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ABSTRACT 

 

 

 

PREDICTION OF SOUND TRANSMISSION CHARACTERISTICS OF 

MULTIPLE ELASTOMERIC BULB SEALS 

 

 

 

 

 

Barut­u, Burak Nebil 

M. Sc., Department of Mechanical Engineering 

Supervisor: Prof. Dr. Mehmet ¢alēĸkan 

June 2017, 103 pages 

 

 

 

Prevention of transmitted sound through car doors is a critical issue; as doors are the 

weakest parts of a car assembly in terms of sound isolation performance. Main path 

for sound transmission is through the seals between the car body and the door. Hence, 

the examination of sound transmission loss characteristics of seals between the car 

body and door is important to improve the sound isolation characteristics of the door 

assembly. The aim of this research is prediction of the sound transmission 

characteristics of multiple elastomeric bulb seals used between the car door and body. 

Generally, two bulb seals are used; the first one is attached to the main body of the 
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car and the other is attached to the door. Those elastomeric sealants should be 

examined together to improve the total sound insulation performance.  

 

Prediction of sound transmission characteristics of multiple elastomeric bulb seal 

system is the main objective of this research. This assessment includes four main 

steps. The first step is validating the deformation analysis by comparing the force vs 

opening curves of the bulb seals with the analyses results. The second step is 

prediction of the deformed form of those multiple seal system. The third step involves 

validation of acoustical simulations. The final step is about estimation of transmission 

loss of the assembly of two deformed bulb seals, based on the deformation analysis 

conducted in the second step. Sound transmission loss values are examined to predict 

the sound insulation performance of the sealing system. 

 

Keywords: Hyperelastic materials, nonlinear FEA, multiple bulb seals system, sound 

transmission loss, force ï opening curve 
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¥Z 

 

 

 

ELASTOMER YAPIDAKĶ ¢OKLU BALON FĶTĶLLERĶNĶN SES GE¢Ķķ KAYBI 

KARAKTERĶSTĶĴĶNĶN DEĴERLENDĶRĶLMESĶ 

 

 

 

 

Barut­u, Burak Nebil 

Y¿ksek Lisans, Makina M¿hendisliĵi Bºl¿m¿ 

Tez Yºneticisi: Prof. Dr. Mehmet ¢alēĸkan 

Haziran 2017, 103 sayfa 

 

 

 

Ses ge­irgenliĵi konusunda otomobillerin en zayēf noktalarē ara­ kapēlarē olduĵundan 

dolayē, ara­ kapēlarēndan ge­en sesin ºnlenmesi ºnemli bir konu olmaktadēr. Ses 

ge­iĸinin en fazla ger­ekleĸtiĵi nokta ara­ gºvdesi ve kapē arasēndaki boĸluktur. Bu 

nedenle ara­ kapēsē ve gºvdesi arasēndaki fitillerin ses yalētēmē yetkinliĵinin 

geliĸtirilmesi b¿y¿k ºnem arz etmektedir. Bu ­alēĸmanēn amacē, otomobil gºvde ve 

kapēsē arasēnda kullanēlan elastomer yapēdaki ­oklu balon fitil sisteminin ses ge­iĸ 

kaybē karakteristiĵinin deĵerlendirilmesidir. Genellikle, otomobillerde biri gºvde 

¿zerinde, diĵeri kapē ¿zerinde olmak ¿zere iki tane balon fitil kullanēlmaktadēr. 

Toplam ses ge­iĸ kaybēnēn geliĸtirilebilmesi i­in bu iki fitilin oluĸturduĵu sistem 

birlikte deĵerlendirilmelidir.  
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¢alēĸma dºrt ana baĸlēktan oluĸmaktadēr. Birinci bºl¿m, deneyler sonucunda elde 

edilen kuvvet ï a­ēklēk eĵrileri ile analiz sonucunda elde edilen kuvvet ï a­ēklēk 

eĵrilerinin karĸēlaĸtērēlmasē ile deformasyon analizlerinin ve hiperelastik malzeme 

modellerinin doĵrulanmasēnē i­ermektedir. Ķkinci bºl¿mde duraĵan yapēsal analizler 

kullanēlarak otomobil gºvdesi ve kapēsē arasēnda bulunan fitillerin deforme olmuĸ 

geometrilerinin elde edilmesi bulunmaktadēr. ¦­¿nc¿ adēm ise kullanēlabilecek 

akustik benzetim modelinin doĵrulanmasēnē, son kēsēm da ikinci adēmda yapēlan 

analizler sonucunda elde edilen deforme olmuĸ iki fitil yapēsēnēn akustik analizler ile 

ses ge­iĸ kaybē performansēnēn hesaplanmasēnē i­ermektedir. Ses yalētēm 

performansēnēn tahmin edilebilmesi i­in ses ge­iĸ kaybē deĵerleri incelenmiĸtir. 

 

Anahtar Kelimeler: Hiperelastik malzemeler, doĵrusal olmayan sonlu eleman analizi, 

­oklu balon fitiller, ses ge­iĸ kaybē, kuvvet ï a­ēklēk eĵrisi 

  



ix 

 

 

 

 

 

 

 

 

 

To My Loved Parents, My Handsome Brother  

                                                        and My Precious Wifeé 

  



x 

 

ACKNOWLEDGEMENTS 

 

 

 

I would like to express my deepest gratitude to Prof. Dr. Mehmet ¢alēĸkan for his 

endless and invaluable support, encouragements, guidance throughout the research 

and writing of this thesis. 

 

In addition, I would like to express sincere appreciation to Asst. Prof. Dr. Gºkhan 

¥zgen for conducting hyperelastic and viscoelastic material tests and for his support, 

guidance and insight on the static deformation analyses of sealants. 

 

This thesis work was sponsored by TOFAķ, STANDARD PROFĶL and OTEST 

companies. I would like to thank specifically TOFAķ and STANDARD PROFĶL 

companies for supplying the force deflection and sound transmission test results, 

rubber material and sealant samples. 

 

Moreover, I would like to thank Serkan Atamer and M. Hakan Kandemir for their 

support on simulations. 

 

Most special thankfulness is to my special woman Cansu, for her presence, for 

making my life such meaningful. Even more, this accomplishment would not have 

been possible without her. Lastly, but not least, I must express my very profound 

gratitude to my family for their eternal trust and love. 

  



xi 

 

TABLE OF CONTENTS 

 

 

 

ABSTRACT ............................................................................................................... v 

¥Z ............................................................................................................................ vii  

ACKNOWLEDGEMENTS ....................................................................................... x 

TABLE OF CONTENTS .......................................................................................... xi 

LIST OF TABLES .................................................................................................. xiv 

LIST OF FIGURES.................................................................................................. xv 

LIST OF SYMBOLS ............................................................................................... xx 

LIST OF ABBREVIATIONS ................................................................................ xxii  

CHAPTERS 

1 INTRODUCTION ........................................................................................... 1 

2 LITERATURE REVIEW ................................................................................ 5 

2.1 HYPERELASTIC MATERIALS ............................................................ 5 

2.1.1 HYPERELASTIC MATERIAL MODELS ................................... 10 

2.1.2 HYPERELASTIC MATERIAL TESTS ........................................ 17 

2.2 ACOUSTICS ......................................................................................... 22 

2.2.1 SOUND TRANSMISSION LOSS ................................................. 22 



xii  

2.2.2 SOUND TRANSMISSION LOSS ANALYSES ........................... 25 

3 QUASI ï STATIC DEFORMATION ANALYSES ..................................... 39 

3.1 VALIDATION OF ANALYSIS METHOD .......................................... 41 

3.1.1 GEOMETRY AND MODEL GENERATION .............................. 41 

3.1.2 MATERIALS ................................................................................. 46 

3.1.3 RESULTS ....................................................................................... 57 

3.2 ANALYSIS OF SEALANT SYSTEM COMPOSED OF MULTIPLE 

BULB SEALS ................................................................................................... 63 

3.2.1 GEOMETRY, MESH GENERATION AND MODELING .......... 64 

3.2.2 RESULTS ....................................................................................... 68 

4 ACOUSTICAL SIMULATIONS.................................................................. 71 

4.1 VALIDATION OF ANALYSIS METHOD .......................................... 71 

4.1.1 SIMULATION OF THE SIMPLIFIED MODEL .......................... 71 

4.1.2 TEST SIMULATIONS ON SEALANTS ...................................... 73 

4.1.3 RESULTS OF VALIDATION ANALYSES ................................. 77 

4.2 ANALYSIS OF MULTIPLE SEAL SYSTEM ..................................... 82 

4.2.1 GEOMETRY, MESH GENERATION AND MODELING .......... 82 

4.2.2 RESULTS ....................................................................................... 88 

5 SUMMARY AND CONCLUSIONS ............................................................ 91 

5.1 SUMMARY ........................................................................................... 91 



xiii  

5.2 CONCLUSIONS ................................................................................... 92 

REFERENCES ......................................................................................................... 97 

APPENDIX A ........................................................................................................ 101 

6 TRANSMISSION LOSS VS FREQUENCY GRAPHS............................. 101 

6.1 PRIMARY SEAL ................................................................................ 101 

6.2 SECONDARY SEAL .......................................................................... 102 

6.3 MULTIPLE SEALANT SYSTEM ...................................................... 103 

 

  



xiv 

 

LIST OF TABLES 

 

 

 

Table 3-1 Calculated error values for TA20-65 material ........................................ 47 

Table 3-2 Calculated error values for SPAF650 material ....................................... 49 

Table 3-3 Calculated error values for SPAF750 material ....................................... 51 

Table 3-4 Calculated error values for TA20 ï 80 material ...................................... 53 

Table 3-5 Calculated coefficients for the 3rd order Ogden model of SPAF650 ...... 55 

Table 3-6 Calculated coefficients for the 3rd order Ogden model of SPAF750 ...... 55 

Table 3-7 Calculated coefficients for Yeoh model of TA20-65 and TA20-80 ....... 55 

  



xv 

 

LIST OF FIGURES 

 

 

 

Figure 2-1 General chain structure of hyperelastic materials [4] .............................. 6 

Figure 2-2 (a) Linear force ï displacement relation (b) Nonlinear force ï extension 

relation [5] .................................................................................................................. 6 

Figure 2-3 Definition of the stretch ratios [6] ........................................................... 8 

Figure 2-4 Stress ï strain curves obtained by (a), Two ï Term MR; (b), Five ï Term 

MR; (c), Nine ï Term MR [4] .................................................................................. 13 

Figure 2-5 (a), Isotherms of storage modulus at temperaturesὝρ, Ὕς and Ὕσ; (b), 

Isotherms of storage modulus after application of the shift factor (i.e. master curve of 

storage modulus [10] ................................................................................................ 15 

Figure 2-6 Uniaxial Tensile Test Scheme [11] ....................................................... 17 

Figure 2-7 Uniaxial Compression Test Fixture [11] ............................................... 18 

Figure 2-8 Coordinates of planar shear test [4] ....................................................... 19 

Figure 2-9 Volumetric compression test [11] ......................................................... 20 

Figure 2-10 DMA machine for complex modulus test ........................................... 21 

Figure 2-11 Schematic representation of transmission of a normally incident wave 

through two media .................................................................................................... 22 

Figure 2-12 Schematic representation of transmission of a normally incident wave 

through three media .................................................................................................. 23 



xvi 

Figure 2-13 Simple seal model [13] ........................................................................ 26 

Figure 2-14 Comparison of results of finite element analysis with transfer function 

matrix method of simple model [13] ........................................................................ 27 

Figure 2-15 Reverberation room experiment results of simple model [13] ............ 27 

Figure 2-16 Geometries of simplified models ï (a), double membrane model; (b), 

double membrane model with fixed displacement boundary conditions at their ends; 

(c), rectangular model [1] ......................................................................................... 29 

Figure 2-17 Sound transmission loss predictions for a simplified dual ï membrane 

model ï (x), transfer function matrix method; (----), FE analysis [1] ...................... 30 

Figure 2-18 Sound transmission loss predictions for a rectangular model with value 

of ὧὒȾὬὪ ï ( ), 21.5; (- - - - -), 41; ( ) 82.[1] ............................. 30 

Figure 2-19 Comparison of results of analysis with the experiments for different ὅὙ 

values ï ( ), experiment results for ὅὙ value of ϷςςȢυ; ( ), analysis 

results for ὅὙ value of ϷςςȢυ; ( ), experiment results for ὅὙ value of ϷρφȢωȠ 

( ), analysis results for ὅὙ value of ϷρφȢω.[1] ............................................. 31 

Figure 2-20 Regions of transmission loss vs frequency graph [1] .......................... 32 

Figure 2-21 Initial conditions and boundary conditions of acoustic model [2] ...... 33 

Figure 2-22 Undeformed and deformed geometries of the seal [14] ...................... 34 

Figure 2-23 Hybrid FE ï SEA model of the sealing system [14] ........................... 35 

Figure 2-24 (a), Undeformed geometry; (b), deformed geometry of sealing system 

[15] ........................................................................................................................... 36 

Figure 2-25 Acoustical model of the sealing system [15] ....................................... 37 

Figure 3-1 Unprocessed multiple seal system geometry ......................................... 40 



xvii  

Figure 3-2 Sketches of tests which will be performed on primary seal ï (a), 1st Test; 

(b), 2nd (Inclined) Test .............................................................................................. 42 

Figure 3-3 Sketch of test setup of secondary seal (3rd Test) ................................... 42 

Figure 3-4 Geometries of test setups ï (a), 1st Test; (b), 2nd Test; (c), 3rd Test ....... 44 

Figure 3-5 Models of test setups ï (a), 1st Test; (b), 2nd Test; (c), 3rd Test ............. 45 

Figure 3-6 Stress ï strain relation of TA20-65 material ......................................... 48 

Figure 3-7 Stress ï strain relation of SPAF650 material ........................................ 50 

Figure 3-8 Stress ï strain relation of SPAF750 material ........................................ 52 

Figure 3-9 Stress ï strain relation of TA20-80 material ......................................... 54 

Figure 3-10 Assigned material configuration for simulations of the ï (a), 1st Test; (b) 

2nd Test ..................................................................................................................... 56 

Figure 3-11 Assigned material configuration for simulations of the 3rd Test ......... 56 

Figure 3-12 Equivalent Von Misses stress results of the ï (a), 1st Test; (b), 2nd Test; 

(c), 3rd Test ............................................................................................................... 58 

Figure 3-13 Equivalent elastic strain results of the ï (a), 1st Test; (b), 2nd Test; (c), 

3rd Test ...................................................................................................................... 59 

Figure 3-14 Displacement results of the ï (a), 1st Test; (b), 2nd Test; (c), 3rd Test . 60 

Figure 3-15 Force [N] vs opening [mm] results of the 1st Test ............................... 61 

Figure 3-16 Force [N] vs opening [mm] results of the 2nd Test .............................. 62 

Figure 3-17 Force [N] vs opening [mm] results of the 3rd Test .............................. 62 

Figure 3-18 3D geometry of a passenger car .......................................................... 64 

Figure 3-19 Cut section and cross sectional view of the sealant system. ................ 65 

Figure 3-20 Cross sectional view of the 2D sealant system .................................... 66 



xviii  

Figure 3-21 Unmounted form of the 2D sealant system geometry ......................... 67 

Figure 3-22 Meshed model of multiple seal system ................................................ 68 

Figure 3-23 Deformed result of the simulations ...................................................... 69 

Figure 3-24 2D cross sectional view of sealant system ........................................... 70 

Figure 4-1 Dual ï membrane model geometry ........................................................ 72 

Figure 4-2 Dual ï membrane model ........................................................................ 73 

Figure 4-3 Sketch of the acoustical test setup ......................................................... 74 

Figure 4-4 Mounted sealants for acoustical analyses ï (a), Primary Seal; (b) 

Secondary Seal ......................................................................................................... 75 

Figure 4-5 Analyses geometries of sealants ï (a), Primary Seal; (b) Secondary Seal

 .................................................................................................................................. 75 

Figure 4-6 Assigned material configuration of sealant acoustical simulations ....... 77 

Figure 4-7 Sound transmission loss vs frequency graph of simplified dual ï 

membrane model which is calculated by transfer function matrix method ............. 78 

Figure 4-8 Sound transmission loss vs frequency graph of simplified dual ï 

membrane model which is obtained from simulations ............................................. 79 

Figure 4-9 Sound transmission loss vs frequency graph of results of acoustical 

simulation and test for primary seal ......................................................................... 80 

Figure 4-10 Sound transmission loss vs frequency graph of results of acoustical 

simulation and test for secondary seal ...................................................................... 81 

Figure 4-11 Double sealant system geometry for acoustical simulations ............... 83 

Figure 4-12 Double sealant system acoustical simulation model ........................... 84 

Figure 4-13 Possible sound transmission paths on dual sealant model ................... 86 



xix 

Figure 4-14 Acoustical model of the 2nd case ......................................................... 87 

Figure 4-15 Acoustical model of the 3rd case .......................................................... 88 

Figure 4-16 Transmission loss vs frequency graph of actual sealant system (i.e. Case 

1) .............................................................................................................................. 89 

Figure 4-17 Transmission loss comparison ............................................................. 90 

Figure 6-1 Transmission loss vs frequency graph of simulation results of primary 

seal .......................................................................................................................... 101 

Figure 6-2 Transmission loss vs frequency graph of simulation results of secondary 

seal .......................................................................................................................... 102 

Figure 6-3 Transmission loss vs frequency graph of simulation results of multiple 

sealant system ......................................................................................................... 103 

  



xx 

 

LIST OF SYMBOLS 

 

 

 

ρȟςȟσ : Principal material coordinates 

Ὅ : Strain invariants in ὲ direction 

ὡ : Strain energy function 

ὅ  : Hyperelastic material constants 

‗ : Stretch ratios in Ὥ direction 

ὒ : Instantaneous gage length 

‭ : Engineering strain in ὲ direction 

ὐ : Jacobian measuring dilatancy 

‘ : Shear modulus 

Ὢ : Frequency in [Hz] 

ὒ : Initial gage length 

ὸὬ : Instantaneous material thickness 

ὸὬ : Initial material thickness 

„ : Engineering stress in ὲ direction 

ὸ : Time 

Frequency in ὶὥὨȾί : ‫ 

Ὁ : Storage modulus of elasticity 

Ὁ  : Loss modulus of elasticity 

Ὁᶻ : Complex modulus of elasticity 

– : Loss factor 

” : Density of (i)th medium 

ὧ : Speed of sound in (i)th medium 

† : Transmission coefficient 

ὴ :Wave equation of incident wave 



xxi 

ὴ :Wave equation of reflected wave 

ὴ :Wave equation of transmitted wave 

Ὕ :Reference temperature 

Ὕ :Slope 

Ὡ  :Absolute error 

Ὡ  :Relative error 

  



xxii  

 

LIST OF ABBREVIATIONS 

 

 

 

MR : Mooney-Rivlin model 

FE : Finite element 

FEA : Finite element analysis 

SEA : Statistical energy analysis 

TOFAķ : Turkish Automotive Company 

TL : Transmission loss 

LC : Load case 

TFMM : Transfer function matrix method 

 

 



 

1 

 

CHAPTER 1 

 

 

1 INTRODUCTION 

 

 

 

Elastomeric bulb seals are widely used in automotive and construction industry as a 

sealing system to decrease transmission of noise, water and heat from one medium to 

another. Therefore, their insulation performance characterization becomes important 

day by day.  

 

Bulb seals are the major components to fill the openings between the door and body 

frames. As the leakage area increases, the sound transmission from one medium to 

another increases drastically. Therefore, mechanical behavior and the sound 

insulation performance of the bulb seal system should be depicted thoroughly. 

 

In the automotive industry, interior sound quality is one of the most important 

parameters at the design stage of new high ï end vehicles. There are two primary 

noise generation mechanisms, first one is the aspiration through the small leaks and 

the second one is the structural transmission of sound due to flow ï induced 

mechanical vibrations of bulb seals. In cases where the seals are incapable of blocking 

the flow through the gaps, intense aspiration noise can be produced [1]. Especially, 

while an automobile cruising at speeds over ρςπ ὯάȾὬ, due to leakage of the wind 

noise, sound insulation performance of the sealing system in the middle ï to ï high 

frequency range is very crucial [2]. 
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As in the case of the automotive industry, sound quality of the interior mediums is an 

important phenomenon also in the construction industry. Moreover, it is regulated by 

means of policies to increase the acoustical comfort in the hotels, office areas, 

hospitals, residences, schools etc. In terms of sound transmission elimination, 

operable elements like doors and windows are the weakest elements and the sealing 

system between the door and the frame is the weakest link in the door structures. 

Additionally, acoustical doors are very important architecturally, as in recording 

studios, conference halls as well as hotel room doors and doors to dwellings [3]. 

 

By considering the needs of these two mentioned industries, it can be stated that study 

on the sound insulation performance of the sealing system composed of bulb seals is 

very crucial and this task can be achieved by means of finite element analysis. As the 

final shape of the bulb sealants is not the same as the initial shape, analyses should 

be conducted in two main steps. In the first step, the deformed geometries should be 

obtained by means of quasi ï static structural simulations. After that, acoustical 

analysis should be performed by using these deformed geometries in order to get the 

insulation performance during the utilization.  

 

The aim of this study is characterization of the sealing system of an automobile, 

which consists two different elastomeric bulb sealants, in terms of sound isolation. 

This study is performed by finite element analysis in two main parts. In the first part, 

depiction of hyperelastic material property of the sealants and obtaining deformed 

geometry is aimed. In the second part, acoustical simulations are conducted in order 

to characterize the sound isolation performance of the overall system. 

 

In the first part, non ï linear material properties of the bulb sealants are defined by 

hyperelastic material models and quasi ï static structural analysis is performed. 
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However, the very first thing is obtaining a correct model for the deformation 

analysis. This step is completed, by performing experiments on individual sealants 

and comparing the force vs opening curves of the experimental results with the 

simulation results. After acquiring correct simulation model, analysis is carried on 

the actual sealing system with two individual bulb sealants. 

 

As the second step, acoustical simulations are performed. Same with the deformation 

analysis, correct acoustical model should be verified. This step is achieved in 

different ways. Firstly, simulation of a simplified model is performed and those 

results are compared with results of an analytical method, which is called as transfer 

function matrix method. Secondly, acoustical measurements are conducted and sound 

transmission loss vs frequency curves of experimental results are compared with 

simulation results. As the final step, acoustical simulation is carried on the actual 

sealant system and effects of possible sound transmission paths are identified.  

 

This thesis contains five main parts. In the first chapter, aim of the thesis and the main 

motivation of the study have been explained. In the second chapter, properties of the 

hyperelastic materials are depicted and studies directly related with the 

characterization of the sound transmission performance of bulb sealants in literature 

are summarized. Additionally, basic information about sound transmission is 

supplied in this literature review chapter. In the third chapter non ï linear deformation 

analyses are explained. This chapter covers the definition of hyperelastic material 

models, validation analyses and non ï linear static structural analysis of the sealant 

system. In the fourth chapter, acoustical analyses have been explained. Validation 

analyses and experimental results are covered as well as the simulations of the actual 

sealant system. Moreover, finite element models with the material definitions and 

possible transmission paths of the insulation system are described in this chapter. Last 

chapter includes discussion of the results and conclusion. 
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CHAPTER 2 

 

 

2 LITERATURE REVIEW 

 

 

 

2.1 HYPERELASTIC MATERIALS  

 

Hyperelastic materials can be viewed as a special form of the elastomeric materials. 

In their molecular composition, long chains of crossed linked molecules and chemical 

bonds exist at those entanglement points, which make the material stronger. The most 

important property of the hyperelastic materials is the nonlinear relationship between 

strain and stress in the static loading cases. The molecular chains of the hyperelastic 

materials illustrated in Figure 2-1 are randomly oriented. When the material deforms, 

those randomly oriented chains orient themselves and revert back as the load on the 

material removed. As a consequence of this, the relation between stress and strain 

changes as the deformation changes and this phenomenon makes the hyperelastic 

materials nonlinear. This nonlinear relationship between the stress and strain can be 

expressed by curve fitting on the experimental data of the stress and strain by 

employing the hyperelastic material models [4]. In the dynamic cases, these 

elastomeric materials are described as viscoelastic materials. Material properties of 

viscoelastic materials are highly depend on excitation frequency and temperature. 
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Figure 2-1 General chain structure of hyperelastic materials [4] 

 

  

(a) (b) 

Figure 2-2 (a) Linear force ï displacement relation (b) Nonlinear force ï extension 

relation [5] 
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Nonlinear hyperelastic material models are mainly based on the weighted averaging 

of the strain invariants, Ὅ, Ὅ and Ὅ, to be able to get the strain energy functions, ὡ. 

Furthermore, the stress ï strain relation can be calculated from the strain energy 

function by the following formula [4], [6]. 

 

 „
‬ὡ

‬‭
 (2-1) 

 

Moreover, strain invariants are calculated by using the stretch ratios and they can be 

expressed as: 

 

 Ὅ ‗ ‗ ‗ (2-2) 

  Ὅ ‗‗ ‗‗ ‗‗ (2-3) 

  Ὅ ‗‗‗ (2-4) 

 

where the stretch ratios are defined as: 

 

 ‗
ὒ ɝὒ

ὒ
ρ ‭Ƞ              Ὥ ρȟςȟσ (2-5) 
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Figure 2-3 Definition of the stretch ratios [6] 

 

Furthermore, ‭ can be defined as the engineering strain [6]. 

 

There are various types of hyperelastic material models to describe the relation 

between the stress and strain by defining the strain energy functions. In the section 

named as ñHYPERELASTIC MATERIAL MODELSò, ñNeo ï Hookean Model, 

Mooney ï Rivlin Model, Yeoh Model, Ogden Model and Double Transition (15 ï 

Parameter) Modelò are described extensively. 

 

Another important property of the hyperelastic materials is the frequency and 

temperature dependency of its material properties. As a result of the material 

nonlinearity, hyperelastic materialsô complex moduli are highly dependent on the 

frequency and temperature to which the material is exposed [6], [7]. For uniaxial 

cases, standard viscoelastic state equations can be written as follows: 

 

 „ὸ ὦ
Ὠ„

Ὠὸ
Ὁ ‐ὸ Ὁ

Ὠ‐

Ὠὸ
 (2-6) 
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In the case of harmonic excitations, stress and strain functions can be formulated in 

terms of time as follows: 

 

 „ὸ „Ὡ  (2-7) 

 ‭ὸ ‭Ὡ  (2-8) 

 

State equation of viscoelastic materials, which are exposed to harmonic excitations, 

can be obtained by putting equations (2-7) and (2-8) into the equation (2-6) as 

follows: 

 

 „
‐ Ὁ В Ὁ Ὥ‫

ρ В ὦ Ὥ‫

‐ Ὁ ρ В ὥὭ‫

ρ В ὦ Ὥ‫
 (2-9) 

 

Equation (2-9) can be simplified in terms of magnitudes of strain and stress as 

follows: 

 

 „ Ὁ ὭὉ  ‐ (2-10) 

 

In equation (2-10), Ὁᴂ and Ὁ  terms represent storage modulus and loss modulus, 

respectively. For metals, storage modulus is constant and frequency dependency of 

shear modulus is very low. However, for the viscoelastic materials (i.e. hyperelastic 

materials) both constants depend on frequency.  

 

Additionally, frequency dependency of the stress ï strain relation can be represented 

by using complex modulus, which is formulated below. 
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 „ ὉᶻὭ‐‫ Ὁ ὭὉ  ‐ (2-11) 

 

In different form; 

 

 Ὁᶻ Ὁ ‫ ρ Ὥ–‫  (2-12) 

 

where –‫  represents loss factor. 

 

 –‫
Ὁ ‫

Ὁ ‫
 (2-13) 

 

In the hyperelastic material models, the weighted average of the strain invariants can 

be formed by determining the material constants and they can be calculated by curve 

fitting the model on to the material test results. Therefore, obtaining the stress ï strain 

relationship by conducting tests on the material is the major step. Moreover, since the 

complex modulus values of the hyperelastic materials are highly dependent on the 

frequency, additional to the quasi ï static tests, ñComplex Modulus Testsò should be 

performed. In the section named as ñHYPERELASTIC MATERIAL TESTSò, 

ñUniaxial Tensile Test, Uniaxial Compression Test, Planar Shear Test, Volumetric 

Compression Test and Complex Modulus Testsò will be depicted deeply. 

 

2.1.1 HYPERELASTIC MATERIAL MODELS  

 

In this section, mathematical models, which relate the engineering stress and 

engineering strain and frequency and temperature dependent material properties of 

the hyperelastic materials, are examined. These models are simply curve fitting 

functions on the experimental results for different loading conditions. ñNeo ï 
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Hookean Model, Mooney ï Rivlin Models, Yeoh Model, and Ogden Modelò are used 

to describe the nonlinear relationship between stress and strain. ñDouble Transition 

(15 ï Parameter) Model and Arrhenius Shift Factor Equationò can be used to predict 

the complex modulus values of the elastomeric materials in dynamic cases. 

 

2.1.1.1 Neo ï Hookean Model 

 

The strain energy function in the Neo ï Hookean model is expressed in terms of first 

strain invariant and a material constant; therefore, this model is the simplest material 

model to depict the relation between the stress and strain characteristics of 

hyperelastic materials [4]. 

 

 ὡ ὅ Ὅ σ (2-14) 

 

The model has high performance in terms of experimental fit up to 40% strain in 

uniaxial tension and up to 90% strains in simple shear. Moreover, equation (2-14) is 

derived from the thermodynamics and statistical mechanics [4]. 

 

2.1.1.2 Mooney ï Rivlin Models 

 

The earliest theory of nonlinear elasticity is set forth by Mooney. This model is 

composed of both first and second strain invariants and two material constants [5]. 

 

 ὡ ὅ Ὅ σ ὅ Ὅ σ (2-15) 
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The material model Mooney ï Rivlin is a phenomenological theory and it shows a 

good agreement with 100% strains in tensile test. However, it is insufficient in 

describing the compression mode of deformation. Furthermore, the Mooney ï Rivlin 

model fails to describe the stiffening of the material at large strains. This model has 

been derived by assuming the material as incompressible and isotropic. In addition, 

the Hookeôs law is obeyed in simple shear [4]. 

 

To overcome the defects of the Mooney ï Rivlin model Tschoegl suggest that using 

high order terms in the generalized Mooney ï Rivlin strain energy function gives 

better agreement with the experimental data. [8] As a result of this fact, some 

additional models, based on the Mooney ï Rivlin model, have been proposed as: [5] 

 

Three term Mooney ï Rivlin Model: 

 ὡ ὅ Ὅ σ ὅ Ὅ σ ὅ Ὅ σ Ὅ σ (2-16) 

 

Signiorini Model: 

 ὡ ὅ Ὅ σ ὅ Ὅ σ ὅ Ὅ σ  (2-17) 

 

Third Order Invariant Model: 

 ὡ ὅ Ὅ σ ὅ Ὅ σ ὅ Ὅ σ Ὅ σ ὅ Ὅ σ  (2-18) 

 

Third Order Deformation (or James ï Green ï Simpson) Model: 

 
ὡ ὅ Ὅ σ ὅ Ὅ σ ὅ Ὅ σ Ὅ σ ὅ Ὅ σ

ὅ Ὅ σ  
(2-19) 
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Although, increasing the order of the strain energy function yields a better 

performance by capturing more infection points in stress ï strain curve, which can be 

seen in Figure 2-4; this may result in unstable energy function, which may yield non 

ï physical results [4]. 

 

   

(a) (b) (c) 

Figure 2-4 Stress ï strain curves obtained by (a), Two ï Term MR; (b), Five ï 

Term MR; (c), Nine ï Term MR [4] 

 

2.1.1.3 Yeoh Model 

 

Yeoh model depends on the assumption that the second strain invariant is constant 

with strain. As a result of this fact, the strain energy function only depends on the 

first strain in variant and it can be formulated as: [5] 

 

 ὡ ὅ Ὅ σ ὅ Ὅ σ ὅ Ὅ σ  (2-20) 

 

The main advantage of the Yeoh model is that various modes of deformation can be 

analyzed by using only uniaxial tensile test results of a material.  
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2.1.1.4 Ogden Model 

 

Ogden model describes the energy function as separable functions of principal 

stretches. It can be formulated as: 

 

 ὡ  
‘

‌
ὐ Ⱦ ‗ ‗ ‗ σ τȢυὑ ὐ ρ  (2-21) 

 

where ὐ is the Jacobian measuring dilatancy and it is depicted as the determinant of 

the deformation gradient [5]. 

 

Actually, the Neo ï Hookean and Mooney ï Rivlin models are the special forms of 

the Ogden model. Moreover, it gives good experimental fit in simple tension up to 

700%. Furthermore, Ogden model should also be taken into consideration for 

compressible materials [5]. 

 

2.1.1.5 Double Transition (15 ï Parameter) Model and Arrhenius Shift Factor 

Equation 

 

As it is stated earlier, modulus and loss factor values of viscoelastic materials are 

highly dependent on frequency and temperature. Unlike the previously mentioned 

mathematical models for quasi ï static loadings, double transition model along with 

the Arrhenius shift factor equation is used to predict the shear modulus and loss factor 

of the material in dynamic cases for different environmental (i.e. different 

temperatures) and loading conditions (i.e. different frequencies) [9]. 
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Material tests in order to obtain complex modulus values can be conducted at discrete 

frequency values and in limited number of temperatures. In order to obtain material 

properties at a temperature and frequency that was not in the measured data set, new 

parameter is utilized that combines temperature and frequency, which is named as 

reduced frequency. By using this reduced frequency parameter, modulus and loss 

factor values obtained for different temperatures and frequencies can be represented 

in continuous form, which is named as master curve. Furthermore, double transition 

model can be fitted on to this continuously represented data to obtain mathematical 

expression of the modulus and loss factor values of a material. By using this 

mathematical expression, material properties can be predicted for different frequency 

and temperature values. In Figure 2-5, storage modulus test data and master curves 

can be seen. Frequency is denoted as represents reduced frequency in ‫‌ and ‫ 

Figure 2-5 [9]. 

 

 

Figure 2-5 (a), Isotherms of storage modulus at temperaturesὝ, Ὕ and Ὕ; (b), 

Isotherms of storage modulus after application of the shift factor (i.e. master curve 

of storage modulus [10] 



 

16 

 

Function of the shift factor can be obtained by using Arrhenius shift factor equation 

as follows: 

 ÌÎ‌Ὕ Ὕ
ρ

Ὕ

ρ

Ὕ
 (2-22) 

 

where Ὕ is an arbitrary reference temperature and Ὕ is the slope of the line and is 

related to the activation energy of the material. It should be noted that all temperatures 

are in absolute degrees (Kelvin scale) [9]. 

 

After obtaining the master curves for both modulus and loss factor, frequency 

dependent mathematical expressions of double transition model (or 15 ï parameter 

model), can be used to modulus and loss factor values for different frequencies. 
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2.1.2 HYPERELASTIC MATERIAL TESTS  

 

2.1.2.1 Uniaxial Tension Test 

 

Uniaxial tensile test has been conducted to get the initial material stiffness, Youngôs 

modulus, material yield point and the failure stress and strain by examining the stress 

ï strain curve. Specimen should only be exposed to simple tension without any shear 

or compression strains. Thus, the length of the material should be 10 times longer 

than its width or thickness whichever is higher [4]. 

 

Stretch and stress values can be calculated by the following formulas. 

 

 ‗ ‗ ὒȾὒ (2-23) 

 ‗ ‗ ὃȾὃ  (2-24) 

 „ „ ὊȾὃ  (2-25) 

 „ „ π (2-26) 

 

 

Figure 2-6 Uniaxial Tensile Test Scheme [11] 
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2.1.2.2 Uniaxial Compression Test 

 

Uniaxial compression test has very similar features with the uniaxial tension test. As 

the material should only be exposed to pure compression strains, the specimen needs 

to be compressed between two platens without friction between the platens and the 

specimen [4]. 

 

Stretch and stress values can be obtained from 

 ‗ ‗ ὒȾὒ (2-27) 

  ‗ ‗ ὃȾὃ  (2-28) 

  „ „ ὊȾὃ  (2-29) 

  „ „ π (2-30) 

 

 

Figure 2-7 Uniaxial Compression Test Fixture [11] 
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2.1.2.3 Planar Shear Test 

 

At the planar shear test, the specimen is exposed to pure shear at τυЈ angle to the 

stretching direction. Therefore, the width of the material should at least 10 times 

longer than the length in the stretching direction [4]. 

 

Stretch and stress values can be calculated from 

 ‗ ρ (2-31) 

 ‗ ‗ ὒȾὒ (2-32) 

 ‗ ὸὬȾὸὬ (2-33) 

 „ π (2-34) 

 „ „  (2-35) 

 „ π (2-36) 

 

 

Figure 2-8 Coordinates of planar shear test [4] 

 

2.1.2.4 Volumetric Compression Test 

 

From the volumetric compression test, compressibility property of the material can 

be obtained. Eight specimens with σ άά diameter and ς άά thickness, which are 

stacked and lubricated, compressed in a fixture. The slope of the stress ï strain curve 
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gives the bulk modulus of the material. The following formulas yield the stretch and 

stress values [4]. 

 

 ‗ ‗ ρ (2-37) 

 ‗ ὒȾὒ (2-38) 

  „ „ „ ȿὊȾὃȿ (2-39) 

 

where ὃ  is the cross ï sectional area of the plunger and Ὂ is the force on the plunger. 

 

 

Figure 2-9 Volumetric compression test [11] 

 

2.1.2.5 Complex Modulus Tests 

 

Complex modulus tests are conducted in a sealed medium. Stress and strain values 

are measured to get loss factor and modulus values for different frequencies at 

different temperatures. Tests can be conducted according to the standards listed as: 
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¶ ISO 18437-4 Mechanical vibration and shock ï Characterization of the 

dynamic mechanical properties of viscoelastic materials ï Part 4: Dynamic 

stiffness method 

¶ ASTM D 5992 ï Standard Guide for Dynamic Testing of Vulcanized Rubber 

and Rubber ï like Materials Using Vibratory Methods 

¶ ISO 10112 ï Damping Materials ï Graphical Presentation of Complex 

Modulus 

¶ ISO 6721-1:2011 Plastics ï Determination of Dynamic Mechanical Properties 

ï Part 1: General Principles 

 

 

Figure 2-10 DMA machine for complex modulus test 

 

Complex modulus tests are conducted to a narrow frequency and temperature range 

and double transition model along with the Arrhenius shift factor equation is applied 

in order to predict the complex modulus values for different frequencies and 

temperatures. 
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2.2 ACOUSTICS 

 

2.2.1 SOUND TRANSMISSION LOSS 

 

When an acoustic wave becomes incident onto a boundary between two media, it 

splits into two waves, first one is the reflected wave and the second one is the 

transmitted wave [3]. Schematic representation of a transmission of a normally 

incident wave from one medium to another can be illustrated in Figure 2-11. 

 

 

Figure 2-11 Schematic representation of transmission of a normally incident wave 

through two media 

 

Sound transmission coefficient based on power can be defined as follows: 

 

Reflection Coefficient 

Based on Power 
‎
ὍὲὸὩὲίὭὸώ έὪ ὙὩὪὰὩὧὸὩὨ ὡὥὺὩ

ὍὲὸὩὲίὭὸώ έὪ ὍὲὧὭὨὩὲὸ ὡὥὺὩ
 (2-40) 

Medium I (”ȟὧ) Medium II (”ȟὧ) 

ὴὭὲὧὭὨὩὲὸ 

ὴ ὶὩὪὰὩὧὸὩὨ 

ὴ ὸὶὥὲίάὭὸὸὩὨ 

Interface 

ὼ π 
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Transmission 

Coefficient Based on 

Power 
†
ὍὲὸὩὲίὭὸώ έὪ ὝὶὥὲίάὭὸὸὩὨ ὡὥὺὩ

ὍὲὸὩὲίὭὸώ έὪ ὍὲὧὭὨὩὲὸ ὡὥὺὩ
 (2-41) 

 

Moreover, below mentioned two boundary conditions should also be satisfied to be 

able express the transmission coefficients analytically. 

1) Equality of pressures at all interfaces. 

2) Equality of normal components of particle velocity at all interfaces. 

 

In the case of normal transmission through three media whose scheme can be 

illustrated in Figure 2-12, the above ï mentioned boundary conditions should be 

satisfied at all two interfaces.  

 

 

Figure 2-12 Schematic representation of transmission of a normally incident wave 

through three media 

Medium I (”ȟὧ) Medium II (”ȟὧ) 

ὴ ὭὲὧὭὨὩὲὸ 

ὴ ὶὩὪὰὩὧὸὩὨ 

ὴ ὸὶὥὲίάὭὸὸὩὨ 

Interface 1 

ὼ π 

Medium III (”ȟὧ) 

ὴ ὶὩὪὰὩὧὸὩὨ 

ὴ ὸὶὥὲίάὭὸὸὩὨ 

Interface 2 

ὼ ὒ 
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For the three media case, the wave expressions can be written as follows: 

 ὴ ὖὩ  (2-42) 

 ὴ ὖ Ὡ  (2-43) 

 ὴ ὖὩ  (2-44) 

 ὴ ὖ Ὡ  (2-45) 

 ὴ ὖ Ὡ  (2-46) 

 

Then, by using wave equations and applying two boundary conditions on two 

interfaces separately, sound transmission coefficient can be obtained for three media 

case as follows: 

 

 †
Ὅ

Ὅ

ȿὖȿȾς”ὧ

ȿὖȿȾς”ὧ
  (2-47) 

 
†

τ”ὧ”ὧ

”ὧ ”ὧ ÃÏÓὯὒ ”ὧ
”ὧ”ὧ
”ὧ

ÓÉÎὯὒ  
 (2-48) 

 

After obtaining the sound transmission coefficients of the waves transmission loss or 

sound radiation index can be calculated by formula [12]. 

 Ὕὒ Ὠὄ ρπÌÏÇ † (2-49) 
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2.2.2 SOUND TRANSMISSION LOSS ANALYSE S 

 

Many studies are presented in the literature related with the sound transmission 

characterization of the elastomeric bulb seals. There are two main noise generation 

mechanisms related with the elastomeric bulb seals. The first one is the aspiration 

noise, which penetrates through the openings between the car body and seals, and the 

other one is the flow ï induced mechanical vibrations of the bulb. Aspiration noise is 

the most important noise source if there are gaps between the car body and the sealant. 

Therefore, dynamic characteristics of the sealing systems, excited by the unsteady 

surface pressure due to the turbulent flow over the vehicle, should be analyzed deeply. 

Since conducting experiment on the vehicles during the drive or in the wind tunnels 

is costly and time consuming, finite element analyses methods are used to calculate 

acoustical characteristics of these sealing systems under different circumstances. 

 

The comparison with the calculated sound transmission loss using different 

mathematical models with the experimental results acquired from the reverberation 

room tests were done by Park et al. Moreover, the sealant and air layers were modeled 

by using finite element methods and transfer function matrix method. In their studies, 

the validation was done by comparing the sound transmission loss of a simple model, 

which can be seen in Figure 2-13, calculated with finite element analysis and the 

transfer function matrix method [13]. 
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Figure 2-13 Simple seal model [13] 

 

Both results were calculated with finite element analysis and transfer function matrix 

compared in Figure 2-14 in terms of sound transmission loss for two different bulb 

seals that have different densities. According to Park and his friends, dip points in the 

sound transmission loss vs frequency graph is due to the resonance frequencies of the 

mass ï air ï mass interaction. As the last step of their study, the experimental results 

of a simple sealant model, which can be seen in Figure 2-15, were compared with the 

calculated results. The calculated results do not show much similarity, although there 

is good correlation between the analytical calculations and the finite element analysis. 

According to them, the reason is the use of constant material properties in the 

analytical and finite element methods as well as the simplicity of the analytical and 

finite element models [13]. 
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Figure 2-14 Comparison of results of finite element analysis with transfer function 

matrix method of simple model [13] 

 

 

Figure 2-15 Reverberation room experiment results of simple model [13] 



 

28 

 

In another article by Park et al., the dynamic characterization of sealing system was 

carried to next level by analyzing a complex bulb seal, which is used in the sealing 

systems of a vehicle. The purpose is to validate their studies with the reverberation 

room experiments. In addition, the transverse velocity along the seal wall was 

measured by a laser vibrometer to be able to describe the vibration characteristics of 

the bulb seal [1]. 

 

In the finite element analysis, firstly, static analysis was simulated to get the deformed 

geometry of the seal and then perturbation analysis was conducted on the deformed 

geometry on ABAQUS environment. Acoustic fluid ï solid interactions were 

modelled and pressure waves were defined as inputs. This choice of the input as 

pressure waves eliminates the need of the air layers that cover the input region of the 

bulb seal and reduces the simulation time [1]. 

 

At the beginning, onset of analysis of the complex seal geometry, three different 

simple models, whose sound transmission loss values can be predicted by the transfer 

function matrix method, were constructed. The numerical analysis was validated for 

these models by comparing the results of the simulation with the results of the 

analytical method. Geometries of simple models can be seen in Figure 2-17 [1]. 
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Figure 2-16 Geometries of simplified models ï (a), double membrane model; (b), 

double membrane model with fixed displacement boundary conditions at their ends; 

(c), rectangular model [1] 

 

In Figure 2-17 the comparison between the results of finite element analysis and 

transfer function matrix method can be displayed [1]. 
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Figure 2-17 Sound transmission loss predictions for a simplified dual ï membrane 

model ï (x), transfer function matrix method; (----), FE analysis [1] 

 

Results of the rectangular model for different ὧȾὬὪ values can be illustrated in 

Figure 2-18. 

 

 

Figure 2-18 Sound transmission loss predictions for a rectangular model with value 

of ὧȾὬὪ ï ( ), 21.5; (- - - - -), 41; ( ) 82.[1] 
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After validating the numerical analysis with the analytical methods, the sound 

transmission loss values of complex geometry were analyzed for different 

compression ratios. Comparison of the results of the analyses and experiments can be 

inspected in Figure 2-19. 

 

 

Figure 2-19 Comparison of results of analysis with the experiments for different 

ὅὙ values ï ( ), experiment results for ὅὙ value of ϷςςȢυ; ( ), analysis 

results for ὅὙ value of ϷςςȢυ; ( ), experiment results for ὅὙ value of ϷρφȢωȠ 

( ), analysis results for ὅὙ value of ϷρφȢω.[1] 

 

It was stated that experimental results and results of analysis display similar trends, 

by Park and his friends. According to this study, sound transmission loss 

characteristics of a bulb seal should be investigated in three different regions, stiffness 

ï controlled region, resonant region and mass ï controlled region. Region, which 

corresponds to the frequencies lower than the mass ï air ï mass resonance, called as 
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stiffness ï controlled region and region with higher frequencies called as mass ï 

controlled region. These regions can clearly be traced in Figure 2-20. [1] 

 

Figure 2-20 Regions of transmission loss vs frequency graph [1] 

 

Finite element analyses by using 2D models and by considering nonlinear 

hyperelastic materials was carried out by B. Andro et al. Firstly, different complex 

seal geometries were deformed between two plates and deformed shapes were 

obtained. Then, an acoustical analysis was performed by finite element method in 

order to predict the sound transmission loss characteristics. Two methods were used 

to validate the deformation analysis. In the first one, the deformed geometries of the 

analysis and the experiments were compared. As a second validation step, the 

calculated reaction forces on the upper plate by using simulations were compared 

with the experiments. After getting close trends for the comparison of the reaction 

forces of the experiments and the deformation analyses; the deformed geometry was 

exported and acoustical simulations were conducted [2]. 
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In acoustical analysis, 2D models were preferred, and initial conditions and boundary 

conditions were defined as stated in Figure 2-21. At the end, sensitivity analysis was 

performed to distinguish the effects of compression ratio, material properties and 

different seal geometries on the sound transmission loss [2]. 

 

 

Figure 2-21 Initial conditions and boundary conditions of acoustic model [2] 

 

A study on Hybrid FE ï SEA model was employed by Cordioli et al. to predict the 

sound transmission loss of a car door seal. At the beginning, a full nonlinear 

deformation/contact analysis was performed to estimate the deformed geometry of 

the door seal in actual conditions. Then, the geometry was utilized in a vibro ï 

acoustical analysis to predict the sound transmission loss of the seal. The channel 

between the door and the car structure where the seal is located was also modeled. In 

addition, the estimated sound transmission loss values was compared with the 

experimental data [14]. 
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In this article, 3D models were employed with modeling of a portion of the car door 

sealant only, which is exposed to the sound waves directly. The deformed and 

undeformed geometries of their seal as well as their Hybrid FE ï SEA model can be 

seen in Figure 2-22 and Figure 2-23, respectively [14]. 

 

 

Figure 2-22 Undeformed and deformed geometries of the seal [14] 

 



 

35 

 

Figure 2-23 Hybrid FE ï SEA model of the sealing system [14] 

 

Up to this point, all of the articles covered are related with the sound transmission 

characteristics of single bulb seal. However, in actual cases sealing systems on the 

car door contain two bulb seals. The validity of the finite element methods on sound 

transmission loss was examined by simulating simple models as well as complex 

sealing systems that contains multiple bulb sealants by Gur et al. Effects of material 

properties, geometries of the bulb seals on sound transmission were also examined in 

their study. In addition, the effect of pre ï stress on the sound transmission loss was 

also depicted. According to the article, pre ï stress on the deformed bulb seals was 

found not to have any significant effect on the sound insulation performance of the 

sealing system. Since incorporating the sealant pre ï stress to the acoustic analysis is 

lengthy and time consuming, transmission loss analysis can be performed without 

considering the pre ï stress on the sealing system [15]. 
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Most important parameters that affects the sound transmission characteristic of seals 

are material properties, geometry and position of the bulb seal. By accumulated 

knowledge, Gur and his friends were performed simulations on a system, which 

contains multiple sealants. Deformation analysis was performed at the beginning as 

well as the acoustical analysis was simulated on a reduced model. Undeformed and 

deformed geometries can be seen in Figure 2-24. Moreover, acoustic model can be 

seen in Figure 2-25. If acoustical model examined deeply, it can be noticed that Gur 

et al. used only a portion of the door seal [15]. 

 

 
 

(a) (b) 

Figure 2-24 (a), Undeformed geometry; (b), deformed geometry of sealing system 

[15] 
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Figure 2-25 Acoustical model of the sealing system [15] 
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CHAPTER 3 

 

 

3 QUASI ï STATIC DEFORMATION ANALYSES 

 

 

 

This chapter covers details of the quasi ï static deformation analyses such as the 

material definitions, mesh generations, boundary conditions for both validation and 

analysis of systems with multiple sealants along with the results. There are two main 

steps. The first one is associated with deciding on the method to be employed in the 

deformation analysis by validating them with experimental results and the second one 

involves with the deformed geometry of the sealants. 

 

In the multiple sealant system, there are two bulb seals, whose sectional view can be 

seen in Figure 3-1. The lower seal is named as ñThe Primary Sealò and the upper seal 

is named as ñThe Secondary Sealò. All of the geometries used in this thesis are 

obtained from Turkish automotive company, TOFAķ, which is the fifth largest 

industrial enterprise of Turkey. 

 

Specifications of the workstation on which the analyses are performed are, 

¶ φτ Ὃὦ ram 

¶ σȢρπ ὋὌᾀ processor with σς cores 

¶ ςυφ Ὃὦ SSD 

¶ ρ Ὕὦ HDD 
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Figure 3-1 Unprocessed multiple seal system geometry 
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3.1 VALIDATION OF ANALYSIS METHOD  

 

Before going into details of the deformation analysis of the system with multiple 

sealants, the very first step is validation of the analysis. In this validation step, correct 

hyperelastic material models should be decided as well as the analysis methods. In 

other words, the objectives of these validation simulations are deciding on the correct 

material models and generating correct simulation models. 

 

Validation of the deformation analysis has been conducted by comparing the results 

of three different tests; two of them is carried on the primary seal and the last test is 

performed on the secondary seal by TOFAķ. Those tests are chosen according to the 

deformation types of this sealant system. Force vs opening curves are taken into 

account as the comparable data.  

 

3.1.1 GEOMETRY AND MODEL GENERATION  

 

Sketches of the test setups, which was supplied by TOFAķ, can be seen in Figure 3-2 

and Figure 3-3. 
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(a) (b) 

Figure 3-2 Sketches of tests which will be performed on primary seal ï (a), 1st Test; 

(b), 2nd (Inclined) Test 

 

 

Figure 3-3 Sketch of test setup of secondary seal (3rd Test) 
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2D geometries of those test setups have been created from those sketches by using 

SolidWorks 2016. All of the analyses have been performed by 2D models. Created 

geometries can be seen in Figure 3-4. Furthermore, ñPlain Strainò assumption is made 

for the 2D deformation simulations. 

 

Analyses have been performed on the Marc ï Mentat platform. Created geometries 

meshed and displacement boundary conditions applied. All of the tests have been 

simulated in two load cases; first one is for mounting the seal geometry and second 

load case is for deforming the seals. Estimates of displacement values that should be 

defined as boundary conditions were picked from the sketches of the test setups. 

Meshed geometries and details of the models can be examined in Figure 3-5. 
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(a) (b) 

 
(c) 

Figure 3-4 Geometries of test setups ï (a), 1st Test; (b), 2nd Test; (c), 3rd Test 
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(a) (b) 

 
(c) 

Figure 3-5 Models of test setups ï (a), 1st Test; (b), 2nd Test; (c), 3rd Test 
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In order to understand the effect of friction forces between the contacting bodies, two 

different cases have been modelled for these tests. In the first case, friction forces are 

not considered; however, in the second case, coulomb friction of ’ πȢσ is defined 

between the contacting bodies. 

 

3.1.2 MATERIALS  

 

Two types of materials have been assigned for each tests, one is steel and the other 

one is material configuration of the elastomers. Rubber components composed of five 

different materials, which are ñSPAF650, SPAF750, EPDM TA20-65, EPDM TA20-

70, and EPDM TA20-80ò. In order to obtain the stress ï strain relationship and apply 

the hyperelastic material models ñUniaxial Tension Testò and ñShear Testò are 

performed on the samples of those materials. However, samples can only be obtained 

for ñSPAF650, TA20-65 and TA20-80ò materials from Turkish Automobile 

Company.  

 

Ten different material models were applied on the results of the uniaxial tension test 

and shear test by considering two different error types such as ñAbsolute Errorò and 

ñRelative Errorò which are formulated as follows, respectively: 

 Ὡ ὃὧὸόὥὰ ὠὥὰόὩὓὩὥίόὶὩὨ ὠὥὰόὩ (3-1) 

 Ὡ Ὡ ȾὓὩὥίόὶὩὨ ὠὥὰόὩ (3-2) 

 

Best model, which can be used to present the material behavior of the elastomer, is 

selected by considering three different criteria as follows: 

1. Hyperelastic material model should give similar trend and close results with 

the experimental results. 
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2. Results calculated from the specified mathematical model should be 

physically meaningful. In other words, calculated stress values should have 

non ï negative values. 

3. The model should have the minimum error value with respect to others. 

 

For the TA20-65 material, Table 3-1 presents the calculated error values for different 

material models. 

 

Table 3-1 Calculated error values for TA20-65 material 

Model Applied Absolute Error  Relative Error  

Neo ï Hookean τπρȢς τρψȢρχτ 

Mooney Rivlin ï 2 Term ςφπȢρχρ ρυςȢψψω 

Mooney Rivlin ï 3 Term χωȢπχςψ ρυςȢχπτ 

Signiorini υφȢςσσ ρυπȢυωψ 

Second Order Invariant ςπȢυχωσ ψρȢφπωψ 

Third Order Deformation ρςȢσυςσ ψπȢψυρσ 

Yeoh ρτȢυςχυ ρχτȢφφςυ 

Ogden ï 1st Order ψψπȢψχ ρφφȢστς 

Ogden ï 2nd Order ςπȢωχωψ ρτψȢωως 

Ogden ï 3rd Order ςσȢπωψς ρτυȢψχω 

 

According to Table 3-1, the third order deformation model with absolute error criteria 

has minimum error; however, as the strain values increase, the calculated stresses 
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increase sharply and gives astronomical values. On the contrary, Yeoh model gives 

relatively similar trend with the experimental results and its error is very close to the 

error of the third order deformation model. Thus, Yeoh model with absolute error 

criteria is chosen for the TA20-65 material. Figure 3-6 presents the results of both 

experiments and Yeoh model for TA20-65 material.  

 

 

Figure 3-6 Stress ï strain relation of TA20-65 material 

 

Similarly, material model for the SPAF650 is chosen according to the criteria 

specified earlier. Table 3-2 presents the calculated error values for different material 

models. Moreover, it is indicated that the minimum error can be predicted by third 

order deformation model and the second one is the Yeoh model with absolute error 
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criteria. However, those two models give very high stress values as the strain 

increasing as in the case of TA20-65 material. Thus, the 3rd order Ogden model with 

absolute error criteria is chosen to describe the stress ï strain relationship of SPAF650 

material, because this model gives the best curve fit with minimum error. Figure 3-7 

presents the relation between stress and strain for both experiments and material 

model. 

 

Table 3-2 Calculated error values for SPAF650 material 

Model Applied Absolute Error  Relative Error  

Neo ï Hookean χυȢπψςχ ρτφȢψρ 

Mooney Rivlin ï 2 Term υπȢσπχ ρτςȢσψρ 

Mooney Rivlin ï 3 Term ρρȢτψψυ ρςωȢρπσ 

Signiorini ψȢτππρσ ρςςȢστ 

Second Order Invariant υȢπρχπω ψσȢψρφ 

Third Order Deformation ςȢτσωσχ ψσȢπυχψ 

Yeoh σȢυπτψψ ωωȢρρω 

Ogden ï 1st Order τχρȢψτσ ρστρȢτσ 

Ogden ï 2nd Order υȢσφψφψ ωχȢχσυω 

Ogden ï 3rd Order τȢψωψωψ ωτȢυρτφ 
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Figure 3-7 Stress ï strain relation of SPAF650 material 

 

As material samples for tests cannot be obtained for SPAF750 material, experimental 

results of SPAF650 material is used by multiplying its test data with the density ratios 

(i.e. πȢχυȾπȢφυ) of two materials. Moreover, hyperelastic material models have been 

applied on those modified test data in order to estimate the material properties of 

SPAF750. Table 3-3 indicates the calculated errors for SPAF750 material. As it is 

expected, this material has the same properties as the SPAF650. In other words, the 

lowest error values are calculated by using the third order deformation and Yeoh 

models; however, stress values increase sharply while the strain values are also keep 

on increasing. Best curve fit is obtained by using a 3rd order Ogden model with 
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absolute error criteria, which results in the third lowest error. Figure 3-8 presents 

stress vs strain graph of both curve fitted and test data. 

 

Table 3-3 Calculated error values for SPAF750 material 

Model Applied Absolute Error  Relative Error  

Neo ï Hookean ρστȢχσυ ρυχȢυτχ 

Mooney Rivlin ï 2 Term ψχȢτψπρ ρυρȢωπσ 

Mooney Rivlin ï 3 Term ςπȢςπφφ ρστȢψςυ 

Signiorini ρτȢυψωρ ρςφȢχστ 

Second Order Invariant ψȢπρσρρ ψτȢσπυς 

Third Order Deformation σȢτρφχτ ψσȢωσφ 

Yeoh υȢςςυωσ ωωȢψςρψ 

Ogden ï 1st Order ρφτȢωψψ ρττȢυςρ 

Ogden ï 2nd Order χȢχχρρφ ωωȢτσσσ 

Ogden ï 3rd Order χȢπφψχυ ωτȢφφτ 
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Figure 3-8 Stress ï strain relation of SPAF750 material 

 

Last hyperelastic material considered is TA20-80. For this material, calculated errors 

for different hyperelastic material models are tabulated in Table 3-4. According to 

this table, minimum error values can be achieved by applying third order deformation 

model with absolute error criteria. However, with this model calculated stress values 

got negative (i.e. non ï physical) values for planar shear. Second minimum error 

value can be calculated if second order invariant model is used. Nevertheless, this 

model also gives negative shear stress values and it cannot be used to describe the 

behavior of the elastomer TA20-80. Therefore, next model with the lowest error, 

which is the Yeoh model with absolute error criteria, is chosen. This model gives best 

curve fit on the experimental results with physical stress quantities. Stress vs strain 
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graph for both experimental and the curve fitted model can be examined in Figure 

3-9. 

 

Table 3-4 Calculated error values for TA20 ï 80 material 

Model Applied Absolute Error  Relative Error  

Neo ï Hookean 261.945 331.819 

Mooney Rivlin ï 2 Term 169.814 113.741 

Mooney Rivlin ï 3 Term 77.5762 112.001 

Signiorini 58.6979 113.658 

Second Order Invariant 13.0826 76.9887 

Third Order Deformation 11.1133 70.0734 

Yeoh 16.8578 142.698 

Ogden ï 1st Order 287.106 136.676 

Ogden ï 2nd Order 17.3861 101.207 

Ogden ï 3rd Order 17.4243 105.113 
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Figure 3-9 Stress ï strain relation of TA20-80 material 

 

Related coefficients correspond to the applied hyperelastic material models are 

presented in the below tables, Table 3-5, Table 3-6 and Table 3-7. 
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Table 3-5 Calculated coefficients for the 3rd order Ogden model of SPAF650 

SPAF650 Moduli  Exponents 

1 τχȢρρω πȢπρρρτως 

2 σȢυρςψφ πȢσχσπςς 

3 ψȢχυὉ πφ ρςȢππυ 

 

Table 3-6 Calculated coefficients for the 3rd order Ogden model of SPAF750 

SPAF750 Moduli  Exponents 

1 ρυςȢρως πȢπυχωυτρ 

2 ρπψȢχψψ πȢπχστχυψ 

3 ψȢψχὉ πφ ρςȢρρχσ 

 

Table 3-7 Calculated coefficients for Yeoh model of TA20-65 and TA20-80 

 TA20-65 TA20-80 

ὅρπ 0.475165 0.602777 

ὅςπ -0.07388 -0.14147 

ὅσπ 0.009658 0.032541 

 

Assigned material configuration for the test simulations of the primary and secondary 

sealants can be examined in Figure 3-10 and Figure 3-11. 
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(a) (b) 

Figure 3-10 Assigned material configuration for simulations of the ï (a), 1st Test; 

(b) 2nd Test 

 

Figure 3-11 Assigned material configuration for simulations of the 3rd Test 
































































































