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Abstract 

Vibrations are very common phenomenon. It influences structures and generates 

acoustic noise which might be harmful to human beings. The vibration isolator was 

invented to reduce the effect from vibrations. However, the behavior of rubber 

material, which many vibration isolators are made of, is hard to predict. 

Consequently, vibration tests are needed to obtain the dynamic properties of rubber 

isolator. 

In this case, a six-year old LORD 2204-5 rubber isolator provided by Atlas Copco 

was tested. The aim of this paper is to obtain the FRF (Frequency Response Function) 

diagram which can describe the property of the rubber material. Moreover, the 

influence of aging of rubber material on the dynamic properties was studied. 

As the vibration test should simulate the working environment of the isolators that 

are both a static load from the structure and a dynamic force from the engine, a new 

excitation method was designed. The camshaft with the shape of an epitrochoid 

induced the sinusoidal signal of the isolator and the frame transferred the static load 

from the hydraulic machine. The artificial aging was performed in a hot air oven in 

90°C for 42 hours, which according to Arrhenius equation should be equivalent to six 

years of natural aging. The vibration isolator was tested again after being aged. 

The obtained data showed that the aging process decreased the stiffness of the 

material. The results were corresponding with other studies regarding aging of rubber. 

Key words:  Vibration test, Vibration isolator, Frequency response function, rubber, 

material properties, aging, camshaft, artificial aging. 
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Notation 

𝐴 - load area, [m
2
], 

𝐵 - pre-exponential factor, [-], 

𝐶 - an arbitrary constant, [-], 

𝐷 - compression of the isolator after mounting, [m], 

E - Young modulus, [N/m
2
], 

𝐸∝ - activation energy, [J/mol], 

𝐸∞ - Young modulus of a spring element, [N/m
2
], 

𝐸𝑅 - relaxation modulus, [N/m
2
], 

𝐸𝑑𝑦𝑛 - dynamic modulus, [N/m
2
], 

𝐹 - force, [N], 

𝐹𝑠𝑡 - total force acting on the support plate, [N], 

𝐺 - shear modulus, [Pa], 

𝐻 - height of the undeformed isolator, [m], 

𝐼 - transfer of function, [-], 

𝐽𝑐 - creep compliance, [m
2
/N], 

𝐾𝑇 - acceleration factor, [-], 

𝐾𝑑𝑦𝑛 - dynamic stiffness of the rubber isolator, [N/m], 

𝐾𝑠𝑡 - static stiffness of the rubber isolator, [N/m], 

𝐿 - thickness of the support plate, [m], 

𝑅 - universal gas constant, [J/(K·mol)], 

𝑅𝑖 - inner radius of the rubber isolator which has not been deformed, [m], 

𝑅𝑦 - outer radius of the rubber isolator which has not been deformed, [m], 

𝑆 - shape factor. [-], 

𝑇 - absolute temperature, [K], 

𝑋 - input excitation, [-], 

𝑌 - output response, [-], 

𝑎 - radius of a base circle, [m], 

𝑏 - radius of a rolling circle, [m], 

𝑐 - coefficient of damping, [Ns/m], 

𝑑 - distance between centre of rolling circle and drawing point, [m], 

ℎ - height of the deformed isolator, [m], 

𝑘 - reaction rate constant, [-], 

𝑟𝑦 - outer radius of the rubber isolator which has been deformed, [m], 

𝑡 - time, [s], 

𝑡1 - natural aging time, [h], 

𝑡2 - accelerated aging time, [h], 

𝑡𝑟 - relaxation time, [s], 

𝑢 - deformation, [m], 

�̇� - velocity, [m/s], 

𝑢0 - a given deformation, [m], 

𝑢𝑙𝑜𝑎𝑑 - deformation resulting from the external load, [m], 

𝑢𝑜𝑣𝑒𝑟 - deformation on the isolator mounted over the support plate, [m], 

𝑢𝑠𝑐𝑟𝑒𝑤 - deformation from screw joint, [m], 

𝑢𝑢𝑛𝑑𝑒𝑟 - deformation on the isolator mounted under the support plate, [m], 

δ - loss factor, [rad], 
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휀 - strain, [-], 

휀̇ - differential of strain, [1/s], 

ε0 - a given strain, [-], 

휀𝑑𝑎𝑠ℎ𝑝𝑜𝑡 - strain in a dashpot, [-], 

휀𝑀 - strain in a Maxwell element, [-], 

휀𝑠𝑝𝑟𝑖𝑛𝑔 - strain in a spring, [-], 

휀∞ - strain in a spring element, [-], 

𝜂 - coefficient of viscosity, [Ns/m
2
], 

σ - stress, [N/m
2
], 

𝜎0 - a given stress, [-], 

𝜎𝑑𝑎𝑠ℎ𝑝𝑜𝑡 - stress in a dashpot, [N/m
2
], 

𝜎𝑀 - stress in a Maxwell element, [N/m
2
], 

𝜎𝑠𝑝𝑟𝑖𝑛𝑔 - stress in a spring, [N/m
2
], 

𝜎∞ - stress in a spring element, [N/m
2
], 

𝜒 - dynamic factor, [-], 

ω - angular frequency, [rad/s], 
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1. Introduction 

Many devices used in industry generate vibrations. To prevent machines 

from transmitting the vibrations to other structures, there is a need for 

vibration absorbers. Vibrations generate acoustic noise which can be not 

only disturbing for surroundings, but also harmful for the environment and 

people around. Moreover, vibrations may cause fracture and failure of a 

structure. 

A vibration isolator is a part of a suspension system, for instance in a vehicle. 

It is a mechanical device designed to absorb and damp shock impulses by 

converting the kinetic energy into another form of energy (typically heat). In 

this case, one kind of vibration isolators which is a part of the suspension in 

an Atlas Copco mining machine is going to be studied.  

In industry, it is usual to place rubber between two parts of a structure. 

Although so widely analyzed, there is a need of more studies on material 

properties and modelling techniques. Much time and money are used to 

optimize the shape, location and volume of the isolators.  

With the development of research and analysis, the frequency response 

function has been derived which can tell the trend of the change in material 

with the increase of the frequency and when the resonance will happen 

which could lead to a failure of the structure.  

1.1 Background 

Vibration isolators can be divided into many kinds, such as pneumatic 

isolators, wire rope isolators, rubber and elastomer isolators, and spring-

dampers. Atlas Copco chose a rubber isolator in their mining machines.  

Rubber isolators usually consist of rubber bonded to a metal element that 

enables mounting to the rest of the structure. Since rubber is a non-linear 

material that strongly depends on a number of variables, it is challenging to 

model and predict its behavior. Its properties may change due to external 

conditions, such as wear, aging and sun exposure. 

1.2 Aim  

The aim of this thesis is to obtain the dynamic properties of rubber isolators 

due to aging. The frequency responses of the vibration isolator in low 

frequency and high frequency are going to be obtained using different 

methods. To achieve these goals the project group should carry out the 

testing devices. Besides, the specimens will be heated in an oven where the 

artificial aging would be managed. Moreover, the specimens will be tested 
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again after the accelerated aging and compared with the data before that 

aging. 

1.3 Purpose 

The purpose is to measure the isolator’s behavior after being stored for a 

long time and being artificially aged. The obtained test data would be 

helpful for improvement of the design in addition of new rubber isolators 

used by Atlas Copco. 

1.4 Hypothesis and limitations 

It is supposed that the rubbers will show different properties due to 

differences in aging. 

The study is limited by the number of tested rubber isolators. Only one 

vibration isolator will be studied; it has been naturally aged for six years. No 

comparison due to conditions that might influence the material, for example 

sun exposure and wear, will be taken into account. 

Another limitation is that there is not enough time for the project group 

practicing the application of numerical modelling which is used to verify the 

testing results. From this side, the project group members only study the 

theoretical knowledge of modelling.    



3 

Joanna Cierocka, Jiayue Tang 

2. Material 

Rubber isolator can be divided into pneumatic isolators, wire rope isolators, 

rubber and elastomer isolators and spring-dampers. In this project only the 

rubber isolator will be treated. To know this kind of material better, a 

detailed research will be done in the following context. 

2.1 Material description 

Polymers are long chain molecules composed of many repeated subunits [1]. 

They are obtained in a process of polymerization of smaller molecules, 

known as monomers. Below the transition temperature, Tg, a polymer is a 

brittle, glassy material. On the other hand, above this temperature it becomes 

a rubbery material that is called elastomer. In a process called vulcanization, 

elastomers turn from a material with very low shear modulus and very high 

strain to a material known as rubber. Vulcanization, discovered by Charles 

Goodyear in 1839, creates chemical links between polymer chains because 

of addition of sulphur or another agent [2]. The difference between an 

elastomer and vulcanized rubber is shown in Figure 1. The vulcanization 

process is possible for elastomers obtained both from natural substance such 

as latex (sap extracted from rubber tree Hevea brasiliensis) and synthetically 

manufactured material extracted from petroleum. Nevertheless, natural 

rubber is mainly used in engineering application. To improve the properties 

of natural rubber, some additives, such as carbon black or silica, that is used 

to increase stiffness of the material and its wear resistance, are used [3].  

 

 

Figure 1. Left: Individual polymer chains can untangle from the polymer melt via reptation. Right: 

Vulcanization causes permanent cross-links between chains, resulting in arestoration of the rubber’s 

initial shape when an applied force is removed [1]  
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2.2 Mechanical properties 

Rubber is a highly non-linear material that depends on a number of factors, 

such as temperature, frequency, amplitude and load and it has both elastic 

and viscous properties. Thus, neither Hooke’s stress-strain relation nor the 

Newton’s relation is inapplicable. Due to the viscous forces in rubber, there 

exist a phase lag between stress and strain shown in Figure 2 and a 

hysteresis phenomenon can be observed. 

 

Figure 2. Normalized stress response of a viscoelastic material subjected to a sinusoidal strain [1]. 

The phase lag, δ, [rad], is also called a loss factor as it results in energy 

dissipated within the loading cycle [1]. The amount of dissipated energy 

during a load cycle is equal to the area within the hysteresis loop. Hysteresis 

for a viscoelastic material is in shape of an ellipse. However, while rubber is 

a non-linear material and often contains some fillers such as carbon black, 

the shape of the hysteresis loop is different, which is presented in Figure 3 a) 

and b). This difference is caused by frictional damping due to filler structure 

breakdown and reforming [4].  

  

 
 

(a) (b) 

Figure 3. a) Hysteresis in a linear, viscoelastic material [1], b) hysteresis in a real material, a carbon black 

filled natural rubber [1]. 
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 Temperature dependence 2.2.1

As mentioned before, the properties of rubber are dependent on temperature. 

Three regions of the material behavior can be observed along the 

temperature increase: the glassy, transition and rubber regions [5]. In the 

transition region, the shear modulus is decreasing from a high value 

corresponding to the glassy region, down to the rubbery region. However, 

for the transition region the loss factor is high comparing to the other regions, 

obtaining the maximum value in the transition point. In Figure 4, the 

temperature dependence on the shear modulus and the loss factor are 

presented. 

 

Figure 4. Schematic temperature dependency of rubberlike materials [1]. 

 Frequency dependence 2.2.2

Another material property for rubber is the frequency dependence; again it is 

possible to observe three regions: glassy, transition and rubber [5]. As 

shown in Figure 5, the shear modulus increases from rubber through 

transition to glassy region together with frequency, which is most prominent 

in the transition region. The loss factor firstly increases together with the 

frequency in the rubber region obtaining the maximum value in the 

transition region and then decreases in the glassy region.  
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Figure 5. Measured unfilled material frequency dependence for an extended frequency range [5]. 

 Preload dependence 2.2.3

In rubber materials preload dependences can be observed [2]. As the preload 

increases, the dynamic stiffness increases. The effect is even more obvious if 

the loading is dynamic and frequency dependent. Three different load cases 

are presented and for frequencies higher than 300 Hz, the differences 

between the load cases are visible. Above 600 Hz the stiffness for each load 

case is much different while the tendency is similar. 

               

Figure 6. Measured results (b) transfer stiffness magnitude (c) and phase angle as a function of 

frequency and different preloads. 0N (bold line), 2100N (dashed line) and 3350N (thin line) [6]. 
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 Amplitude dependence 2.2.4

Amplitude dependence for filled rubber materials is observed. Mainly, there 

are two effects that are connected with amplitude: the Payne effect, which is 

shown in Figure 7, and Mullin’s effect.  

 

Figure 7. Measurements of stiffness and loss angle of a filled rubber isolator showing a strong 

amplitude dependence, denoted the Payne effect [2]. 

The Payne effect, also called the Fletcher-Gent effect, can be observed in 

both unfilled and filled rubber materials, though it is more pronounced in the 

second case [1]. The effect describes that the stiffness decreases while the 

amplitude of oscillation increases. It is supposed that the effect is mainly 

caused by the breakdown of weak bonds between the rubber and filler 

particles. The more filler in the material, the more visible is the amplitude 

dependence. 

Mullin effect, also known as stress-softening, is coupled with filled rubbers 

that even though they exhibit higher stiffness, after prior straining, the 

material softens after the first oscillations. The effect is the more visible the 

higher the strain that is applied, which is shown in   

Figure 8. 
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Figure 8. Stress softening of a relatively highly filled rubber. For comparison, the elastic behavior of 

the corresponding unfilled material is also shown as a broken line [7]. 

2.3 Specimen 

The tested elements are two pieces of rubber mount CB-2204-5, which is 

manufactured by Lord Company, presented in Figure 9. The element is six 

years old which is supposed to have an influence on its properties. The 

element consists of a mixture of natural rubber, carbon black and chemical 

agents. The dimensions of the investigated objects are presented in and 

Table 1.  

 

Figure 9. Tested rubber isolator -  Lord CB-2205-2 [8]. 
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Between two pieces of the rubber isolator, a metal plate is mounted. The 

excitation force is applied to the metal plate, which is simulating the 

structure with load. The lower part of the rubber isolator is fixed, simulating 

the frame. Firstly, a preload is applied, that resembles the weight of the 

vibrating structure. The viscous effects presented previously imply that a 

certain time gap is needed to obtain valid measurements. 

 

Figure 10. Dimensions of the tested objects - Lord [8]. 

Table 1. Dimensions in mm for the tested vibration isolator – Lord  CB-2204 series [8]. 

Series Number A B C D E F G 

CB-2204 87.9 24.1 36.8 73.0 58.4 25.4 37.6 

After a visit to the company, the group members knew what kind of role the 

vibration isolators play in a drilling machine which is shown in Figure 11. 

 
 

 

(a) (b) 

Figure 11. (a) overall view of a type of  drilling machine [9] and (b) the view of vibration isolator [2]. 

Four vibration isolators are mounted on the frame and hold the structure, 

which means that each isolator holds heavy weight and there will be a 

constant excitation from the engine. This situation makes the group 
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members start thinking of how to measure the specimen in a dynamic 

situation. It will be introduced in the following chapter.  

The stiffness of the isolator includes two cases. One is with preload and the 

other is without. The equations of these two kinds of stiffness will be 

derived in the following context. The investigated isolator is produced by 

Lord Corporation and the data are taken from the catalog of the product are 

shown in Table 2. 

Table 2. Catalogue data of the isolators [8] (*all elastomers are blends of Natural Rubber, Carbon 

Black, Sulfur and other chemical agents) 

Part Number Elastomer T-Thick support plate(recommended) 

Thickness T [mm] Load/Deflection 

[N/mm] 

CB-2204-3 NR 28.6 3110 at 2.3 

CB-2204-5 NR 28.6 4450 at 2.3 

CB-2205-2 NR 31.8 5340 at 2.3 

CB-2205-3 NR 31.8 6670 at 2.3 

CB-2205-4 NR 31.8 8010 at 2.3 

CB-2205-5 NR 31.8 9340 at 2.3 

 Rubber isolator stiffness with no preload 2.3.1

This section is based on the derivations presented in paper [2]. 

The derivation will be finished with the help of a simple geometry which 

approximately describes the real specimen, see Figure 12. 

 

 

 
Figure 12. Geometry approximation for rubber isolator with metal cap on top [2]. 
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The static stiffness of the rubber isolator, 𝐾𝑠𝑡, [N/m], shown in Figure 12 

can be written as 

 
𝐾𝑠𝑡 =

3𝐺𝐴

𝐻
(1 + 2𝑆2), 

( 1 ) 

where G is the shear modulus, [Pa], H is the height of the isolator, [m], and 

A is the load area, [m
2
], which is 

  
𝐴 = (𝑅𝑦

2 − 𝑅𝑖
2)𝜋, 

( 2 ) 

where 𝑅𝑦 and 𝑅𝑖 are the outer and inner radius of the undeformed rubber 

isolator, [m]. 

S, is the shape factor which is defined as the loaded area divided by the 

surface area: 

 

𝑆 =
(𝑅𝑦

2−𝑅𝑖
2)𝜋

2𝜋𝑅𝑦𝐻
. 

( 3 ) 

The static stiffness is used to calculated the dynamic stiffness, [N/m], 

  
𝐾𝑑𝑦𝑛 = 𝜒. 𝐾𝑠𝑡, 

( 4 ) 

where χ, is a dimensionless factor given by the rubber producer or measured 

in the laboratory tests. 

 Rubber isolator stiffness with preload 2.3.2

This section is based on the derivations presented in paper [2]. 

From Figure 13 (a), when a load is applied to a rubber isolator the isolator 

will bulge. To make the calculations easier, the mathematical approximation 

of  the deformation is presented in Figure 13 (b). 

 

Figure 13. (a) Real deformation of a rubber isolator (b) Mathematical approximation [2]. 

Based on equations ( 1 ) and ( 2 ), the stiffness of the isolator under the 

preload is 
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𝐾𝑠𝑡(𝑢) =

3𝐺𝐴(𝑢)

ℎ(𝑢)
(1 + 2𝑆2(𝑢)), 

( 5 ) 

where the difference is that equation ( 5 ) depends on deformation, u [m], 

and the load area and height are 

 
𝐴(𝑢) = (𝑟𝑦

2 − 𝑅𝑖
2)𝜋, 

( 6 ) 

and  

 
ℎ(𝑢) = 𝐻 − 𝑢, 

( 7 ) 

where ry, [m], is the deformed outer radius of the rubber isolator and h, [m], 

is the deformed height. 

The shape is equal to 

 

𝑆(𝑢) =
(𝑟𝑦

2−𝑅𝑖
2)𝜋

2𝜋𝑟𝑦ℎ
=

𝑟𝑦
2−𝑅𝑖

2

2𝑟𝑦[𝐻−𝑢]
. 

( 8 ) 

It is assumed that the volume of the isolator does not change 

 
[𝑅𝑦

2 − 𝑅𝑖
2]𝜋𝐻 = [𝑟𝑦

2 − 𝑅𝑖
2]𝜋ℎ , 

( 9 ) 

 

𝑟𝑦
2 =

[𝑅𝑦
2−𝑅𝑖

2]𝐻

ℎ
+ 𝑅𝑖

2. 
( 10 ) 

The equations from ( 5 ) to ( 10 ) give 

 

𝐾𝑠𝑡(𝑢) = 3𝐺𝐻𝜋[
(𝑅𝑦

2−𝑅𝑖
2)

(𝐻−ℎ)2 +
(𝑅𝑦

2−𝑅𝑖
2)

3

2[(𝑅𝑦
2−𝑅𝑖

2)𝐻+𝑅𝑖
2(𝐻−𝑢)](𝐻−𝑢)3]. 

( 11 ) 

The dynamic stiffness is equal to 

 
𝐾𝑑𝑦𝑛(𝑢) = 𝜒. 𝐾𝑠𝑡 

( 12 ) 

and the static stiffness is described as 

 
𝐾𝑠𝑡(𝑢) =

𝑑𝐹

𝑑𝑢
(𝑢). 

( 13 ) 

At a given deformation 𝑢0, [m], the total force, [N], can be formulated as 

 
𝐹(𝑢0) = ∫

𝑑𝐹

𝑑𝑢

𝑢0

0
𝑑𝑢 = ∫ 𝐾𝑠𝑡

𝑢0

0
(𝑢) 𝑑𝑢. 

( 14 ) 
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3. Modelling 

Based on previous discussions, modelling dynamic properties of rubber 

components is a complex task since it contains numerous factors, for 

example excitation frequency, amplitude, temperature and applied preload 

will affect the properties. It is difficult to include all these parameters in one 

single model. 

Since the most common models consist of elastic and viscous parts, the 

emphasis will be mainly put on them.  

3.1 Elastic part 

A way to explain and describe the nature of viscoelastic behavior is to 

combine a spring and a dashpot together in different ways. The single linear 

spring is one of the basic elements, see Figure 15. 

 

 

The spring stress σ, [N/𝑚2], is characterized by the equation 

 𝜎 = 𝐸휀, ( 15 ) 

where E is Young’s modulus [N/𝑚2], ε is the strain which is proportional to 

the stress in the spring. 

A spring can only describe elastic deformation [4]. 

3.2 Viscous part 

A dashpot is characterized by the time dependent relation i.e. the stress is 

proportional to the strain rate as 

 𝜎 = 𝜂휀̇, ( 16 ) 

where η is the coefficient of viscosity [Ns/m], 휀̇ is the differential of strain, 

[1/s], as shown in Figure 15 [4]. A dashpot can only describe viscous 

deformation. 

Figure 14. Single linear spring [5]. 
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Figure 15. Single linear dashpot [4]. 

Moreover, the force over the dashpot can be written as 

 𝐹 = 𝑐�̇�, ( 17 ) 

where F is force [N], c is the coefficient of damping [Ns/m] and �̇� is the 

velocity [m/s] [2]. 

The force is proportional to the velocity. When the cyclic load is applied the 

dashpot will have a time delay [2]. Figure 16 is in terms of force and 

displacement and shows a hysteresis loop.  

Some rheological models such as the Voigt model and the Zener model 

represent the elastic behavior of a spring and the viscous behavior of a 

dashpot [4]. The combination of these two kinds of behavior can be 

concluded to the dynamic behavior of a viscoelastic material. 

 

Figure 16. Force and displacement [2]. 

3.3 Existing models 

Rubber has been widely used in industry for over one century. The 

development of the modelling of rubber has had a huge progress. From the 

beginning there are the simple structure which consists of a dashpot and a 

spring in parallel or series, for example the Kelvin-Voigt model or Maxwell 
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model. These are models that cannot really reflect the realistic behavior of 

rubber. They will be briefly introduced, as well as the simplest model that 

can describe the viscoelastic properties of rubber: the Zener model. 

 The Kelvin-Voigt model 3.3.1

A spring and a dashpot are connected in parallel, see Figure 17. Hence, it is 

a simple viscoelastic solid model. It is named a Kelvin-Voigt model, 

 

Figure 17. The Kelvin-Voigt model [4]. 

where 

 𝜎 = 𝜎𝑠𝑝𝑟𝑖𝑛𝑔 + 𝜎𝑑𝑎𝑠ℎ𝑝𝑜𝑡. ( 18 ) 

Insert the relations 

 𝜎𝑠𝑝𝑟𝑖𝑛𝑔 = 𝐸휀 ( 19 ) 

and  

 𝜎𝑑𝑎𝑠ℎ𝑝𝑜𝑡 = 𝜂휀̇, ( 20 ) 

the total stress is 

 𝜎 = 𝐸휀 + 𝜂휀̇ ( 21 ) 

which is the differential equation for the Kelvin-Voigt model. 

3.3.1.1 Relaxation and creep compliance 

According to the relaxation test diagram, the Kelvin-Voigt model exhibits 

no relaxation [4]. Figure 18 shows that an infinitely large stress is given to 

deform the model instantaneously. 
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Figure 18. Relaxation test [4]. 

The stress increases instantaneously and comes back to σ = Eε0 

immediately which is not particularly physical and the Kelvin-Voigt model 

is thus a poor viscoelastic solid model. 

The Kelvin-Voigt model describes well the response for a step load, so that 

with constant stress the strain in the material is increasing, see Figure 19. 

 

Figure 19. Creep behavior of the Kelvin-Voigt model [4]. 

The homogenous solution to ( 21 ) is 휀 = 𝐶𝑒
−𝐸

𝜂
𝑡
 where C is an arbitrary 

constant. For the case with constant stress 𝜎0 a particular solution to ( 21 ) is 
𝜎0

𝐸
 and the solution to ( 21 ) is therefore 

 
휀 =

𝜎0

𝐸
+ 𝐶𝑒

−𝐸
𝜂

𝑡
. 

( 22 ) 

When a load is applied suddenly, the dashpot will react like a rigid member 

which gives the condition ε = 0. Insert this condition into ( 56 ), then 

 
휀 =

𝜎0

𝐸
(1 − 𝑒

−𝐸
𝜂

𝑡
). 

( 23 ) 

From ( 23 ) the strain will reach the maximum value when t is the maximum. 

3.3.1.2 Dynamic modulus 

The dynamic modulus 𝐸𝑑𝑦𝑛(𝜔), [N/m
2
], is determined by solving for a 

steady state sinusoidal strain historyε = 휀0sin(𝜔𝑡). The time derivative is 

휀̇ = 휀0ωcos(𝜔𝑡) [4].  

Insert ε and 휀̇ into ( 21 ) and rearrange 

 𝜎 = 𝐸휀0 𝑠𝑖𝑛(𝜔𝑡) + 𝜂휀0𝜔𝑐𝑜𝑠(𝜔𝑡), ( 24 ) 

where ω is the angular frequency [rad/s] . 

( 24 ) can also be written as 

 𝜎 = 𝜎0𝑠𝑖𝑛(𝜔𝑡 + 𝛿), ( 25 ) 

where δ is loss factor [rad], 
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 𝜎0 = 휀0√𝐸2 + 𝜂2𝜔2 ( 26 ) 

and 

 𝑡𝑎𝑛(𝛿) =
𝜂

𝐸
𝜔. ( 27 ) 

From the definition of dynamic modulus 𝐸𝑑𝑦𝑛 = 𝜎0/휀0 it is concluded that 

 𝐸𝑑𝑦𝑛 = √𝐸2 + 𝜂2𝜔2. ( 28 ) 

 Maxwell model 3.3.2

A Maxwell element consists of a dashpot and a spring in series, which is 

shown in Figure 20. It describes a fluid that has both elastic and viscous 

properties. 

 

Figure 20. Maxwell element consisting of a dashpot and a spring in series [4]. 

The total stress will be 

 𝜎 = 𝜎𝑑𝑎𝑠ℎ𝑝𝑜𝑡 = 𝜎𝑠𝑝𝑟𝑖𝑛𝑔. ( 29 ) 

The requirement of the total strain for a single Maxwell element with a 

spring and a dashpot coupled is 

 휀 = 휀𝑑𝑎𝑠ℎ𝑝𝑜𝑡 + 휀𝑠𝑝𝑟𝑖𝑛𝑔 . ( 30 ) 

The time derivative is 

 휀̇ = 휀�̇�𝑎𝑠ℎ𝑝𝑜𝑡 + 휀�̇�𝑝𝑟𝑖𝑛𝑔, ( 31 ) 

where  

 휀�̇�𝑎𝑠ℎ𝑝𝑜𝑡 =
𝜎

𝜂
 

( 32 ) 

and 

 
휀�̇�𝑝𝑟𝑖𝑛𝑔 =

�̇�

𝐸
. 

( 33 ) 

Put ( 32 ) and ( 33 ) into ( 31 ) and it will give 

 
�̇� +

𝐸

𝜂
𝜎 = 𝐸휀̇. 

( 34 ) 
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This equation defines the relation of stress and strain for the Maxwell model. 

3.3.2.1 Relaxation and creep compliance 

 

Figure 21. Maxwell model's relaxation behavior [4]. 

The normalized relaxation behavior can be derived by solving ( 34 ) for a 

step strain. For t > 0 

 
�̇� +

𝐸

𝜂
𝜎 = 0. 

( 35 ) 

On application of the step strain the dashpot acts as a rigid member due to 

the infinite large strain rate at t = 0.  

 
𝜎(𝑡) = 𝐸휀0𝑒

−
𝐸
𝜂

𝑡
. 

( 36 ) 

The initial condition for the differential equation is σ(0) = E휀0. By solving 

( 36 ). 

The step strain stress response is shown in Figure 22 and the relaxation 

modulus for the Maxwell model is  

 
𝐸𝑅(𝑡) = 𝐸 ∙ 𝑒

−
𝑡

𝑡𝑟 . 
( 37 ) 

where the relaxation time is defined as  

 𝑡𝑟 =
𝜂

𝐸
. ( 38 ) 

 

 

Figure 22. Creep behavior of the Maxwell model [4]. 

The creep compliance JC(t) can be derived by solving ( 34 ) for a step load 

σ(t) = const =𝜎0. For t > 0 it is concluded that σ = 0, giving 
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휀̇ =

𝜎0

𝜂
⇔ 휀(𝑡) = 휀(𝑡0) +

𝜎0

𝜂
∫ 𝑑𝜏

𝑡

0

. 
( 39 ) 

A sudden applied load gives the initial condition ε(𝑡0) = 𝜎0/𝐸 as a 

consequence that the dashpot acts like a rigid member and ( 39 ) can be 

written as 

 
휀(𝑡) = (

1

𝐸
+

𝑡

𝜂
) 𝜎0. 

( 40 ) 

From the definition of creep compliance 𝐽𝑐(𝑡) = ε(t)/𝜎0it is concluded that 

the creep compliance for the Maxwell model is 

 
𝐽𝑐(𝑡) =

1

𝐸
+

𝑡

𝜂
, 

( 41 ) 

where Jc(t) is creep compliance [𝑚2/N]. 

 Zener Model 3.3.3

In a Kelvin-Voigt element, when the dashpot is replaced by the Maxwell 

element [4], the Zener model is obtained, which is also called a standard 

linear solid model, presented in Figure 23. It is the simplest viscoelastic 

model that behaves like a solid material. It describes both relaxation 

phenomenon and creep. However, it does not describe the amplitude 

dependence. 

 

Figure 23. The Zener model. A spring coupled in parallel with a Maxwell element [10]. 

The total stress 𝜎 in the Zener model is equal to 

 𝜎 = 𝜎∞ + 𝜎𝑀, ( 42 ) 

where 𝜎∞ is stress in the spring element and 𝜎𝑀 is stress in Maxwell element. 

When the equation is transformed to the form 

 𝜎𝑀 = 𝜎 − 𝜎∞, ( 43 ) 

differentiate in the time domain 

 �̇�𝑀 = �̇� − �̇�∞ ( 44 ) 
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and take into consideration that the strain in both strain in the spring element 

휀∞ and in Maxwell element 휀𝑀 is equal to total strain 휀 and the relation is 

the same for time derivative 

 {
휀 = 휀𝑀 = 휀∞

휀̇ = 휀�̇� = 휀∞̇
, ( 45 ) 

then put into the ( 34 ) describing Maxwell element the following relation is 

obtained that 

 (�̇� − �̇�∞) +
𝜎 − 𝜎∞

𝜂
𝐸 = 𝐸휀̇. ( 46 ) 

If stress in the spring is described according to Hoke’s law as 

 𝜎∞ = 𝐸∞휀, ( 47 ) 

then, after rearrangement, the relation has the form 

 
�̇� +

𝐸

𝜂
𝜎 = (𝐸 + 𝐸∞)휀̇ +

𝐸𝐸∞

𝜂
 휀. 

( 48 ) 

As mentioned before, the Zener model describes the stress relaxation of the 

solid viscoelastic material. For a step strain history yields, the response of 

the model is 

 
𝜎𝑅(𝑡) = 𝐸∞휀0 + 𝐸휀0𝑒

𝐸
𝜂

𝑡
,      𝑡 > 0 

( 49 ) 

and its presented in Figure 24. 

 

Figure 24. Relaxation behavior of the Zener model; stress is relaxed to a long-term value [10]. 

3.3.3.1 Relaxation and creep compliance 

The relaxation modulus for the Zener model is  

 
𝐸𝑅(𝑡) = 𝐸∞ (1 +

𝐸

𝐸∞
𝑒

−
𝑡

𝑡𝑟). 
( 50 ) 

The Zener model is describing also creep phenomenon, presented in Figure 

25. For the step load history, the response of the model is 

 
휀(𝑡) =

𝜎0

𝐸∞
+ 𝜎0 (

1

𝐸∞ + 𝐸
−

1

𝐸∞
) 𝑒

−
𝐸∞𝐸

𝜂(𝐸∞+𝐸)
𝑡
    𝑡 > 0 

( 51 ) 
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and the creep compliance for the Zener model is 

 
𝐽𝑐(𝑡) =

1

𝐸∞
+ (

1

𝐸∞ + 𝐸
−

1

𝐸∞
) 𝑒

−
𝐸∞𝐸

𝜂(𝐸∞+𝐸)
𝑡
. 

( 52 ) 

 

Figure 25. Creep behavior of the Zener model. [10]. 

3.4 Influence on tests 

As presented before, in a rubber material, being a viscoelastic material, both 

creep and stress relaxation phenomena occur. Thus, while performing tests 

with static preload, it can be presumed that there is a need to wait some time, 

so that these phenomena are not influencing the tests and the strain will be 

constant. Moreover, the tests cannot be conducted one after another, because 

the material needs time to return to static conditions. Both of the statements 

influence the reliability of conducted tests and as it can be observed in paper 

[2], the difference between an immediate test and a test after certain time 

may be severe. 
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4. Vibration test  

Vibration is one of the most classical phenomena in our life. Scientists have 

studied the effects of vibration in structures and materials which in 

particular is mechanical vibration in wide variety of applications since long 

time. These applications mainly include stimulus response analysis, 

reliability testing, vibration sweep testing and resonance study. In general, 

the purpose of doing vibrational test is to simulate the environment where 

the specimen under test is used in service and then it is to know if it will 

survive to the actual usage service conditions. Vibration testing refers to 

subjecting a device to some predefined profile of mechanical vibrations in 

terms of amplitude and frequency [11].  

 

Many industries, for example defense, space, railways, airways and 

embedded hardware manufacturing, require vibration tests for precisely 

defined profiles, during critical phases of testing their products. In general, 

there is always a great demand for increasing the reliability of devices 

making use of critical components. The durability and serviceability study 

of various devices are subjected to intensive vibration tests. Vibration tests 

have become to one of the essential and critical tests for all the test and 

measurement systems [11].     

4.1 Frequency response function and transfer function relationship 

To understand vibration tests better, the principle of the testing is introduced 

here. Transfer function is a mathematical model defining the input-output 

relationship of a physical system. Figure 26 shows a single input-output 

system. System response (output) is caused by system excitation (input).   

 

Figure 26. System block diagram [12]. 

The casual relationship is defined as 

 
𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛 =

𝑂𝑢𝑡𝑝𝑢𝑡

𝐼𝑛𝑝𝑢𝑡
 

( 53 ) 

and 

 
𝐼(𝑆) =

𝑌(𝑆)

𝑋(𝑆)
. 

( 54 ) 

Mathematically, the transfer function is defined as the Laplace transform of 

the output divided by the Laplace transform of the input. 
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The frequency response function method, which measures the input 

excitation and output response simultaneously, is examined. The focus is on 

the use of one input force, a technique commonly known as single-input, 

shown in Figure 27. By understanding this technique, it is easy to expand to 

the multiple input technique. With a dynamic signal analyzer, which is a 

Fourier transform-based instrument, many types of excitation sources can be 

implemented to measure a structure’s frequency response function.  In fact, 

virtually any physically realizable signal can be input or measured.  The 

selection and implementation of the more common and useful types of 

signals for modal testing are discussed.   

 

Figure 27. General test configuration [12].  

Transducer selection and mounting methods for measuring these signals 

along with system calibration methods are also included.  Techniques for 

improving the quality and accuracy of measurements are then explored.  

These include processes such as averaging, windowing and zooming, all of 

which may reduce measurement errors. Finally, a section on measurement 

interpretation is included to aid in understanding the complete measurement 

process [12]. 

 

 

4.2 Excitation method 
 

To realize a vibration test, the researchers and technicians must manage to 

find an excitation method which is fit for the testing objective and 

manufacture the testing device. For different situation and study, the 

excitation methods can be various. 
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Excitation methods are divided into four categories: shaker, impactor, step 

relaxation and self-operating. Shakers and impactors are the most common 

and will be discussed in more detail in the following sections. Another 

method of classification is to divide them into attached and nonattached 

devices. A shaker is an attached device, while an impactor is not, (although 

it does make contact for a short period of time). The method of shaker is 

divided into broadband excitation and sinusoidal method. In this project the 

sinusoidal method will be discussed in more detail [12]. 

 Impact method 4.2.1

One common excitation mechanism in modal testing is an impact device. 

Although it is a relatively simple technique to implement, it is difficult to 

obtain consistent results. The convenience of this technique is attractive 

because it requires very little hardware and shorter measurement times 

comparing with other methods. The device of applying the impulse, shown 

in Figure 28, includes a hammer, an electric gun or a suspended mass [12].  

 

Figure 28. Impact device for testing [12]. 

 Shaker method 4.2.2

The most useful shakers for modal testing are the electrodynamic shown in 

Figure 29 and the electrohydraulic (or, hydraulic) types. With the 

electrodynamic shaker, force is generated by an alternating current that 

drives a magnetic coil. The maximum frequency limit varies from 

approximately 5 kHz to 20 kHz depending on the size of shaker; the smaller 

shakers having the higher frequency. The maximum force rating is also 

respecting to the size of the shaker and varies from approximately 2 lbf (1 

lbf ≈ 4.45N) to1000 lbf; the smaller the shaker, the lower the force rating. 
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Figure 29. Electrodynamic shaker with power amplifier and signal source [12]. 

With hydraulic shakers, force is generated through the use of hydraulics, 

which can provide much higher force levels – some up to several thousand 

pounds. The maximum frequency range is much lower though. An 

advantage of the hydraulic shaker is its ability to apply a large static preload 

to the structure. This is useful for massive structures such as grinding 

machines that operate under relatively high preloads which may change 

their structural characteristics [12]. 

Electrodynamic (ED) shakers are well fit for most vibration tests and offer 

several advantages over alternative approaches. Compared to hydraulic 

shakers, ED shakers are capable of much higher frequencies. These high 

frequencies can be very important in testing electronics and electronic 

assemblies [13]. 
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4.3 Sinusoid vibration testing 

Sinusoid vibration testing plays an important role on the development to 

search the product resonances and to determine the fatigue life. Sine testing 

usually involves a logarithmic frequency sweep holding the specified 

acceleration magnitude at the base of the specimen. By sweeping the 

frequency in either direction in the range of interest according to a 

predefined profile, adequate test reliability is attained [11]. Figure 30 shows 

that a vibration testing system consists of a shaker, a power amplifier and an 

acceleration measurement, controlling and monitoring system. 

 

Figure 30. Vibration testing system components [11]. 

All the components, except the shaker, are quite similar in each testing setup. 

The most different part is always the shaker. The design of the shaker 

method depends on the testing requirements. The research should be 

provided with enough information for example how the specimen works in 

the real situation, if the specimen is applied the preload. Since in this project 

the specimen is an isolator which is placed between two parts of structure in 

a drilling machine, so for the research group, the first task is to consider how 

to manage the shaker to withstand the preload. With the guide and help of 

supervisor and technician, the group members find the method using a cam 

shaft. This cam shaft will be designed into a specific shape and then when it 

begins rotate it will give the specimen a sinusoidal load. 
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4.4 Epitrochoid study 

To obtain the harmonic (sinusoidal) vibration using a rotating cam, there is a 

need of determining the shape of the cam. 

Cycloid is a curve that is obtained by rolling a circle along a straight line. 

The curve, shown as the red line in Figure 31, is determined by positions of 

a point A that is fixed on the circumference of the rolling circle. If the point 

C is traced which is the height of the drawing point A on the vertical 

diameter of the circle (represented by the green line), the blue sinusoidal 

curve is obtained that is corresponding to the movement of the lifter. 

 

Figure 31. Cycloid (red curve) drawn by a point A on the circumference of a circle with center in 

point B and sinusoidal curve (blue) drawn by point C which is height of point A on the vertical 

diameter (green line) [14]. 

If the circle is rolled around a base circle called epicycle, then the curve is an 

epicycloid. Dependent on the rate of the radius of the base circle to the 

rolling circle, the curve has a number of cusps equal to the radius rate: 1 

cusp is called cardioid, 2 cusp called nefroid and so on, presented in Figure 

32. 

 

a) b) c) d) 

Figure 32. Epicycloids with a) 1 cusp, b) 2 cusps, c) 3 cusps and d) 4 cusps [15]. 

For a case of cardioid, the equation describing it in polar coordinates is 

 𝑟(𝑡) = 2𝑎(1 + 𝑐𝑜𝑠(𝑡)), ( 55 ) 

where a is the radius of a base circle as well as the radius of the rolling circle 

and t is an angle of rotation, changing from 0 to 2π. From the equation it is 
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noticed that while such a cam rotates, the lifter performs a harmonic 

(sinusoidal) movement with an amplitude equal a. 

However, the amplitude of the sinusoidal curve corresponding to the blue 

line presented before is strictly dependent on the radius of the rolling circle. 

Therefore, to determine the number of cusps and amplitude separately, the 

epitrochoid, presented in Figure 33, is an optimal choice. 

 
 

(a) (b) 

Figure 33. a)Parameters of epitrochoid: a – radius of epicycle, b – radius of rolling circle, h – amplitude, P – 

drawing point [16] and b) an example of epitrochoid with parameters a=16 mm, b=8 mm, d=5 mm. 

The epitrochoid is described by parametric equations 

 
𝑥(𝑡) = (𝑎 + 𝑏) 𝑐𝑜𝑠(𝑡) − 𝑑 𝑐𝑜𝑠 (

𝑡(𝑎 + 𝑏)
𝑏

)

𝑦(𝑡) = (𝑎 + 𝑏) 𝑠𝑖𝑛(𝑡) − 𝑑 𝑠𝑖𝑛 (
𝑡(𝑎 + 𝑏)

𝑏
)

, 

( 56 ) 

where a is the radius of epicycle, b is the radius of the rolling circle, and d is 

the distance between center of the rolling circle and drawing point P. 

Variable t is an angle of rotation, changing from 0 to 2π. 

For this project, where the amplitude should be equal to 0.1 mm and for 

each revolution of the cam, two cycles should be performed, the parameters 

of the cam are a=16 mm, b=8 mm, d=0.1 mm. The outline of the cam is 

presented in Figure 34. Both Figure 33 b) and Figure 34 are plotted using an 

AutoCad freeware extension CAD Studio 2Dplot [17]. 
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Figure 34. An outline and outer dimensions of the epitrochoid shape cam with parameters a=16 mm, 

b=8 mm, d=0.1 mm. 

4.5 Review of the previous works within the field 

To understand the task closer and deeper, the group members searched many 

related articles to enhance their research. 

In the paper [18] the tested objects are rubber pieces. Three different 

preloads are given by tightening four screws. Several sinusoidal excitations 

with different amplitude and frequency values are analyzed. The tested 

objects are mounted between rigid masses and their accelerations are 

measured by piezoelectric accelerometers without evaluating the excitation 

force. The periodic excitation force is applied by a vibrating shaker. 

 Preload method 4.5.1

A cylindrical shell made of PET bottle is tested in paper [19]. The object is 

rigidly clamped in both the upper and lower cylindrical edges and it is 

preloaded by the top mass put on the object. The electromagnetic shaker 

excites the structure periodically by a harmonically varying input voltage. 

The response of the tested object is captured by accelerometers both on the 

top and the bottom of the structure. Thus, the relative motion can be 

obtained. The excitation force or acceleration is not controlled. 

In [20], the problems of the static preload and frequency range are discussed. 

With high values of the static preload, the mass is put on the specimen and 

exciting the entire system is impractical, because of the size of the preload 

mass and “large loads on the shaker to overcome the inertia” [20]. Therefore, 

it is suggested that the preload should be applied in example by a servo 

hydraulic actuator that is mounted on the test frame. However, such system 

has its frequency limits and for high frequency range the test is performed 



30 

Joanna Cierocka, Jiayue Tang 

by a special test rig consisting of a preload actuator and electromagnetic 

shaker both controlled by load cells. The electromagnetic shaker is a custom 

design, so that it can handle the high static preload. The test specimen is 

mounted to the test fixture and reaction mass that have such natural 

frequencies that allows to perform tests within the frequency range of 

interest. One accelerometer is placed on the reaction mass, another within 

the shaker, so that the relative motion is obtained. 

 Frequency response example 4.5.2

Paper [21] is focused on frequency sweep forced-vibration tests using 

rotating mass shakers conduced on the bridge which is shown in Figure 35. 

The frequency sweep forced-vibration method can determine high quality 

dynamic characteristics of structures due to its capability of inducing strong 

responses in a wide frequency range when suitably large exciters are applied. 

Taking advantage of the ability to control the excitation force, a testing 

program was designed to investigate the amplitude dependent modal 

properties of the bridge. As the result, several detailed frequency sweeps 

with varying forcing mass-eccentricity were conducted in the vicinity of the 

identified natural frequencies. To obtain initial estimates of the resonant 

frequencies each shaker was configured with one small mass (3.6 kg) and 

the rotation frequency was gradually increased from 0.0 to 10.0 Hz with an 

increment of 0.1 Hz, 20s hold time at each frequency increment, and a 5 s 

ramp-up time from one frequency value to the next. The resonant 

frequencies of the bridge were roughly determined by picking the peaks of 

the power spectral densities of the recorded data signals. Then, a series of 

tests with a much smaller step of 0.01 Hz and gradually increasing mass-

eccentricity values were carried out by sweeping through narrow frequency 

bands centered at the previously identified resonant frequencies. At each 

frequency step, the excitation was held constant for approximately 60s to 

allow the bridge response to attain the steady state condition. 

  

(a) (b) 
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Figure 35. Nelson St. off-ramp bridge: aerial view looking South (bridge indicated by arrow), and (b) 

side view of the longest span looking North [21] . 

The potential resonant frequencies within the 0.0-10.0 Hz frequency band of 

interest were identified by using the peak picking (PP) method from power 

spectra of responses from the quick sweeping tests with a shaker equipped 

with one small mass. Figure 36 displays typical quick sweeping responses. It 

can be seen how the sweeping excitation mobilizes each mode in turn.  

 

Figure 36. Vertical and lateral acceleration responses recorded during prelimary fast frequency 

sweeps [21]. 

In Figure 37, a clear peak can be observed in the response curves, which 

indicate the modal frequency of each vibration mode decreases with the rise 

in the shaking and response amplitude. The tendencies of these four loading 

situation appear the same. 
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Figure 37. Displacement amplitude as functions of frequency for vertical and vertical-torsional modes 

[21]. 

4.6 Execution 

Before the project group starting the manufacturing of the testing device, the 

group members start thinking about how to select and organize the vibration 

testing system components to realize the testing which is generally like 

Figure 30 as mentioned before. Accelerometers will be used as vibration 

sensors to save and transfer the output signal. A dynamic scale will be used 

as a sensor of the input signal. The camshaft will be assembled to a motor 

which can provide the rotation speed from 0 to maximum 6,000 rpm to 

make the frequency from 0 up to 200 Hz which is the testing domain. So 

there is a need to connect the motor to a controller and also a sensor to detect 

the rotation speed of the shaft. Besides these, all the other components for 

example cables, analyzer (or data acquisition system) and a personal 

computer equipped with the LMS etc. The real testing system will be 

presented in the following chapter.    
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5. Aging of rubber material 

The properties of materials change with time due to many factors. 

Temperature, humidity, light, chemical agents and many more influence the 

material and cause irreversible changes in material [22]. As these changes 

are negative in most cases, it is important to be able to predict the level of 

degradation and therefore to establish a time after which the material does 

not fulfill necessary requirements and needs to be replaced. 

The properties of rubber materials after aging are in the range of interest of 

many scientists [23] [24] [25] [26].  It can be observed that with time, the 

properties such as tensile strength, modulus of elasticity, elongation and 

hardness are decreasing.  

5.1 Types of aging 

There are many factors that influence material in a negative way. Aging is 

not a simple phenomenon, on the contrary, there are many mechanisms that 

govern it. In this subchapter, it is discussed how some factors affect material, 

basing on paper [22]. 

 Temperature 5.1.1

Elevated temperature causes acceleration of chemical reactions in the 

material and between material and air. Temperature can stay at the same 

level for a long time or continuously change. 

 Climate 5.1.2

Interactions between temperature and humidity of air is a definition of 

climate. Humidity is also affecting reaction rate. Humidity is dependent on 

temperature, as at higher temperature level the air is able to absorb more 

water. 

 Corrosion 5.1.3

Usually, for corrosion there is a need of certain reaction agents. Then, if the 

supplied energy is higher than activation energy for the chemical reaction, 

the corrosion may occur. Firstly, it affects the surface of material and 

gradually goes deeper and deeper into the material. 
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 Load 5.1.4

Repeatedly applied load can lead to fatigue, that weakens the properties of 

the material. Eventually, it may cause fractures and the material can be 

destroyed, even though the load does not exceed yield stress or ultimate 

stress. 

Under a constant load with long-term exposure, material can be permanently 

deformed. The phenomena occurs even when the load is below the yield 

strength of the material. 

 Electricity 5.1.5

Dependent on the electrical field, voltage and time, the electricity is a factor 

that causes aging of a material. This type of aging occurs only for elements 

coexisting with electrical installations. 

 UV light 5.1.6

This type of aging is mostly caused by sunlight, although it is possible to 

occur due to artificial UV light. The energy of a photon can induce a 

chemical reaction at the surface of material. 

5.2 Accelerated aging 

As waiting for several years or more is not a very time-effective method of 

testing the influence of aging on materials, there is a need to accelerate the 

aging process. 

In 1889, the Swedish chemists, Svante Arrhenius, introduced an equation 

that shows the relation between the chemical reaction rate and temperature. 

The Arrhenius equation has the form [27] 

 
𝑘 = 𝐵 ∙ 𝑒𝑥 𝑝 (

−𝐸∝

𝑅𝑇
) 

( 57 ) 

and it describes the reaction rate constant 𝑘, [-], where 𝐵, [-], is the pre-

exponential factor, 𝐸∝, [J/mol], describes the activation energy, 𝑅, [J/(K·mol)], 

is the universal gas constant and 𝑇, [K], is the absolute temperature. 

When comparing the reaction rates for two different temperatures, the 

Arrhenius equation has the form [28] 

 
𝐾𝑇 = 𝑒𝑥 𝑝 (

−𝐸∝

𝑅
(

1

𝑇1
−

1

𝑇2
)) 

( 58 ) 

and 
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 𝑡1 = 𝐾𝑇 ∙ 𝑡2, ( 59 ) 

where 𝐾𝑇, [-], is the acceleration factor, 𝑡, [h], is time, and index 1 

represents the non-accelerated storage conditions whereas index 2 represents 

the accelerated ones that are equivalent for normal storage conditions. 

Accelerated aging is possible because of the increase of the severity of 

temperature during the test [28]. Thus, with shorter time, it is possible to 

predict the properties of the material after many years. 

However, the Arrhenius equation has some limitations [28]. The 

fundamental assumption is that there is no phase transformation between the 

natural and accelerated temperatures. It is necessary to establish the rate of 

the reaction, although aging of the material is not only determined by this 

number; there are other factors, such as light, oxygen level and fatigue and 

influence of moisture and contamination in the tested material. Another 

assumption is that the temperature difference is not too large so that the 

activation energy can be established independent of the temperature. 

5.3 Examples in literature 

Despite some limitations, the Arrhenius equation is very useful tool and 

thanks to it,  the chemical and mechanical properties of aged material can be 

estimated. The examples of the studies using artificial aging are presented 

below. 

For several blends of natural rubber (NR) and thioglycollic acid modified 

epoxidized low molecular weight natural rubber (TGA-ELMWNR) with 

fillers: carbon black and carbonized rubber seed shell (CRSS), the artificial 

aging is performed in temperatures 30, 40, 50, 60 and 70°C for 48 hours in 

hot air oven [23]. However, the results are discussed only for the 

temperature 70°C, because for lower temperatures the changes in the values, 

when compared with unaged, are marginal. 

In paper [25], the temperatures 30, 50, 70°C are taken into an account, 

although three time values of artificial aging are considered: 24, 48 and 240 

hours. The tested samples are made of carbon black filled natural rubber and 

both the tests and aging process are performed without prestrain and with 

two different values of prestrain. In the results, the Payne effect can be 

observed. Moreover, it is suggested that “the existence of prestrain 

accelerated the aging process” [25]. 

5.4 Application 

As stated in paper [24], for natural rubber the activation energy in air can be 

estimated to 90 kJ/mol. Therefore, it is possible to calculate the time of 
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accelerated aging in a certain temperature that corresponds to a desired time 

value of aging in natural conditions using Arrhenius equation, that is shown 

in Table 3. 

Table 3. Artificial aging time for several aging temperatures 

natural aging temperature T1 [°C] 20 20 20 

artificial aging temperature T2 [°C] 70 80 90 

natural aging time t1 [years] 6 6 6 

constant KT [-] 218 533 1241 

artificial aging time t2 [days] 10.0 4.1 1.7 

The temperature range for calculation is chosen so that it does not exceed 

the temperature of phase change that would influence the calculations and is 

not lower than 70°C because previously presented research did not show 

significant changes in properties in short time for lower temperatures. Even 

for 70°C the time is rather long taking into account the amount of time 

available for this research. As the specimen is six years old, the equivalent 

aging time is a multiplicity of this value. 
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6. Testing setup 

6.1 Realization of the Camshaft method  

In Figure 38, the 3D drawing of the camshaft is presented. To withstand 

force from both preload and excitation, a frame out of the camshaft was 

designed which on the left side. At the top of the frame, a cylinder was 

equipped to connect the device to the hydraulic machine and on the right 

side, there is the motor which can manage a rotation speed up to 6000 rpm 

which is used to drive the camshaft.   

 

Figure 38. Camshaft connected to a motor 

Two SKF 62062Z ball bearings were equipped to both sides of the frame 

which can be seen in Figure 39. With the help of these two ball bearings the 

friction between the shaft and frame has been decreased to a minimum. 
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Figure 39. Side view of the frame. 

In Figure 40, the detail of the frame can be seen clearly. A lifter equipped 

with a SKF 619012RS roller bearing needs a perfect fit for the camshaft. 

During the design process, the group members calculated the length of the 

lifter and made sure that a part of the lifter will go out of the foundation to 

generate the vibration to the specimen. A ring which was made by a light 

and smooth material called Teflon was placed between the hole of 

foundation and lifter to decrease the friction as much as possible.  

 

Figure 40. Front view of the frame. 
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6.2 Vibration test setup 

After the camshaft being manufactured, it was time to connect different 

testing components together. This work was finished in the laboratory of 

Linnaeus University and supported by the technicians in university. First of 

all, the camshaft equipped with motor was put under a AC Hydraulic A/S 

PJ20H machine which can be seen in Figure 41. 

 

Figure 41. connection between camshaft and hydraulic machine. 

Then between the lifter and the hat of specimen there was one PCB 

208C045NLW44543 force transducer and one PCB 352A56SN150841 

accelerometer placed. In addition, this hat was provided by the Atlas Copco 

which is used to apply the preload to the isolator. On the edge of the hat 

three accelerometers of the same kind as the previous one were put which 

can be seen in Figure 42. 
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Figure 42. Force transducer and accelerometers. 

These four accelerometers and force transducer were connected to a Siemens 

LMS acquisition system by cables which can be seen in Figure 43. 

 

Figure 43. Acquisition system. 
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Besides these signals, a LaserTach SN1526 sensor was also used to detect 

the rotational speed of the shaft. See Figure 44. 

 

Figure 44. Rotational speed sensor. 

At the bottom of the specimen there is a Load sensor: 266AS scale placed 

which is used to measure the value of the static load. See Figure 45. 

 

Figure 45. Scale. 
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The scale was connected to a Våginstrument T8 monitor which can tell the 

value of the force, see Figure 46. 

 

Figure 46. Monitor of the scale. 

Beside the monitor there is an LTI CDE34.005,C2.4 PLC which was 

programmed to support the controller of rotational speed. There is a Kinco 

MT4414T HMI 7” touch screen on the top of the control system which can 

be seen in Figure 47. 

 

Figure 47. Control system of rotational speed. 

Finally, the acquisition system is responsible for sending all of the signals to 

the LMS software which was installed in a personal computer. The running 

window and frequency response function are shown in Figure 48. 
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Figure 48. LMS running window. 

6.3 Low frequency test 

To obtain the results in the low frequency range, separate tests in a hydraulic 

machine were performed. 

The hydraulic machine is an MTS 810 Material Testing System, presented 

in Figure 49, located in Linnaeus University laboratory. It is a versatile, 

multipurpose servohydraulic testing system for static and dynamic tests. The 

specimen was fixed both up and down in two 647 Hydraulic Wedge Grips. 
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Figure 49. MTS  810 Material Testing System 

To fix the specimen in the machine, two elements were manufactured to fit 

both the specimen and the wedge grip centered the specimen so that the 

force was applied axially. The drawing with dimensions was presented in 

Figure 50. 
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Figure 50. The specimen and assembly elements for hydraulic machine test 

The tests were performed in the frequencies range from 1 to 20 Hz. The 

specimen was preloaded with a force equal to 3650 N and the excitation was 

a sinusoidal signal with amplitude 412 N that should give a 0.1 mm 

amplitude. The number of cycles for each frequency was presented in Table 

4.  
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Table 4. Number of cycles for each frequency 

Frequency Number of cycles 

[Hz] [-] 

1 100 

2 100 

⁞ ⁞ 

10 100 

11 150 

12 150 

13 170 

14 200 

15 250 

16 250 

17 270 

18 300 

19 350 

20 400 

Total number of cycles 3490 
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Figure 51. The specimen mounted in the hydraulic machine 

After the vibration test, there was time for aging the specimen. The vibration 

isolator was put into a EHRET TK/L 4250 oven which is in Linnaeus 
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University laboratory. See Figure 52. The specimen was heated for 42h at 

90°. 

 

Figure 52. EHRET TK/L 4250 oven. 
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7. Results and analysis 

The results of the tests in the MTS 816 hydraulic machine for the low 

frequency range are given by the hydraulic machine’s software as the two 

extreme values of both force and displacement for each cycle. As presented 

in subchapter 6.3 in Table 4, the number of cycles is equal 3490, therefore 

the number of values is double this number. 

The results are analyzed to obtain each possibly stable data for each extreme 

and then the average peak value for given frequency is calculated for both 

the force and displacement. The detailed values of the frequency, force and 

displacement are presented in Appendix 1. 

The resulting FRF chart with receptance (the ratio of displacement 

amplitude to force amplitude) as the function of frequency is presented in 

Figure 53. 

 

Figure 53. Frequency response function for low frequency hydraulic methid  (blue dashed line) and 

for camshaft method (red solid line). 

In the same figure, the results of the camshaft are presented. The tests were 

performed using PLC controller with the rotational speed of the motor in the 

range from 0 to 3000 rpm with an interval of 50 rpm and each interval had 

the time of 35 s. As with the camshaft two cycles per rotation are performed, 

the range of cycles for the testing piece is from 0 to 6000 cycles per minute 
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with an interval of 100 cycles per minute. It represents a range of 

frequencies from 0 to 100 Hz with the interval 1.67 Hz. 

Around the frequency value 73 Hz the needle bearing was damaged, 

therefore the test was interrupted. The following test was conducted using 

more resistant bearing. 

The data from force transducer, accelerometers and tachometer were 

analyzed by LMS software to obtain the values of the forces and frequencies. 

Since the displacement was controlled by the shape of the cam, it was 

assumed that the amplitude displacement is equal to the amplitude of the 

epitrochoid shape. Thus, the receptance, which is the ratio of the 

displacement and force, as a function of frequency is the Frequency 

Response Function diagram presented in Figure 53. The MATLAB code that 

created the diagram is presented in Appendix 2. 

The aging process was conducted as it was described in the previous chapter. 

The data for the camshaft method test after aging were gathered and 

analyzed in the same way as the previous test with this method. As the 

bearing was replaced, the test was conducted up to a higher value of 

frequency. However, again there was a risk of the bearing’s damage, so the 

test was not conducted for a larger range of frequency. 

 

Figure 54. FRF chart for non-aged (red solid line) and aged (blue dashed line) rubber isolator using 

camshaft method. 
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Figure 54 presents the results for the camshaft method for the non-aged and 

the aged rubber isolator. The MATLAB code which is written to plot the 

diagram is presented in Appendix 3. As the displacement amplitude is fixed 

by the camshaft geometry, while the receptance has higher values, the 

conclusion is that the resulting force is lower. Thus it can be concluded that 

the stiffness of the rubber isolator decreased due to the aging process. The 

result corresponds with other works was that the effect of aging on stiffness 

of rubber material was similar [23]. It is also visible, that the tendency is 

similar in both curves. 
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8. Discussion 

As visible in the Figure 53, the curves from the two tests do not match. It 

may be caused by the differences in conducting the tests. The hydraulic test 

was done with input force and resulting displacement. On the other hand, the 

camshaft tests were performed with input displacement and output force. 

Because of that, the parameters – force and displacement – are not exactly 

the same and obtaining the same values is very difficult. 

To have the tests comparable, both of them should be controlled by force or 

both controlled by displacement. Then, with the same parameters, the tests 

results should match. 

Another difficulty is due to the creep and stress relaxation phenomena that 

for the constant force, the displacement is not constant and opposite 

(described with more details in the Chapter 3). Even if the tests are 

conducted after a period of time, it is difficult to obtain the exact value of the 

preload. 

The tests should be conducted for a larger frequency range. However, as 

presented previously, the bearing mounted to the lifter is a weak point. The 

stress on the bearing is not constant, therefore the fatigue phenomenon 

occurs. With the previously used needle roller bearing, there was a problem 

with lubrication for the higher frequency, therefore later a sealed ball 

bearing was used to diminish this problem. Also the capabilities of the used 

motor are limited, therefore it is difficult to reach a very high frequency. 

To improve the results, the inertia force of additional elements in the test rig 

could be studied and calculated. It should make the tests matching the reality 

even better. 

The aging process does not require any improvement. The results were 

consistent with the literature and the expectations. 
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9. Conclusions 

The results obtained using the camshaft method are satisfying. However, to 

reach higher frequency levels the method needs further studies. The tested 

range of frequency did not result with a resonance peak, which is expected 

for higher frequency. The tendency of the curve is similar to the results in 

literature. 

The comparison of the camshaft method and hydraulic method did not fully 

meet the expectations which might be caused by the differences in 

parameters, as discussed before. With differently conducted tests, the results 

should be better.  However, the tendency and the order of magnitude in both 

curves is the same. 

The aging process was conducted according to the literature and its result is 

fully satisfying. The change of parameters match with the previous studies. 

Both of the curves have the same tendency and their shapes are similar. 
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11. Appendixes 

Appendix 1: The values of the frequency, force and displacement in the 

hydraulic test; average peak values. 

Appendix 2: The MATLAB code to plot the diagram comparing the 

hydraulic and the camshaft method. 

Appendix 3: The MATLAB code to plot the diagram comparing tests 

conducted the camshaft method before and after artificial aging.
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11.1 APPENDIX 1 

frequency force displacement 

[Hz] [N] [m] 

1 -3981.20 -0.00163 

2 -3980.50 -0.00163 

3 -3978.70 -0.00163 

4 -3978.20 -0.00163 

5 -3978.00 -0.00163 

6 -3978.00 -0.00163 

7 -3978.20 -0.00163 

8 -3978.00 -0.00163 

9 -3978.80 -0.00163 

10 -3977.70 -0.00163 

11 -3977.20 -0.00163 

12 -3976.50 -0.00163 

13 -3976.30 -0.00163 

14 -3974.80 -0.00163 

15 -3973.10 -0.00163 

16 -3971.40 -0.00163 

17 -3970.60 -0.00163 

18 -3969.00 -0.00163 

19 -3968.30 -0.00163 

20 -3968.80 -0.00163 

 



Appendix 2: page 1 

Joanna Cierocka, Jiayue Tang 

11.2 APPENDIX 2  

close all 

clear 

filename = 'testB.xlsx'; 

A = xlsread(filename); 

massB=29; %around 

freqB=A(:,1); 

dispB=A(:,3); 

forceB=A(:,2); 

mdB=-1.562016157E-3; 

mfB=-3559.855647; 

meandispB=mdB*ones(size(dispB)); 

meanforceB=mfB*ones(size(dispB)); 

dispB=dispB-meandispB; 

forceBa=forceB-meanforceB; 

receptenceB=dispB./forceBa; 

% 

load X 

freq=X.f/60; 

freq=freq(2:end-1); 

force=X.H(:,1); 

force=force(2:end-1); 

disp=1E-4*ones(size(force)); 

receptence=disp./force; 

% 

close all 

plot(freq, receptence,'r') 

% 

hold on 

plot(freqB, receptenceB,'--b') 

grid,xlabel('frequency [Hz]') 

ylabel('receptance [m/N]') 

% 

legend({'camshaft method','hydraulic method'},'Location','northwest') 
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11.3 APPENDIX 3  

load X_aged 

freq_aged=X_aged.f/60; 

freq_aged=freq_aged(2:end-1); 

force_aged=X_aged.H(:,1); 

disp_aged=1E-4*ones(size(force_aged)); 

receptence_aged=disp_aged./force_aged; 

receptence_aged=receptence_aged(2:end-1) 

% 

load X 

freq=X.f/60; 

freq=freq(2:end-1); 

force=X.H(:,1); 

disp=1E-4*ones(size(force)); 

receptence=disp./force; 

receptence=receptence(2:end-1) 

% 

close all 

plot(freq, receptence,'r') 

% 

hold on 

plot(freq_aged,receptence_aged,'--b') 

grid,xlabel('frequency [Hz]') 

ylabel('receptance [m/N]') 

% 

legend({'before aging','after aging'},'Location','northwest') 
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