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Abstract Absztrakt 

The growing use of battery electric vehi-

cles brings new challenges to safety-critical 

sealing systems, as their reliability be-

comes increasingly important due to higher 

functional demands. This article presents 

engineering methods used to define, ana-

lyze, and validate sealing functions and re-

lated safety aspects. Tools such as FMEA, 

FAM, DRBFM, DfR and 8D are intro-

duced through a case study of an ASIL D-

classified sealing system. Special focus is 

placed on function-based design and 

model-based engineering. 

A tisztán elektromos hajtású járművek el-

terjedésével új kihívások jelennek meg a 

biztonságkritikus tömítőrendszerek terve-

zésében, mivel megnövekedett funkcioná-

lis terhelésük miatt megbízhatóságuk egyre 

fontosabbá válik. A cikk olyan mérnöki 

módszertanokat mutat be, amelyek a tömí-

tések funkcionális és biztonsági megfelelő-

ségének meghatározására, elemzésére és 

igazolására szolgálnak. Az alkalmazott el-

járások - mint például az FMEA, a FAM, a 

DRBFM, a DfR vagy a 8D - egy ASIL D 

besorolású tömítőrendszer esettanulmá-

nyán keresztül kerülnek bemutatásra. Ki-

emelt figyelmet kap a funkcióalapú terve-

zés és a modellalapú mérnöki megközelí-

tés. 

Keywords Kulcsszavak 

DRBFM, sealing system, rubber friction, 

percolation, safety critical, engineering 

methods 

DRBFM, tömítésrendszer, gumisúrlódás, 

szivárgás, biztonságkritikus, mérnöki mód-

szertanok 

 

  

 
1 viktor.sari@hu.bosch.com | ORCID: 0009-0001-4513-9108 | lead expert, Robert Bosch Kft. | vezető szakértő, Robert 

Bosch Kft.  
2 balint.fazekas@hu.bosch.com | ORCID: 0000-0001-5716-8531| expert, Robert Bosch Kft. | szakértő, Robert Bosch Kft.  
3 goda.tibor@bgk.uni-obuda.hu | ORCID: 0009-0004-5666-3142| professor, Bánki Donát Faculty of Mechanical and Safety 
Engineering, Obuda University | egyetemi tanár, Bánki Donát Gépész és Biztonságtechnikai Mérnöki Kar, Óbudai Egyetem 



72 SÁRI-BARNÁCZ VIKTOR – FAZEKAS BÁLINT – GODA TIBOR JÁNOS 

 

 
Vol 7, No 2, 2025. Safety and Security Sciences Review Biztonságtudományi Szemle 2025. VII. évf. 2. szám 

 

INTRODUCTION 

Nowadays, the demand for battery electric vehicles (BEV) is increasing since they 

are proven to be more environmentally friendly [1], but the pressure is also there due to 

regulations targeting emission reduction [2]. Despite the many technical and environmental 

advantages that the BEV have over vehicles with internal combustion engines (ICE), there 

are also technical drawbacks. With the better efficiency of the BEV drive system, less heat 

is generated and thus less energy lost to evaporate environmental condensates in the engine 

compartment providing more favorable conditions for corrosion, therefore, demanding bet-

ter, more reliable, and more efficient sealing systems for automotive safety critical applica-

tions (steering, braking, etc.). 

Engineering of safety (functional safety) of automotive products has been standard-

ized according to ISO 26262 [3]. This standard provides a framework for automotive safety 

engineering and defines metrics (see Figure 1) to determine how safety-critical a compo-

nent is, based on the severity of the potential failure it may cause and how easily it can be 

prevented. The standard also recommends processes to ensure safety and has the following 

structure, covering a wide range of safety aspects: 

• ISO 26262-1: Vocabulary: Defines common terminology by specifying terms such 

as fault, error, failure, etc. 

• ISO 26262-2: Management of functional safety: Describes management practices 

for functional safety at both organizational and project levels throughout the vehicle 

lifecycle. 

 
1. Figure: Classification of automotive safety levels according to ISO 26262  

(QM – Quality Management, ASIL – Automotive Safety Integrity Level)[4] 
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• ISO 26262-3: Concept phase: Covers the concept phase of development, including 

the identification of hazards and risks (Hazard Analysis and Risk Assessment – 

HARA) and the formulation of the functional safety concept with corresponding 

safety goals. 

• ISO 26262-4,-5,-6: Product development at the system/hardware/software level: 

Focuses on the design and development of system/hardware/software by creating 

the technical safety concept (i.e. deriving safety goals into system requirements), 

also incorporates the safety validation plan. 

• ISO 26262-7: Production, Operation, Service, and Decommissioning:  

Describes functional safety of a product throughout its entire lifecycle. 

• ISO 26262-8: Supporting processes: Describes auxiliary processes such as change 

management, documentation, verification guidelines, and reuse of “proven-in-use” 

system components. 

• ISO 26262-9: Automotive safety integrity level (ASIL)-oriented and safety-ori-

ented analysis: Provides guidelines for hazard classification. Recommends assign-

ment of ASILs (A, B, C, D) to represent different risk levels, with ASIL D being the 

most critical. A classification of QM (quality management) indicates that standard 

quality control is sufficient to ensure the safety of the product (Figure 1). 

• ISO 26262-10,-11,-12: Guidelines on ISO 26262: An in formative guidance sup-

porting application of the standard with examples and detailed explanations for 

other application domains, such as motorcycles and semiconductors. 

Although ISO 26262 covers a wide range of safety aspects, it addresses safety only 

at a higher, abstract level. Many engineering methods have been developed over the years 

to identify, control, and assess technical risks at the design detail level. Some focus on the 

early identification of potential failure modes from a functional perspective (such as FMEA 

– Failure Modes and Effects Analysis)[10], [11] and some mapping the domains where the 

engineering know-how is limited (FAM – Focus Area Matrix) [12]. 

Other methods focusing on in-depth analysis of the physical behavior of design el-

ements (such as DfR – Design for Reliability) [13] and synthesis application of DRBFM 

(Design Review Based on Failure Mode)[14] to achieve safe and robust design. 

However, due to the high technical complexity, the large number of design param-

eters, and the production volumes (introducing statistical variability) associated with an au-

tomotive product, the failure of some design elements is inevitable. Therefore, engineering 

methods have been developed to manage and mitigate the risks once they occur (PS – Prob-

lem solving) [15] by swiftly handling complexity and identifying the technical root cause 

as early as possible (analysis application of DRBFM).  

The main part of this article will introduce the most commonly used of these engi-

neering methods, using an automotive sealing system as an example.  
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a)  

b) 
 

2. Figure: Automotive sealing system[5]: 

a) Steering gear, the main product  b) Sealing system of a steering control unit 

The subject sealing system is a sub-component of a steering gear’s servomotor. The 

servomotor provides the assist to control the steering torque, i.e. the resistance felt by the 

driver to turn the steering wheel, see Figure 2 (a). The sealing system of the servomotor 

includes a form seal mounted on a plastic component (referred as the holder in Figure 2. 

(b)) which provides the sealing effect between the holder and the housing as well as seals 

the interior from the humid, wet external environment.  

Due to atmospheric effects, a pressure difference may develop between the interior 

and the exterior, which can lead to water intrusion in the event of functional failure of the 

seal. A temperature difference may also occur, as the internal parts can be heated by opera-

tional losses, while exposed to harsh environmental conditions externally. 

This sealing system is classified as ASIL D, as its potential failure - specifically, 

water ingress into the encapsulated electronics causing short circuits - can lead to a sudden 

loss of (steering) assist. This may easily result in a traffic accident, as the driver may not 

have time to respond to the abrupt increase in steering resistance, especially during dynamic 

maneuvers. To assess the functional performance of such a sealing system in line with the 

state-of-the-art, modern theoretical approaches should be considered, such as percolation 

theory [6], [7]. 

ENGINEERING METHODS OF AUTOMOTIVE SAFETY AND QUALITY 

In this section, the most commonly used methods are introduced using the previ-

ously presented sealing system as an example, to better illustrate how these methods are 

applied in practice. 

FMEA - Failure modes and effects analysis  

This method was originally developed by the US Military [16], later adopted by 

NASA and then by Ford, who spread the method in the automotive industry. Today, FMEA 

is considered as a legal document and is mandatory for all automotive suppliers where the 

state-of-the-art of the relevant engineering domain must be considered during theprepara-

tion. 
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For what 
the  

customer 

pays for? 

What has 
gone wrong

  

What is the 
impact on 

the key out-

put? 

How 
severe 

is the 

effect? 
(1-10) 

What 
causes to 

go 

wrong? 

How  
frequently 

is this 

likely to 
occur? 

(1-10) 

  

What are the 
existing  

controls to 

prevent the 
failure from 

occurring or 

detect it?  

How 
easy is 

it to  

detect? 
(1-10)

  

Risk  
priority 

number 

(1-1000) 

Seal of 

steering 

motor 

Water  

inside the 

electronics 

No steering 

possible 

9 

(loss of 

assist) 

Sealing 

damaged 

during  
assembly 

2 

(rarely 

happens) 

Monitoring of 

assembly 

forces 

1 

(easy to 

detect) 

18 

(SxOxD) 

 

1. Table: Basic template of an FMEA with practical example of functional failure of a sealing system 

(own construction based on [17]) 

By principle, FMEA maps potential functional failure modes at an early stage of 

development in order to define measures to mitigate the risk of the failure as follows (see 

Table 1 with example related to sealing functionality):  

0.) FMEA is usually generated by following the mechanical structure of the prod-

uct. 

1.) Identification of the function of the component: What’s the purpose of the com-

ponent? What is it supposed to do? 

2.) Identification of the failure mode: This is usually defined with involvement of 

technical experts of the subject area, as a single function can have multiple fail-

ure modes: What could adversely affect the function? 

3.) Estimation of the impact of the failure: What will the customer experience in 

event of failure?  

4.) Severity rating:  

• 1-3: Insignificant - almost no impact on function. 

• 4-6: Minor - partial malfunction, limited impact on functionality. 

• 7-8: Major - high degree of negative impact on function and customer 

satisfaction. 

• 9-10: Critical - serious impact that may lead to a safety hazard and vi-

olation of legal regulations. 

5.) Potential causes: What could cause the failure? 

6.) Occurrence rating:  

• 1-3: Rare - almost no chance of occurrence.  

• 4-6: Low - low probability of occurrence.  

• 7-8: Likely – failure is likely to occur. 

• 9-10: Frequent – failure is almost certain to occur. 

7.) Detection of the occurrence: What methods can be used to detect the failure? 

8.) Detection rating:  

• 1-3: High – failure can be confidently detected.  

• 4-6: Moderate - high chance of detection.  
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• 7-8: Low – low chance of detection. 

• 9-10: None – failure cannot be detected. 

9.) Determination of Risk Priority Number (RPN): The RPN is calculated by 

multiplying the ratings of severity (4.), occurrence (6.), and detection (9.). 

Based on the risk rating, further measures can be defined, some focusing on im-

proving the detection, while others aim to eliminate the risk by modifying the design.FAM 

– Focus area matrix  

A less formal and less commonly used method than FMEA. Also referred to as 

Focus Analysis. Usually prepared with rougher details of the design of the product, on a 

high level (low complexity). Used to evaluate the maturity of the engineering know-how in 

a specific domain, or aspect of the product, considering the known and the new engineering 

requirements. See Table 2. for an example where sealing system solutions originally ap-

plied in vehicles with internal combustion engine (ICE) are evaluated for use in battery 

electric vehicles (BEV). 

Requirements 

Form seal 
Low contact length with  

high contact pressure 

Liquid seal 
High contact length with  

low contact pressure 

Labyrinth seal 
High contact length with  

no contact pressure 

BEV(new) ICE(old)    

Thermal load 
Low 

Thermal load 
High 

Known and quantified 
ageing behavior 

Known and quantified 
ageing behavior 

Not affected 

Humidity 

High 

Humidity 

Moderate 

Moderate performance 

expected 
Unknown performance 

Very poor performance 

expected 
 

2. Table: Representation of FAM with a practical example of sealing solutions 

Based on results of Table 2, further engineering tasks can be defined to quantify 

the performance of liquid seal (silicone) solution by analyzing percolation [6] of the seal, 

as well as to asses occurrence of corrosion. 

DFR – Design for reliability 

An engineering method focusing on the details of the design of a specific set of 

components (design elements) using the approach of the House of Reliability [18] and the 

Five Finger Rule. It incorporates statistics and a holistic system approach by partitioning 

the (overall) reliability of that system. The House of Reliability (see Table 3.) represent the 

failure model (concept) as follows: 

• Load: sum of external loads acting on the design element (mechanical, thermal, 

chemical, etc.). In case of a sealing system, the external temperature variation may 

induce thermo-oxidative degradation [19], [20] and may also generate mechanical 

loads. 
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 Reliability  

(of the sealing system) 

with respect to 

 

Damage mechanism 

(thermo-oxidative  

ageing) 
Stress (pressure) 

 
 

Strength (tensile 

strength) 

 
Design of Design Element (DE) 

↑ 

Cross-section and  

compression  

characteristics 

Load (cycling temperature) 

 

↑ 

Material selection  

(base polymer,  

additives) 

3. Table: House of reliability – representation of reliability aspects of  sealing design element subjected to 

temperature-driven thermal shrinkage/expansion 

• Stress: the effect of loads on the design element in relation to the damage mecha-

nism. In the sealing system example, temperature fluctuations alter the gap into 

which the seal is assembled (i.e., the available space for the seal), increasing com-

pression forces (stress) within the material. This internal stress is also influenced 

by the elastic modulus, which itself is affected by thermal degradation. 

• Strength: the limiting value of a stress that the design element may withstand  

against the damage mechanism. Rubber materials typically exhibit a higher degree 

of variability in material properties. In this case, the tensile strength in their virgin 

(unaged) state is also affected by aging, as the material becomes brittle over time. 

• Damage mechanism: the physical process depending on the duration and intensity 

of the stress and leads to the degradation of functional characteristic of the design 

element. In the case of a sealing system, chemical changes in the material structure 

- driven by temperature (aging) - cause the material to stiffen. As stiffness increases, 

so does percolation (i.e., leakage, which is a functional characteristic). Further-

more, for the same level of compression, higher internal stresses develop, increas-

ing the risk of catastrophic failure of the material structure. 

The goal of reliability design is to ensure that the parameters of the design elements 

are selected such that the applied stress remains consistently lower than the strength 

Rm 
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throughout the product’s service life, while also fulfilling other requirements, such as legal 

obligations. 

The Five Finger Rule is used to define the reliability requirements for the system 

and design elements by considering the following: 

• Functions as defined in the FMEA. 

• Loads, derived from environmental data and product specification. 

• Service time, as specified by the customer. 

• Reliability targets of the design elements, as derived through reliability partition-

ing. 

• Failure criteria defining the conditions that constitute a functional failure. 

PS – Problem solving 

A collection of various engineering methods (Shainin ,Six Sigma, 8D,etc.) utilizes 

a wide range of techniques (5-Why, Ishikawa, Funnel, etc.), focusing on handling product 

failures that occur during development, production, or service [21]. One of the most widely 

used and well-known methods of automotive sector is the 8D (Eight Disciplines), a struc-

tured approach, where the problem is defined as a deviation from a defined target caused by 

an unknown root cause. The disciplines are (see Figure 3.): 

• D1 - Establish problem solving team:  

Define a clear list of participants and their responsibilities, including a dedicated 

team leader and a management sponsor. 

• D2 - Problem definition:  

Provide a detailed and exact description of the observed deviation, supported by 

relevant facts and data. 

Example: During a test production run, a randomized sample was selected from the 

first batch of seals. In the leakage test, 50% of seals (5 out of 10) showed excessive 

leakage (Q>30ml/min) when subjected to the pressure of p=5bar at room temper-

ature (23°C) using pure nitrogen (N2) as test medium. 

• D3 - Containment action:  

Define and apply immediate measures to contain the impact of the observed prob-

lem and prevent further outflow of defective parts. 

Example: A 100% inspection of seals is performed during production, and any com-

ponents failing the leakage test are scrapped. 

• D4 - Cause and effect analysis: 

Identifies the root cause of the problem. There are recommended engineering meth-

ods to find the root cause, such as 5-Why, Ishikawa fishbone diagram. For complex 

problems, advanced methods may be required (such as DRBFM).  

Example: Recent percolation theories indicate that the root cause of leakage can 

be related either to the leakage setup (right setting – pressure difference, right me-

dia – viscosity) or to design factors (surface roughness and rubber hardness influ-

encing the percolation channel or contact pressure through geometry and rubber 

hardness). In this specific case, the supplier had changed certain process parame-

ters of the rubber compound processing, resulting in increased hardness (stiffness) 

of the seals, which led to excessive leakage. 
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3. Figure: Lean Problem Solving “The Toyota Way” [21] 

• D5 - Corrective action:  

Corrective actions must be defined to address both the Technical Root Cause (TRC) 

and the Managerial Root Cause (MRC).  

Example: In this specific case, the TRC was the change(extension) of curing time 

of the compound leading to excessive-cross linking of the polymer chains and in-

creased stiffness of the material. The corrective action was to revert the curing time 

to its original setting. The MRC was that the change can be implemented without 

detailed analysis of its impact and no hardness measurement were performed on 

the sealing before shipping. 

• D6 - Implementation:  

Implementation and validation of the effectiveness of the corrective actions. Con-

tainment actions may be withdrawn after successful verification.  

Example: The verification must be done with leakage measurements on the line. 

• D7 - Preventive actions:  

Define measures to prevent future occurrence of similar problems.  

Example: Implementing in-process hardness measurements can provide early 

warning that the sealing rubber material may no longer be suitable, helping to pre-

vent leakage-related failures. 

• D8 - Final meeting:  

Assessment of the problem solving with the participation of all stakeholders. 

Nowadays, in many areas of automotive engineering, Problem Solving (8D) is a 

standard practice and typically mandatory in the event of a customer claim. Another often 
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used method in production is Shainin (Red-X) [22], which aims to quickly narrow down the 

root cause of the problem. 

DRBFM - Design review based on failure mode 

DRBFM is one of the many engineering methods of Toyota Motor Company [23]. 

It was developed to analyze and predict the impact of changes (risk analysis) in a product 

(such as design, material, tolerances, etc.) through function and model-based methodology 

aimed at preventing future failures (risk management). As a modern engineering method, it 

focuses not only on technical details but also on meta-aspects of engineering, such as com-

munication, in order to improve the efficiency of engineering analysis and to consciously 

managing of complexity. 

The method is based on the following principles [24]: 

• GD3: good design (well understood and robust), good discussion (fact-based and 

goal-oriented), good design review (open, well-structured). 

 
4. Figure: A design review meeting as depicted by Toyota Motor Company [23] 

• Transparent engineering: engineering decisions and assumptions must be clearly 

stated and made transparent.  

Example: in the case of a sealing assembly analysis using finite-element simulation, 

many physical parameters must be assumed, such as the coefficient of friction. If 

an assumed value is treated as a fact, it can become a source of error. 

• Review culture: every engineer can - and should - contribute to the engineering 

analysis if participation is enabled, regardless of experience or company status. This 

is made possible through an open, well-structured, clearly visualized, and goal-ori-

ented review process. 

• Mindset: show openly the gaps of knowledge with the aim to building understand-

ing on the right complexity level using the most suitable approach (calculation, 

simulation, measurement) as required by the project.  

• Quantification: both the requirements of a function and the functional performance 

of the product can - and should - be quantified in order to accurately manage risks, 

using engineering models with the right and transparent assumptions.  
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DRBFM-Techniques 

The following techniques are often incorporated in a DRBFM analysis: 

• “Zoom-in”: the proper introduction of an engineering analysis, on the right level of 

abstraction and resolution (complexity of details) tailoring the relevant information 

and adapting the content based on the technical background of review participants 

(technical experts, project members, management, etc.). 

• Work package management: division of the investigation into sub-tasks taking 

priority and dependency into account, enabling the technical project management 

of the sub-tasks of the analysis (e.g., the DRBFM) with clear scope and delivera-

bles. 

• System view: conscious handling of the scope of analysis considering cross-effects 

and hierarchical dependencies within the product. 

• Function-based engineering: clear separation of the problem space (task of the 

product) and the solution space (design of the product or implementation). This 

principle is one of the cornerstones of  the DRBFM methodology. 

• Physics-design connection (model-based engineering):  principle focusing on un-

derstanding the meta-connection between the content of engineering drawing and 

functional performance of the product. Another fundamental pillar of the DRBFM 

methodology. 

• Calculation-simulation-measurement “triangle”: a principle focused on selecting 

the appropriate engineering tool – calculation, simulation, or measurement - based 

on a clear understanding of its capabilities, limitations, and validity, see Table 4. 

 Calculation  

(Analytical model) 

Simulation  

(Numerical model) 

Measurement 

(Experiment) 

Engineering 

effort 

Low-Mid Mid-High High-Very high 

Cost Low High Very high 

Temporal  

effort 

Low High Very high 

Complexity  

(that could be 

handled by..) 

Low High Very high 

Validity General Specific Specific 

Confidence 

(in results) 

Low-Mid Mid-High High 

 

4. Table: Aspects of engineering toolsets in DRBFM 

• Cause-effect chain: the failure mode is understood as a sequence of events leading 

to deviation in the implementation of the working principle. 

• Root cause analysis: quantified analysis of the failure mode, using the working 

principle to enable the selection of the most effective and/or economically feasible 

measures to ensure robustness against the functional failure. 

• Complexity handling: structuring an engineering analysis both visually and meta-

visually - in drawn, spoken and written form - with the appropriate level of details 
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and simplification, adjusted based on the background of review participants (e.g., 

experts, managers, etc.) 

Methodical cornerstone of DRBFM : functional definition of a seal  

Function-based engineering is one of the most important techniques in the DRBFM 

methodology, therefore, a more detailed explanation with an example is provided in this 

section. Functional design approach used in automotive engineering aims to clearly separate 

the problem space (i.e., What problems need to be solved?) from the solution space (i.e. 

How are those problems solved?). This approach enables the independent selection of the 

working principle (refer to model-based engineering), which serves to further distinguish 

the solution space from the implementation (i.e. How it works versus How it is made). 

A definition of a function can be qualitatively characterized by how abstract and 

how complete its definition is. The appropriate level of abstraction and completeness de-

pends on the engineering intent: 

• Abstract and Incomplete: 

Used when an impact or a risk requires broad analysis of a poorly known and/or 

poorly understood system, or when immediate engineering (risk) assessment is re-

quired, see Figure 5. (a), 

• Approximate and Partial: 

Applied during functional system synthesis (i.e., generative design) to select the 

working principle with the greatest robustness (i.e., the least sensitivity to geomet-

rical tolerances and environmental effects), see Figure 5. (b), 

• Exact and Complete:  

Used in functional system analysis to evaluate functional performance of an exist-

ing design, see Figure 5. (c). 

   
a) Abstract and 

incomplete 
b) Approximate and  

partial 
c) Exact and  

complete 
 

5. Figure: Examples (visual representation) for the functional aspects of automotive sealing  

Methodical cornerstone of DRBFM : model-based engineering of a seal 

Another cornerstone of the methodology is the model-based engineering, therefore 

detailed example is also provided – just as in the case of functions - to support the better 
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understanding and to provide insight into how it is used in combination with the other cor-

nerstone.  

The sealing effect is created by compressing a soft elastomeric material with an 

assumed smooth surface against a hard, rough (often metallic) surface according to [9]. 

This compressed state can be achieved through various assembly methods, such as radial 

type – press-fit or axial type – heat shrinking.  

In the following section, a model-based engineering approach of axial sealing as-

sembly will be presented. For this specific example, results from a seal-assembly study pre-

viously published by the authors of this article are used, see Figure 6. [5]. 

 

 
a) Steering system b) Assembly process 

 

6. Figure: Assembly process of an automotive seal [5] 

The geometry and the material of the seal must be selected according  to the fol-

lowing conditions of the assembly: 

• Due to the parallel assembly process, the sealing must withstand a temperature 

range of 𝑇 = 180°𝐶 …250°𝐶. Given the selected material - ethylene-acrylic elas-

tomer – which has a known limit to thermal exposure (time of 𝑡 = 5𝑠) the minimum 

assembly speed can be defined. To reach the target position of 𝑑 = 15𝑚𝑚 within 

the allowed time, the speed must be 𝑣 =
𝑑

𝑡
= 5𝑚𝑚 𝑠⁄  

• According to percolation theory [7], the fulfillment of the sealing function (see Fig-

ure 6.) requires that the seal exert a minimum of contact pressure 𝑝 = 1𝑀𝑃𝑎 with 

minimal contact length 𝑙 = 0.6𝑚𝑚 under all potential operating conditions, de-

fined by the environmental temperature range𝑇 = −30°𝐶 …100°𝐶. Due to product 

design constrains – such as thermal expansion and geometrical tolerances – the seal 

must accommodate variable gap in the range of 𝑔 = 1…3𝑚𝑚. These variations 

directly influence the radial stiffness of the sealing. By designing the seal with non-

linear spring characteristics, it is possible to minimize the stresses while still main-

taining the sealing performance in large gaps. 

• Based on geometry defined in (2), further aspects of the assembly can be engi-

neered. Since the seal is deformed from stress-free to a compressed state with axial 

assembly method (press-fit), a chamfer must be applied with standard angle of 𝛼 =
20° , which restricts the apparent coefficient of friction 𝜇 = 𝑎𝑡𝑎𝑛(𝛼) = 0.367 to 

avoid self-locking - a functional failure. 
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• An additional requirement arises from the need to detect proper assembly. As es-

tablished in step (2), it is known that this sealing geometry generates a normal force 

𝐹𝑁 = 3500…800𝑁. During detection, the axial force is measured which must be 

at least 𝐹𝐴 = 100𝑁 to confirm the right position of the seal. This imposes a con-

strain to the minimum apparent coefficient of friction to satisfy 𝜇 =
𝐹𝐴

𝐹𝑁
⁄ =

0.125. 

From step (2) to (4) it becomes clear that the forces during assembly can be con-

trolled by controlling the friction – which itself emerges as a new function. It is well known 

that rubber friction (friction phenomenon of the seal assembly) is strongly influenced by 

multiple factors, including temperature [25],  sliding speed [26], viscoelastic behavior of 

the rubber [27], as well as the structure of the surface [28]–[30] demanding accurate de-

scription of the friction phenomena occurring during the assembly, highlighting the need 

for more research in this engineering field. 

SUMMARY AND CONCLUSIONS 

This article gives a practical overview of engineering methods used to evaluate and 

improve the functional reliability of automotive sealing systems, with a focus on safety-

relevant applications. It compares several methodologies and highlights their specific pur-

pose and when they are best applied:  

• FMEA – Used early in development to define functions and identify potential fail-

ure modes, useful for structured risk assessment in known systems. 

• FAM (Focus Area Matrix) – Applied when the system is not yet fully understood, 

helps to identify knowledge gaps and critical areas. 

• DRBFM (Design Review Based on Failure Mode) – Supports detailed design re-

views, especially after changes; effective in tracking how modifications affect reli-

ability. 

• DfR (Design for Reliability) – Applied throughout design phases to ensure robust-

ness. 

• 8D – Used mainly during production or field failures for structured problem solv-

ing; focuses on root cause elimination and corrective actions. 

The presented methods support structured engineering thinking and help ensure 

functional safety in sealing applications with increasing performance demands. By selecting 

and applying the right methodology at the right stage - whether it’s early risk identification, 

design validation, or problem solving - reliability can be improved in a focused and tracea-

ble way. 
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