawn from Q1 to Q3 with a horizontal line drawn inside it to denote the median. Some boxplots 

include an additional character to represent the mean of the data. 

A popular choice for the boundaries of the whiskers is based on the 1.5 IQR value. From above the upper 

quartile (Q3), a distance of 1.5 times the IQR is measured out and a whisker is drawn up to the largest observed 

data point from the dataset that falls within this distance. Similarly, a distance of 1.5 times the IQR is measured 

out below the lower quartile (Q1) and a whisker is drawn down to the lowest observed data point from the 

dataset that falls within this distance. Because the whiskers must end at an observed data point, the whisker 

lengths can look unequal, even though 1.5 IQR is the same for both sides. All other observed data points outside 

the boundary of the whiskers are plotted as outliers. The outliers can be plotted on the boxplot as a dot, a small 

circle, a star, etc. [14] [15] 

Figure 5.1.1 shows the structure of a boxplot with whiskers and outliers. 
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Figure 5.1.1: Boxplot 

 

A dotplot is a statistical chart consisting of data points plotted on a fairly simple scale, typically using filled in 

circles. It is one of the simplest statistical plots and is suitable for small to moderate sized data sets. It is useful 

for highlighting clusters and gaps, as well as outliers. Their other advantage is the conservation of numerical 

information. When dealing with larger data sets (around 20-30 or more data points) the boxplot may be more 

efficient, as dotplots may become too cluttered after this point. [14] [15] 

Figure 5.1.2 shows an example of a dotplot made by Minitab in which there is a scale with values of torque 

and on each value there are some points representing how many times that value has been obtained. 

 
Figure 5.1.2: Dotplot 

 

5.1.2 Outlier identification 

To identify outliers on Minitab software, the Grubbs’ test can be used. 

Grubbs’ test is based on the assumption of normality. This means that one should first verify that the data can 

be reasonably approximated by a normal distribution before applying the Grubbs test. Grubbs' test detects one 

outlier at a time. This outlier is expunged from the dataset and the test is iterated until no outliers are detected. 

The Grubbs’ test statistic G is calculated using Equation (5.1.2): 

𝐺 =
𝑚𝑎𝑥𝑖=1,…,𝑁|𝑋𝑖 − 𝑋̅|

𝑠
 

(5.1.2) 
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where: 

• N is the number of samples 

• Xi is the sample i; 

• 𝑋̅ is the sample mean; 

• s is the standard deviation. [16] 

Afterwards, Grubbs’ critical value Gcrit is calculated. The critical value depends on the number of samples N 

and on the significance level α. Table 5.1.1 shows Grubbs’ critical values for different number of samples N 

and significance level α. 

In this thesis, the significance level α is set to 0.05. 

 

Table 5.1.1: Grubbs’ critical values for different number of samples N and significance values α 

 
 

Finally, Grubbs’ test statistic is compared to Grubb’s critical value: 

• if 𝐺 < 𝐺𝑐𝑟𝑖𝑡: the sample is not an outlier and is kept in the study; 

• if 𝐺 > 𝐺𝑐𝑟𝑖𝑡: the sample is an outlier and is excluded from the study. [17] 

 

5.1.3 ANOVA 

The ANOVA (Analysis Of Variance) is a family of statistical methods used to compare the means of two or 

more groups by analysing variance. Specifically, the ANOVA compares the amount of variation between the 

group means to the amount of variation within each group. If the between-group variation is substantially 

larger than the within-group variation, it suggests that the group means are likely different. This comparison 

is done using an F-test. The underlying principle of the ANOVA is based on the law of total variance, which 

states that the total variance in a dataset can be broken down into components attributable to different sources. 

In the case of the ANOVA, these sources are the variation between groups and the variation within groups. 
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The ANOVA uses traditional standardized terminology. Sample variance s2 is calculated using Equation 

(5.1.3): 

𝑠2 =
1

𝑁 − 1
∑(𝑋𝑖 − 𝑋̅)2

𝑁

𝑖=1

 
(5.1.3) 

 
 
where the divisor is called the degrees of freedom (DF), the summation is called the sum of squares (SS), the 

result is called the mean square (MS) and the squared terms are deviations from the sample mean. 

The fundamental technique is a partitioning of the total sum of squares SStotal into components related to the 

effects used in the model using Equation (5.1.4): 

𝑆𝑆𝑡𝑜𝑡𝑎𝑙 = 𝑆𝑆𝑒𝑟𝑟𝑜𝑟 + 𝑆𝑆𝑔𝑟𝑜𝑢𝑝𝑠 (5.1.4) 

 
where: 

• SSerror represents the variation within each group; 

• SSgroups represents the variation between groups means. 

The number of total degrees of freedom DFtotal can be partitioned in a similar way using Equation (5.1.5): 

𝐷𝐹𝑡𝑜𝑡𝑎𝑙 = 𝐷𝐹𝑒𝑟𝑟𝑜𝑟 + 𝐷𝐹𝑔𝑟𝑜𝑢𝑝𝑠 (5.1.5) 

 
where: 

• DFerror represents the degrees of freedom within each group; 

• DFgroups represents the degrees of freedom between groups means. 

The F-test is used for comparing the factors of the total deviation. For example, in one-way, or single-factor 

ANOVA, statistical significance is tested by comparing the F test statistic using Equation (5.1.6): 

𝐹 =
𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑔𝑟𝑜𝑢𝑝𝑠

𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 𝑤𝑖𝑡ℎ𝑖𝑛 𝑔𝑟𝑜𝑢𝑝𝑠
 (5.1.6) 

 
If all the groups are similar, the group means will be close, and the F-value will be small. If at least one group 

is very different, the variation between groups will be large, and the F-value will be large. So the larger the F-

statistic, the more evidence there is that at least one group is different from the others. 

Let us assume to have k groups, each with ni observations with 𝑖 = 1 … 𝑘. 

Let us assume that: 

• 𝑋̅𝑖 is the mean of group i; 

• 𝑋̅ is the overall (grand) mean; 

• 𝑋𝑖𝑗 is the jth value in group i. 

The total sum of squares SStotal is calculated using Equation (5.1.7): 

𝑆𝑆𝑡𝑜𝑡𝑎𝑙 = ∑ ∑(𝑋𝑖𝑗 − 𝑋̅)
2

𝑛𝑖

𝑗=1

𝑘

𝑖=1

 
(5.1.7) 

 
 

The number of total degrees of freedom DFtotal is calculated using Equation (5.1.8): 

𝐷𝐹𝑡𝑜𝑡𝑎𝑙 = 𝑁 − 1 (5.1.8) 

 
 



36 
 

 

The sum of squares between groups SSgroups is calculated using Equation (5.1.9): 

𝑆𝑆𝑔𝑟𝑜𝑢𝑝𝑠 = ∑ 𝑛𝑖(𝑋̅𝑖 − 𝑋̅)

𝑘

𝑖=1

 
(5.1.9) 

 
 

The number of degrees of freedom between groups DFgroups is calculated using Equation (5.1.10): 

𝐷𝐹𝑔𝑟𝑜𝑢𝑝𝑠 = 𝑘 − 1 (5.1.10) 

 
The mean square between groups MSgroups is calculated using Equation (5.1.11): 

𝑀𝑆𝑔𝑟𝑜𝑢𝑝𝑠 =
𝑆𝑆𝑔𝑟𝑜𝑢𝑝𝑠

𝐷𝐹𝑔𝑟𝑜𝑢𝑝𝑠
 

(5.1.11) 

 
 
The sum of squares within groups SSerror is calculated using Equation (5.1.12): 

𝑆𝑆𝑒𝑟𝑟𝑜𝑟 = ∑ ∑(𝑋𝑖𝑗 − 𝑋̅𝑖)
2

𝑛𝑖

𝑗=1

𝑘

𝑖=1

 
(5.1.12) 

 
 
The number of degrees of freedom within groups DFerror is calculated using Equation (5.1.13): 

𝐷𝐹𝑒𝑟𝑟𝑜𝑟 = 𝑁 − 𝑘 (5.1.13) 

 
The mean square within groups MSerror is calculated using Equation (5.1.14): 

𝑀𝑆𝑒𝑟𝑟𝑜𝑟 =
𝑆𝑆𝑒𝑟𝑟𝑜𝑟

𝐷𝐹𝑒𝑟𝑟𝑜𝑟
 (5.1.14) 

 
 

Finally, the F-value is calculated using Equation (5.1.15): 

𝐹 =
𝑀𝑆𝑔𝑟𝑜𝑢𝑝𝑠

𝑀𝑆𝑒𝑟𝑟𝑜𝑟
 

(5.1.15) 

 
 
Furthermore, from the F-statistic and the number of groups and samples, the p-value is calculated. The p-value 

represents how likely it is to get an F-statistic as big as the one calculated just by random chance, if all the 

group means were actually equal: this is called “null hypothesis”. The p-value is compared to the significance 

level α: 

• if 𝑝 < 𝛼: the null hypothesis is rejected, the differences between groups are unlikely due to chance 

and they are statistically significant.; 

• if 𝑝 ≥ 𝛼: the null hypothesis is not rejected, the differences between groups may be due to random 

variation and they are not statistically significant. [14] [15] 

Figure 5.1.3 shows an example of residual plots obtained by Minitab when the ANOVA is performed. 

Residuals are the differences between values measured in laboratory and values predicted by the model. The 

normal probability plot (top left) shows the standardised residuals versus the theoretical quartiles of the normal 

distribution and allows to understand if residuals follow a normal distribution: if points follow a straight line, 

normality is respected. The versus fits plot (top right) shows the residuals versus the values predicted by the 

model and allows to understand if the residuals variance is constant: if points are randomly distributed around 

zero, residuals variance is constant. The histogram plot (bottom left) shows the frequency versus the residuals 
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and allows to understand if residuals follow a normal distribution: if the histogram has a bell shape, normality 

is respected. The versus order plot (bottom right) shows the residuals versus the observation order and allows 

to understand if residuals are independent from time: if points are randomly distributed around zero, time 

independence is respected. 

 
Figure 5.1.3: Residual plots 

 

5.1.4 Response surface regression 

The regression equation is used to describe the relationship between the response and the terms in the model. 

In this thesis, the responses are the mechanical properties analysed, while the terms are the coordinates of the 

oven X, Y, Z, which are continuous factors, and the ring, which is a categorical factor. 

Equation (5.1.16) is the first-order regression equation with more than one term: 

𝑦 = 𝑏0 + 𝑏1𝑥1 + 𝑏2𝑥2+. . . +𝑏𝑘𝑥𝑘 (5.1.16) 

 
where: 

• y is the response variable; 

• b0 is the constant; 

• b1, b2, …, bk are the coefficients; 

• x1, x2, …, xk are the values of the continuous factors. 

If the response surface contains curvature, then a polynomial model of higher degree is used. Equation (5.1.17) 

is the second-order regression equation: 

𝑦 = 𝑏0 + ∑ 𝑏𝑖𝑥𝑖

𝑘

𝑖=1

+ ∑ 𝑏𝑖𝑖𝑥𝑖
2

𝑘

𝑖=1

+ ∑ 𝑏𝑖𝑗

𝑖<𝑗

𝑥𝑖𝑥𝑗 + 𝜀 
(5.1.17) 

 
 

where ε is the error term. [18] 
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5.2 Hardness Shore test 

5.2.1 Descriptive statistics 

All the hardness values have been normalised dividing for a constant number to ensure industrial 

confidentiality without changing the variance: therefore, the values in this analysis are normalized but the 

behaviour is the same. 

Figure 5.2.1 shows the boxplot of hardness values measured in laboratory grouped by the position of the tube 

inside the oven. As it can be observed, the boxplot of FDL position is completely misaligned from the others: 

this suggests that there may be a correlation between the hardness and the position of the tube inside the oven. 

 
Figure 5.2.1: Boxplot of hardness values grouped by the position of the tube inside the oven 

 
Figure 5.2.2 shows the boxplot of hardness values measured in laboratory grouped by the position of the ring 

inside the tube. 
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Figure 5.2.2: Boxplot of hardness values grouped by the position of the ring inside the tube 

 

Figure 5.2.3 shows the dotplot of hardness values measured in laboratory grouped by the position of the tube 

inside the oven. 

 
Figure 5.2.3: Dotplot of hardness values grouped by the position of the tube inside the oven 

 

Figure 5.2.4 shows the dotplot of hardness values measured in laboratory grouped by the position of the ring 

inside the tube. 
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Figure 5.2.4: Dotplot of hardness values grouped by the position of the ring inside the tube 

 

5.2.2 Outlier identification 

The Grubbs’ test to identify outliers is carried out before proceeding with ANOVA. Figure 5.2.5 shows the 

outlier plot of hardness values grouped by the position of the tube inside the oven: as it can be seen, no outlier 

is found by the test. 

 
Figure 5.2.5: Outlier plot of hardness values grouped by the position of the tube inside the oven 
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5.2.3 ANOVA 

The ANOVA is carried out to investigate if there are correlations between the hardness, the position of the 

tube inside the oven and the position of the ring in the tube. 

Table 5.2.1 shows the results of the ANOVA. As it can be observed, the F-values of both the position and the 

ring are very high, while the p-values are much lower than 0.05. This indicates that the hardness is affected by 

both the position of the tube inside the oven and the position of the ring inside the tube. 

 

Table 5.2.1: Results of the ANOVA of the hardness 

 

 

Table 5.2.2 shows the model summary of the ANOVA. The coefficient of determination R2 is 53.10%, 

indicating that the model represents half of the data variability. This could be due to the presence of the supplier 

factor and of the vulcanisation cycles, which are not considered in this analysis. 

 

Table 5.2.2: Model summary of the ANOVA of the hardness 

 

 

Figure 5.2.6 shows the residual plots for the hardness. As it can be seen, in the normal probability plot (top 

left) the points follow a straight line and the histogram plot (bottom left) has a bell shape: this means that 

normality is respected. In the versus fits plot (top right) the points are randomly distributed around zero: this 

means that residuals variance is constant. Finally, in the versus order plot (bottom right) the points are 

randomly distributed around zero: this means that time independence is respected. 
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Figure 5.2.6: Residual plots for the hardness 

 

5.2.4 Response surface regression 

As the ANOVA highlights a correlation between the hardness, the position of the tube inside the oven and the 

position of the tube inside the ring, the response surface regression is carried out using as terms the coordinates 

of the oven X, Y, Z and the ring. In the response surface regressions of this thesis, the significance level α is 

set to 0.15, so only the terms with a p-value lower than 0.15 are considered significant. 

Table 5.2.3 shows the model summary of the response surface regression. The coefficient of determination R2 

is 48.64%, indicating that the model represents half of the data variability. Also in this case, this could be due 

to the presence of the supplier factor and of the vulcanisation cycles, which are not considered in this analysis. 

 

Table 5.2.3: Model summary of the response surface regression of the hardness 

 
 
Table 5.2.4 shows the ANOVA for each significant term with a level of confidence of 0.15 of the response 

surface regression. By looking at the columns of F-values and p-values, it is possible to understand which 

terms affect more the model of the hardness. 
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Table 5.2.4: ANOVA for each significant term of the response surface regression of the hardness 

 

 

Figure 5.2.7 shows the Pareto chart of the standardised effects. The standardised effect indicates how influent 

each term is and, in this case, all the terms with a standardised effect higher than 1.44 are considered significant. 

By looking at Table 5.2.4 and at Figure 5.2.7 it can be stated that the significant terms with a level of confidence 

of  0.15  in descending order are X, X2, Y, Z, Ring, Z2, X*Y, Y*Z and X*Z. 

 
Figure 5.2.7: Pareto Chart of the standardised effects of the response surface regression of the hardness 
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Table 5.2.5 shows the regression equations of the hardness as a function of the coordinates of the oven. There 

are seven equations: one for each ring. 

 

Table 5.2.5: Regression equations of the hardness as a function of the coordinates of the oven 

 

 
Figure 5.2.8 shows the surface plots of hardness as a function of the coordinates of the oven for ring A. In each 

plot, the axes represent the hardness and two coordinates, while the third coordinate is kept constant with value 

equal to 0. 
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Figure 5.2.8: Surface plots of hardness as a function of the coordinates of the oven for ring A 

 
Finally, the multiple response prediction for both the maximum and the minimum value of hardness is found. 

Table 5.2.6 shows the maximum value of hardness predicted by the response surface regression as well as its 

coordinates, its ring and its 95% CI (Confidence Interval). The maximum value is 0.988 Shore with a 95% CI 

between 0.986 and 0.990 and it is expected to be near MCR position in ring B. 

 

Table 5.2.6: Multiple response prediction for the maximum value of hardness 

 

 

Table 5.2.7 shows the minimum value of hardness predicted by the response surface regression as well as its 

coordinates, its ring and its 95% CI (Confidence Interval). The minimum value is 0.944 Shore with a 95% CI 

between 0.941 and 0.946 and it is expected to be in FDL position in ring G. 
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Table 5.2.7: Multiple response prediction for the minimum value of hardness 

 

 

Figure 5.2.9 shows the sketch of the oven with the means of the measured hardness values for each position 

(number inside the rectangles) and the predicted maximum and minimum values (numbers inside the circles). 

The scale of colours is set to assign the green to the lowest values and the red to the highest ones. As it can be 

observed, the values in the front are the lowest, while the values on the back and in the centre are the highest. 

This highlights that hardness depends on the post-curing temperature: the higher the temperature is, the higher 

the hardness is. This can be explained by the fact that increasing the temperature, the sulphur atoms form more 

crosslinks between the long rubber polymer chains and so they become more compact: the result is that the 

elastomer becomes harder. Therefore, in the front the hardness values are lower because there is the oven door 

and so the temperature is lower, while on the back and in the centre the hardness values are higher because 

they are far from the door and so the temperature is higher. Furthermore, the predicted maximum and minimum 

values are near the measured maximum and minimum values: this highlights that the model obtained by the 

response surface regression is reliable. 

 
Figure 5.2.9: Sketch of the oven with the means of the measured hardness values for each position (numbers in the rectangles) and 

the predicted maximum and minimum values (numbers in the circles) 
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5.3 Tensile test: stress at break 

5.3.1 Descriptive statistics 

All the stress at break values have been normalised multiplying for a constant number to ensure industrial 

confidentiality without changing the variance: therefore, the same considerations done for hardness are valid. 

Figure 5.3.1 shows the boxplot of stress at break values measured in laboratory grouped by the position of the 

tube inside the oven. 

 
Figure 5.3.1: Boxplot of stress at break values grouped by the position of the tube inside the oven 

 
Figure 5.3.2 shows the boxplot of stress at break values measured in laboratory grouped by the position of the 

ring inside the tube. 
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Figure 5.3.2: Boxplot of stress at break values grouped by the position of the ring inside the tube 

 

Figure 5.3.3 shows the dotplot of stress at break values measured in laboratory grouped by the position of the 

tube inside the oven. 

 
Figure 5.3.3: Dotplot of stress at break values grouped by the position of the tube inside the oven 

 

Figure 5.3.4 shows the dotplot of stress at break values measured in laboratory grouped by the position of the 

ring inside the tube. 
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Figure 5.3.4: Dotplot of stress at break values grouped by the position of the ring inside the tube 

 

5.3.2 Outlier identification 

The Grubbs’ test to identify outliers is carried out before proceeding with ANOVA. Figure 5.3.5 shows the 

outlier plot of stress at break values grouped by the position of the tube inside the oven: as it can be seen, only 

one outlier is found by the test in C position. Before proceeding with the ANOVA, the outlier is replaced by 

the median of the other values in C position. 

 
Figure 5.3.5: Outlier plot of stress at break values grouped by the position of the tube inside the oven 
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5.3.3 ANOVA 

The ANOVA is carried out to investigate if there are correlations between the stress at break, the position of 

the tube inside the oven and the position of the ring in the tube. 

Table 5.3.1 shows the results of the ANOVA. As it can be observed, the F-values of both the position and the 

ring are low, while the p-values are higher than 0.05. This indicates that the stress at break is affected by neither 

the position of the tube inside the oven nor the position of the ring inside the tube. 

 

Table 5.3.1: Results of the ANOVA of the stress at break 

 
 

Table 5.3.2 shows the model summary of the ANOVA. The coefficient of determination R2 is 20.63%, 

indicating that the model represents only a small portion of the data variability. This could be due to the fact 

that the ANOVA doesn’t highlights a correlation between the stress at break, the position of the tube inside 

the oven and the position of the ring inside the tube. 

 

Table 5.3.2: Model summary of the ANOVA of the stress at break 

 
 

Figure 5.3.6 shows the residual plots for the stress at break. As it can be seen, in the normal probability plot 

(top left) the points follow a straight line and the histogram plot (bottom left) has a bell shape: this means that 

normality is respected. In the versus fits plot (top right) the points are randomly distributed around zero: this 

means that residuals variance is constant. Finally, in the versus order plot (bottom right) the points are 

randomly distributed around zero: this means that time independence is respected. 
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Figure 5.3.6: Residual plots for the stress at break 

 

As the ANOVA does not highlight a correlation between the stress at break, the position of the tube inside the 

oven or the position of the ring in the tube, there is no need to proceed with the response surface regression 

because the model wouldn’t be significative.  

 

5.4 Tensile test: strain at break 

5.4.1 Descriptive statistics 

All the strain at break values have been normalised multiplying for a constant number to ensure industrial 

confidentiality without changing the variance: therefore, the same considerations done for hardness are valid. 

Figure 5.4.1 shows the boxplot of strain at break values measured in laboratory grouped by the position of the 

tube inside the oven. As it can be observed, the boxplot of FDL position is completely misaligned from the 

others: this suggests that there may be a correlation between the strain at break and the position of the tube 

inside the oven. 
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Figure 5.4.1: Boxplot of strain at break values grouped by the position of the tube inside the oven 

 

Figure 5.4.2 shows the boxplot of strain at break values measured in laboratory grouped by the position of the 

ring inside the tube. 

 
Figure 5.4.2: Boxplot of strain at break values grouped by the position of the ring inside the tube 

 

Figure 5.4.3 shows the dotplot of strain at break values measured in laboratory grouped by the position of the 

tube inside the oven. 
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Figure 5.4.3: Dotplot of strain at break values grouped by the position of the tube inside the oven 

 

Figure 5.4.4 shows the dotplot of strain at break values measured in laboratory grouped by the position of the 

ring inside the tube. 

 
Figure 5.4.4: Dotplot of strain at break values grouped by the position of the ring inside the tube 

 

5.4.2 Outlier identification 

The Grubbs’ test to identify outliers is carried out before proceeding with ANOVA. Figure 5.4.5 shows the 

outlier plot of strain at break values grouped by the position of the tube inside the oven: as it can be seen, three 
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outliers are found by the test in BUR, C and MCL positions. Before proceeding with the ANOVA, each outlier 

is replaced by the median of the other values in the same position. 

 
Figure 5.4.5: Outlier plot of strain at break values grouped by the position of the tube inside the oven 

 

5.4.3 ANOVA 

The ANOVA is carried out to investigate if there are correlations between the strain at break, the position of 

the tube inside the oven and the position of the ring in the tube. 

Table 5.4.1 shows the results of the ANOVA. As it can be observed, the position has an high F-value and a p-

value lower than 0.05, while the ring has a low F-value and a p-value higher than 0.05. This indicates that the 

strain at break is affected by the position of the tube inside the oven, but not by the position of the ring inside 

the tube. 

 

Table 5.4.1: Results of the ANOVA of the strain at break 

 

 

Table 5.4.2 shows the model summary of the ANOVA. The coefficient of determination R2 is 58.32%, 

indicating that the model represents more than half of the data variability. The same considerations done for 

the hardness are valid. 
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Table 5.4.2: Model summary of the ANOVA of the strain at break 

 

 

Figure 5.4.6 shows the residual plots for the strain at break. As it can be seen, in the normal probability plot 

(top left) the points follow a straight line and the histogram plot (bottom left) has a bell shape: this means that 

normality is respected. In the versus fits plot (top right) the points are randomly distributed around zero: this 

means that residuals variance is constant. Finally, in the versus order plot (bottom right) the points are 

randomly distributed around zero: this means that time independence is respected. 

 
Figure 5.4.6: Residual plots for the strain at break 

 

5.4.4 Response surface regression 

As the ANOVA highlights a correlation only between the strain at break and the position of the tube inside the 

oven, the response surface regression is carried out using as terms only the coordinates of the oven X, Y, and 

Z. 

Table 5.4.3 shows the model summary. The coefficient of determination R2 is 50.27%, indicating that the 

model represents half of the data variability. The same considerations done for the hardness are valid. 
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Table 5.4.3: Model summary of the response surface regression of the strain at break 

 

 

Table 5.4.4 shows the ANOVA for each significant term with a level of confidence of 0.15 of the regression 

equation. By looking at the columns of F-values and p-values, it is possible to understand which terms affect 

more the model of the strain at break. 

 

Table 5.4.4: ANOVA for each significant term of the response surface regression of the strain at break 

 

 

Figure 5.4.7 shows the Pareto chart of the standardised effects. In this case, all the terms with a standardised 

effect higher than 1.451 are considered significant. 

By looking at Table 5.4.4 and at Figure 5.4.7 it can be stated that the significant terms with a level of confidence 

of  0.15  in descending order are X*Z, X, Z2, X*Y and Y. 
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Figure 5.4.7: Pareto Chart of the standardised effects of the response surface regression of the strain at break 

 

Table 5.4.5 shows the regression equation of the strain at break as a function of the coordinates of the oven. In 

this case, there is only one equation because the strain at break does not depend on the position of the ring 

inside the tube. 

 

Table 5.4.5: Regression equation of the strain at break as a function of the coordinates of the oven 

 

 

Figure 5.4.8 shows the surface plots of strain at break as a function of the coordinates of the oven. In each plot, 

the axes represent the strain at break and two coordinates, while the third coordinate is kept constant with value 

equal to 0. 
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Figure 5.4.8: Surface plots of strain at break as a function of the coordinates of the oven 

 
Finally, the multiple response prediction for both the maximum and the minimum value of strain at break is 

found. 

Table 5.4.6 shows the maximum value of strain at break predicted by the response surface regression as well 

as its coordinates, its ring and its 95% CI (Confidence Interval). The maximum value is 395% with a 95% CI 

between 385% and 406% and it is expected to be in FDL position. 

 

Table 5.4.6: Multiple response prediction for the maximum value of strain at break 

 

 
Table 5.4.7 shows the minimum value of strain at break predicted by the response surface regression as well 

as its coordinates, its ring and its 95% CI (Confidence Interval). The minimum value is 318% Shore with a 

95% CI between 308 and 328 and it is expected to be near BCM position. 
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Table 5.4.7: Multiple response prediction for the minimum value of strain at break 

 

 

Figure 5.4.9 shows the sketch of the oven with the means of the measured strain at break values for each 

position (number in the rectangles) and the predicted maximum and minimum values (number in the circles). 

The scale of colours is set to assign the green to the lowest values and the red to the highest ones. As it can be 

observed, the values in the front are the highest, while the values on the back and in the centre are the lowest. 

This highlights that strain depends on the post-curing temperature: the higher the temperature is, the lower the 

strain is. This can be explained by the fact that increasing the temperature, the sulphur atoms form more 

crosslinks between the long rubber polymer chains and so their movement is limited. The elongation depends 

on the mobility of polymeric chains: if there are too many crosslinks, chains can no longer move and they 

break earlier. Therefore, in the front the strain at break values are higher because there is the oven door and so 

the temperature is lower, while on the back and in the centre the strain at break values are lower because they 

are far from the door and so the temperature is higher. Furthermore, the predicted maximum and minimum 

values are near the measured maximum and minimum values: this highlights that the model obtained by the 

response surface regression is reliable. 

 

 
Figure 5.4.9: Sketch of the oven with the means of the measured strain at break values for each position (number in the rectangles) 

and the predicted maximum and minimum values (numbers in the circles) 
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5.5 Tear test: tear strength at break 

5.5.1 Descriptive statistics 

All the tear strength at break values have been normalised multiplying for a constant number to ensure 

industrial confidentiality without changing the variance: therefore, the same considerations done for hardness 

are valid. 

Figure 5.5.1 shows the boxplot of tear strength at break values measured in laboratory grouped by the position 

of the tube inside the oven. As it can be observed, some boxplots are completely misaligned from the others: 

this suggests that there may be a correlation between the tensile strength at break and the position of the tube 

inside the oven. 

 
Figure 5.5.1: Boxplot of tear strength at break values grouped by the position of the tube inside the oven 

 

Figure 5.5.2 shows the boxplot of tear strength at break values measured in laboratory grouped by the position 

of the ring inside the tube. 
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Figure 5.5.2: Boxplot of tear strength at break values grouped by the position of the ring inside the tube 

 

Figure 5.5.3 shows the dotplot of tear strength at break values measured in laboratory grouped by the position 

of the tube inside the oven. 

 
Figure 5.5.3: Dotplot of tear strength at break values grouped by the position of the tube inside the oven 

 

Figure 5.5.4 shows the dotplot of tear strength at break values measured in laboratory grouped by the position 

of the ring inside the tube. 
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Figure 5.5.4: Dotplot of tear strength at break values grouped by the position of the ring inside the tube 

 

5.5.2 Outlier identification 

The Grubbs’ test to identify outliers is carried out before proceeding with ANOVA. Figure 5.5.5 shows the 

outlier plot of tear strength at break values grouped by the position of the tube inside the oven: as it can be 

seen, five outliers are found by the test in BDL, BUR, FDR, MCL and MCR positions. Before proceeding with 

the ANOVA, each outlier is replaced by the median of the other values in the same position. 

 
Figure 5.5.5: Outlier plot of tear strength at break values grouped by the position of the tube inside the oven 
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5.5.3 ANOVA 

The ANOVA is carried out to investigate if there are correlations between the tear strength at break, the 

position of the tube inside the oven and the position of the ring in the tube. 

Table 5.5.1 shows the results of the ANOVA. As it can be observed, the position has an F-value quite high 

and a p-value much lower than 0.05, while the ring has a quite low F-value and a p-value slightly lower than 

0.05. This indicates the influence of the position of the tube inside the oven on the tear strength is quite strong, 

while the influence of the position of the ring inside the tube is quite weak. 

 

Table 5.5.1: Results of the ANOVA of the tear strength at break 

 

 

Table 5.5.2 shows the model summary of the ANOVA. The coefficient of determination R2 is 62.45%, 

indicating that the model represents more than half of the data variability. The same considerations done for 

the hardness are valid. 

 

Table 5.5.2: Model summary of the ANOVA of the tear strength at break 

 

 

Figure 5.5.6 shows the residual plots for the tear strength at break. As it can be seen, in the normal probability 

plot (top left) the points follow a straight line and the histogram plot (bottom left) has a bell shape: this means 

that normality is respected. In the versus fits plot (top right) the points are randomly distributed around zero: 

this means that residuals variance is constant. Finally, in the versus order plot (bottom right) the points are 

randomly distributed around zero: this means that time independence is respected. 
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Figure 5.5.6: Residual plots for the tear strength at break 

 

5.5.4 Response surface regression 

As the ANOVA highlights a correlation between the tear strength at break, the position of the tube inside the 

oven and the position of the tube inside the ring, the response surface regression is carried out using as terms 

the coordinates of the oven X, Y, Z and the ring. 

Table 5.5.3 shows the model summary. The coefficient of determination R2 is 58.11%, indicating that the 

model represents more than half of the data variability. The same considerations done for the hardness are 

valid. 

 

Table 5.5.3: Model summary of the surface regression of the tear strength at break 

 

 

Table 5.5.4 shows the ANOVA for each significant term with a level of confidence of 0.15 of the regression 

equation. By looking at the columns of F-values and p-values, it is possible to understand which terms affect 

more the model of the strain at break. 
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Table 5.5.4: ANOVA for each significant term of the response surface regression of the tear strength at break 

 

Figure 5.5.7 shows the Pareto chart of the standardised effects. In this case, all the terms with a standardised 

effect higher than 1.453 are considered significant. 

By looking at Table 5.5.4 and at Figure 5.5.7 it can be stated that the significant terms with a level of confidence 

of  0.15  in descending order are X, Z2, X*Y, Y, Ring, Y2, X*Z and Z*Ring. 

 

 
Figure 5.5.7: Pareto Chart of the standardised effects of the response surface regression of the tear strength at break 

 

Table 5.5.5 shows the regression equations of the tear strength at break as a function of the coordinates of the 

oven. There are seven equations: one for each ring. 
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Table 5.5.5: Regression equations of the tear strength at break as a function of the coordinates of the oven 

 

 

Figure 5.5.8 shows the surface plots of tear strength at break as a function of the coordinates of the oven for 

ring A. In each plot, the axes represent the tear strength and two coordinates, while the third coordinate is kept 

constant with value equal to 0. 
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Figure 5.5.8: Surface plots of tear strength at break as a function of the coordinates of the oven 

 
Finally, the multiple response prediction for both the maximum and the minimum value of tear strength is 

found. 

Table 5.5.6 shows the maximum value of tear strength at break predicted by the response surface regression 

as well as its coordinates, its ring and its 95% CI (Confidence Interval). The maximum value is 7.5 N/mm with 

a 95% CI between 7.2 N/mm and 7.9 N/mm and it is expected to be in FDL position in ring G. 

 

Table 5.5.6: Multiple response prediction for the maximum value of tear strength at break 

 

 

Table 5.5.7 shows the minimum value of tear strength at break predicted by the response surface regression as 

well as its coordinates, its ring and its 95% CI (Confidence Interval). The minimum value is 5.5 N/mm with a 

95% CI between 5.2 N/mm and 5.8 N/mm and it is expected to be near BCM position in ring B. 
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Table 5.5.7: Multiple response prediction for the minimum value of tear strength at break 

 

 

Figure 5.5.9 shows the sketch of the oven with the means of the measured tear strength at break values for 

each position (number in the rectangles) and the predicted maximum and minimum values (numbers in the 

circles). The scale of colours is set to assign the green to the lowest values and the red to the highest ones. As 

it can be observed, the values in the front are the highest, while the values on the back and in the centre are the 

lowest. This highlights that tear strength depends on the post-curing temperature: the higher the temperature 

is, the lower the tear strength is. This can be explained by the fact that increasing the temperature, the sulphur 

atoms form more crosslinks between the long rubber polymer chains and so their movement is limited. If there 

are too many crosslinks, chains can no longer move, the initial cut can propagate more easily and chains break 

earlier. Therefore, in the front the tear strength at break values are higher because there is the oven door and 

so the temperature is lower, while on the back and in the centre the tear strength at break values are lower 

because they are far from the door and so the temperature is higher. Furthermore, the predicted maximum and 

minimum values are near the measured maximum and minimum values: this highlights that the model obtained 

by the response surface regression is reliable. 

 
Figure 5.5.9: Sketch of the oven with the means of the measured tear strength at break values for each position (number in the 

rectangles) and the predicted maximum and minimum values (number in the circles)  
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6 Post-curing effect analysis 
After analysing the correlation between the mechanical properties, the position of the tube inside the oven and 

the position of the ring inside the tube, the post-curing effect is analysed as well.  

The hardness Shore test, the tensile test and the tear test are carried out on the same specimens both before and 

after post-curing: in this way,  it is possible to obtain a comparison between the post-cured and the non-post-

cured elastomers. 

As in Paragraph 5, Minitab software is used to visualise the data through boxplots and dotplots, to identify the 

outliers through Grubbs’ test and to carry out the ANOVA. 

The data in this analysis have been normalised as explained in Paragraph 5. 

 

6.1 Hardness Shore test 

6.1.1 Descriptive statistics 

Figure 6.1.1 shows the boxplot of hardness values measured in laboratory before and after post-curing. As it 

can be seen, after the post-curing, the elastomers are harder. 

 
Figure 6.1.1: Boxplot of hardness values before and after post-curing 

 

Figure 6.1.2 shows the dotplot of hardness values before and after post-curing. 
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Figure 6.1.2: Dotplot of hardness values before and after post-curing 

 

6.1.2 Outlier identification 

The Grubbs’ test to identify outliers is carried out before proceeding with ANOVA. Figure 6.1.3 shows the 

outlier plot of hardness values before and after post-curing: as it can be seen, no outlier is found by the test. 

 
Figure 6.1.3: Outlier plot of hardness values before and after post-curing 

 

6.1.3 ANOVA 

The ANOVA is carried out to investigate if the post-cured and the non-post-cured elastomers are different. 
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Table 6.1.1 shows the results of the ANOVA. As it can be observed, the F-value is very high, while the p-

value is much lower than 0.05. This means that the two groups, the post-cured and the non-post cured 

elastomers, are different. 

 

Table 6.1.1: Results of the ANOVA of the hardness 

 

 

Table 6.1.2 shows the model summary of the ANOVA. The coefficient of determination R2 is 88.47%, 

indicating that the model represents most of the data variability. 

 

Table 6.1.2: Model summary of the ANOVA of the hardness 

 

 

Figure 6.1.4 shows the residual plots for the hardness. As it can be seen, in the normal probability plot (top 

left) the points follow a straight line and the histogram plot (bottom left) has a bell shape: this means that 

normality is respected. In the versus fits plot (top right) the points are randomly distributed around zero: this 

means that residuals variance is constant. Finally, in the versus order plot (bottom right) the points are 

randomly distributed around zero: this means that time independence is respected. 
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Figure 6.1.4: Residual plot for the hardness 

 

6.2 Tensile test: stress at break 

6.2.1 Descriptive statistics 

Figure 6.2.1 shows the boxplot of stress at break values measured in laboratory before and after post-curing. 

As it can be seen, after the post-curing, the stress at break values are higher. 

 
Figure 6.2.1: Boxplot of stress at break values before and after post-curing 

 

Figure 6.2.2 shows the dotplot of stress at break values before and after post-curing. 
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Figure 6.2.2: Dotplot of stress at break values before and after post-curing 

 

6.2.2 Outlier identification 

The Grubbs’ test to identify outliers is carried out before proceeding with ANOVA. Figure 6.2.3 shows the 

outlier plot of stress at break values before and after post-curing: as it can be seen, one outlier for each group 

is found by the test. Before proceeding with the ANOVA, the outliers are replaced by the median of the other 

values in the same group. 

 

 
Figure 6.2.3: Outlier plot of stress at break values before and after post-curing 

 



74 
 

6.2.3 ANOVA 

Table 6.2.1 shows the results of the ANOVA. As it can be observed, the F-value is very high, while the p-

value is much lower than 0.05. This means that the two groups, the post-cured and the non-post cured 

elastomers, are different. 

 

Table 6.2.1: Results of the ANOVA of the stress at break 

 

 

Table 6.2.2 shows the model summary of the ANOVA. The coefficient of determination R2 is 58.55%, 

indicating that the model represents more than half of the data variability. This could be due to the presence of 

the supplier factor and of the vulcanisation cycles, which are not considered in this analysis. 

 

Table 6.2.2: Model summary of the ANOVA of the stress at break 

 

 

Figure 6.2.4 shows the residual plots for the stress at break. As it can be seen, in the normal probability plot 

(top left) the points follow a straight line and the histogram plot (bottom left) has a bell shape: this means that 

normality is respected. In the versus fits plot (top right) the points are randomly distributed around zero: this 

means that residuals variance is constant. Finally, in the versus order plot (bottom right) the points are 

randomly distributed around zero: this means that time independence is respected. 
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Figure 6.2.4: Residual plot for the stress at break 

 

6.3 Tensile test: strain at break 

6.3.1 Descriptive statistics 

Figure 6.3.1 shows the boxplot of strain at break values measured in laboratory before and after post-curing. 

As it can be seen, after the post-curing, the strain at break values are lower. 

 
Figure 6.3.1: Boxplot of strain at break values before and after post-curing 

 

Figure 6.3.2 shows the dotplot of strain at break values before and after post-curing. 
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Figure 6.3.2: Dotplot of strain at break values before and after post-curing 

 

6.3.2 Outlier identification 

The Grubbs’ test to identify outliers is carried out before proceeding with ANOVA. Figure 6.3.3 shows the 

outlier plot of strain at break values before and after post-curing: as it can be seen, no outlier is found by the 

test. 

 
Figure 6.3.3: Outlier plot of strain at break values before and after post-curing 
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6.3.3 ANOVA 

Table 6.3.1 shows the results of the ANOVA. As it can be observed, the F-value is very high, while the p-

value is much lower than 0.05. This means that the two groups, the post-cured and the non-post cured 

elastomers, are different. 

 

Table 6.3.1: Results of the ANOVA of the strain at break 

 

 

Table 6.3.2 shows the model summary of the ANOVA. The coefficient of determination R2 is 37.09%, 

indicating that the model represents only a small portion of the data variability. The same considerations done 

for the stress at break are valid. 

 

Table 6.3.2: Model summary of the ANOVA of the strain at break 

 

 

Figure 6.3.4 shows the residual plots for the stress at break. As it can be seen, in the normal probability plot 

(top left) the points follow a straight line and the histogram plot (bottom left) has a bell shape: this means that 

normality is respected. In the versus fits plot (top right) the points are randomly distributed around zero: this 

means that residuals variance is constant. Finally, in the versus order plot (bottom right) the points are 

randomly distributed around zero: this means that time independence is respected. 
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Figure 6.3.4: Residual plot for the strain at break 

 

6.4 Tear test: tear strength at break 

6.4.1 Descriptive statistics 

Figure 6.4.1 shows the boxplot of tear strength at break values measured in laboratory before and after post-

curing. As it can be seen, after the post-curing, the tear strength at break values are lower. 

 
Figure 6.4.1: Boxplot of tear strength at break values before and after post-curing 
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Figure 6.4.2 shows the dotplot of tear strength at break values measured in laboratory before and after post-

curing. 

 
Figure 6.4.2: Dotplot of tear strength at break values before and after post-curing 

 

6.4.2 Outlier identification 

The Grubbs’ test to identify outliers is carried out before proceeding with ANOVA. Figure 6.4.3 shows the 

outlier plot of tear strength at break values before and after post-curing: as it can be seen, only one outlier is 

found by the test in the post-cured group. Before proceeding with the ANOVA, the outlier is replaced by the 

median of the other values in the same group. 

 
Figure 6.4.3: Outlier plot of tear strength at break values before and after post-curing 
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6.4.3 ANOVA 

Table 6.4.1 shows the results of the ANOVA. As it can be observed, the F-value is very high, while the p-

value is much lower than 0.05. This means that the two groups, the post-cured and the non-post cured 

elastomers, are different. 

 

Table 6.4.1: Results of the ANOVA of the tear strength at break 

 

 

Table 6.4.2 shows the model summary of the ANOVA. The coefficient of determination R2 is 91.12%, 

indicating that the model represents most of the data variability. 

 

Table 6.4.2: Model summary of the ANOVA of the tear strength at break 

 

 

Figure 6.4.4 shows the residual plots for the strain at break. As it can be seen, in the normal probability plot 

(top left) the points follow a straight line and the histogram plot (bottom left) has a bell shape: this means that 

normality is respected. In the versus fits plot (top right) the points are randomly distributed around zero: this 

means that residuals variance is constant. Finally, in the versus order plot (bottom right) the points are 

randomly distributed around zero: this means that time independence is respected. 
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Figure 6.4.4: Residual plot for the tear strength at break 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



82 
 

7 Conclusions 
AGLA Power Transmission is working on a project to produce advanced tyres for motorcycle sector, in 

particular for enduro races, without an inner tube, with an anti-puncture system and able to guarantee a long 

life with a view to the circular economy. 

The aim of this thesis was to characterise the mechanical properties of an elastomeric compound which could 

be used to produce the tyre.  

The mechanical properties of the elastomers have been measured in laboratory through hardness Shore test, 

tensile test and tear test and they have been analysed performing the analysis of variance to investigate if they 

are affected by the position of the tube inside the oven and by the position of the ring inside the tube.  

The laboratory tests allowed to measure the mechanical properties only in specific positions, but it would be 

useful to know how the mechanical properties behave in each point of the oven for each ring. To solve this 

problem, the response surface regressions have been carried out: in this way, the equations which correlate the 

mechanical properties to the position and to the ring have been retrieved and it is possible to know which are 

the position and the ring which maximise or minimise a mechanical property or allow to reach a target value. 

The results of the analysis of variance show that the hardness is affected by both the position of the tube inside 

the oven and the position of the ring inside the tube. According to the response surface regression, the 

maximum value of hardness is expected to be near the middle centre right position in the second ring, while 

the minimum value is expected to be in the front down left position in the seventh ring. 

The tensile stress at break is affected by neither the position of the tube inside the oven and the position of the 

ring inside the tube. 

The tensile strain at break is affected by the position of the tube inside the oven, but not by the position of the 

ring inside the tube. The maximum value of strain at break is expected to be in the front down left position, 

while the minimum value is expected to be near back centre middle position. 

The tear strength at break is affected by both the position of the tube inside the oven and the position of the 

ring inside the tube. The maximum value of tear strength at break is expected to be in the front down left 

position in ring the seventh, while the minimum value is expected to be near back centre middle position in 

the second ring. 

Moreover, hardness, tensile strain at break and tear strength at break seems to be correlated to temperature. 

Increasing the temperature, the sulphur atoms form more crosslinks between the long rubber polymer chains. 

The hardness increases because the chains become more compact. The tensile strain at break decreases because 

the chains movement is limited and they break earlier. The tear strength decreases because the chains 

movement is limited, the initial cut propagates more easily and the chains break earlier. In fact, in the front of 

the oven, where there is the door and so the temperature is lower, the hardness reaches the lowest values, while 

the tensile strain at break and the tear strength at break reach the highest values. On the contrary, on the back 

and in the centre, where the temperature is higher, the hardness reaches the highest values, while the tensile 

strain at break and the tear strength at break reach the lowest values. 

Finally, the post-curing effect is analysed by comparing the mechanical properties of the elastomers before 

and after entering the oven. As during post-curing the sulphur atoms form more crosslinks between the rubber 

polymer chains, the hardness and the tensile stress at break increase, while the tensile strain at break and the 

tear strength at break decrease. It is possible to change the duration of post-curing to change the mechanical 

properties.  

The research carried out in this Master’s thesis will be useful for the company to produce enduro motorcycle 

tyres instead of ring specimens, but with the same procedure. 

The next steps will be to design the geometry of the tyres, to carry out some FEM simulations to analyse their 

behaviour and to use the results of this thesis to obtain EPDM with suitable mechanical properties. Indeed, 

from the laboratory tests, in particular form the tensile test, it is possible to retrieve the coefficients of the 

Mooney-Rivlin model which describes the behaviour of the rubber under tension and compression loads. Once 

the drawing of the tyre and the Mooney-Rivlin coefficients are obtained, it is possible to simulate the behaviour 

of the tyre under tension and compression using a FEM software. 
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