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Abstract 

The adoption of electric vehicles (EVs) is projected to increase steadily over time. Compared 
to internal combustion engines, the operating conditions of rotary shaft seals employed in EV 
powertrains are significantly more demanding. Specifically, these seals must withstand a 
maximum operating temperature of 150 °C and rotational speeds up to 16,000 RPM. Under 
such conditions, conventional seals equipped with garter springs are unable to prevent 
leakage, necessitating the development of alternative design solutions. 
The primary objective of this study is to design a next-generation rotary shaft seal for electric 
vehicles using finite element analysis (FEA) and optimization techniques. The research 
methodology integrates FEA, optimization algorithms, and geometric design approaches. 
Initially, an alternative spiral-knurled seal capable of operating at high rotational speeds was 
developed. Subsequently, the prototype was subjected to lifetime testing. 
Experimental results indicated that the first design exhibited approximately 5 g of leakage after 
seven days of operation. Post-test inspections revealed significant wear, including the removal 
of spiral features. A finite element model of the initial design was constructed to evaluate radial 
load performance. Comparison between simulated and experimental radial load values 
demonstrated a deviation of approximately 4.3%, confirming the accuracy of the Abaqus-
based FEA model. The validated model was then optimized within predefined boundary 
conditions using Isight software. A prototype of the optimized design was manufactured and 
tested under identical conditions. The optimized seal exhibited approximately 4 g of leakage 
after 13 days, meeting the customer’s lifetime requirement of 10 days. This corresponds to an 
improvement of approximately 95% in seal durability. In conclusion, a new-generation rotary 
shaft seal suitable for electric vehicle applications has been successfully developed and 
validated in accordance with DIN 3761 specifications. 
 
Keywords: Rubber, Rotary Shaft Seal, Friction, Torque Measurement, Sealing Element, 
Radial Force, Optimization, Abaqus, I-Sight. 
 

1. Introduction 

Sealing elements are essential mechanical components used across a broad range 
of engineering applications, including automotive drivetrains, industrial equipment, 
gas turbines, and agricultural machinery. Their main purpose is to maintain fluid 
containment and ensure the integrity of lubrication systems in locations where 
rotating shafts interact with stationary housings. Furthermore, these components 
serve as protective barriers against environmental contaminants, thereby reducing 
wear, preserving lubricant quality, and enhancing the service life of bearings and 
transmission assemblies.[1], [2], [3] 
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Conventional rotary shaft seals consist of a metallic case, an elastomeric sealing lip, 
and a garter spring that provides the radial contact force required for sealing. While 
traditional seal designs are commonly used at rotational speeds up to 8,000 rpm, E-
Mobility applications may require reliable operation at speeds approaching 17,000 
rpm. Such demanding conditions lead to increased thermal and mechanical loads at 
the seal-shaft interface, resulting in greater friction, accelerated wear, and a higher 
risk of leakage. To reduce contact pressure and improve efficiency, the E-Mobility 
seal investigated in this study was designed without a garter spring. Finite element 
analysis was employed to evaluate seal behavior and identify an optimized design 
configuration. Nevertheless, numerical simulations alone are insufficient, and their 
accuracy must be verified through experimental validation [4], [7], [11], [12],[13] 

The numerical analysis of rotary shaft seals presents considerable challenges 
because elastomer materials exhibit highly nonlinear and large-strain deformation 
behavior. Accurate simulation of such components often requires substantial 
computational effort, particularly when three-dimensional finite element models are 
employed. Hyperelastic constitutive formulations are commonly used to characterize 
rubber materials, with the Mooney-Rivlin model being one of the most frequently 
applied approaches in seal engineering. Reliable determination of hyperelastic 
material parameters depends on experimental characterization of the elastomer. 
While uniaxial tensile testing provides an initial estimation of material constants, it is 
generally insufficient for capturing the complete mechanical response of rubber 
under multi-axial loading conditions. Consequently, biaxial tension, compression, 
and pure shear tests are often incorporated to obtain a more representative set of 
material parameters. The combination of nonlinear material behavior, large 
deformations, and complex shaft-lip contact interactions makes finite element 
analysis of rotary shaft seals a highly sophisticated engineering problem. [15], [16], 
[27], [28] 
 
Over the years, extensive research and development efforts have been dedicated to 
optimizing the design and performance of rotary shaft seals. The objective of 
optimization is to enhance sealing effectiveness, reduce friction and wear, increase 
service life, and minimize energy losses. This involves a multidisciplinary approach 
that considers various factors, including material selection, geometrical 
configuration, operating conditions, and manufacturing processes.[30], [31] 
 
Optimization methodologies applied to rotary shaft seals encompass both 
experimental and computational techniques. Experimental studies involve the 
evaluation of different seal materials, lip designs, and operating parameters through 
laboratory testing and field trials. These investigations provide valuable insights into 
the seal performance and help identify opportunities for improvement.[32] 
 
Advanced numerical techniques, including finite element analysis (FEA) and 
computational fluid dynamics (CFD), play a crucial role in the optimization of rotary 
shaft sealing systems. FEA is widely employed to assess the mechanical response 
of seals subjected to various operational conditions, facilitating the evaluation of 
stress concentrations, contact behavior, deformation mechanisms, and potential 
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failure regions. Meanwhile, CFD serves as a powerful tool for analyzing fluid flow 
phenomena within the sealing zone, providing valuable information regarding 
leakage performance, pressure distribution, lubricant transport, and thermal effects. 
The integration of FEA and CFD enables a comprehensive understanding of seal 
behavior and supports the development of high-performance sealing solutions with 
improved durability and efficiency. [32], [33] 
 
Optimization efforts are further supported by advancements in material science and 
manufacturing technologies. New materials with improved wear resistance, low 
friction properties, and enhanced chemical compatibility are continuously being 
developed, allowing for the creation of more effective sealing solutions. Additionally, 
manufacturing techniques such as precision molding and advanced machining 
enable the production of seals with tighter tolerances, reduced surface roughness, 
and improved geometric accuracy.[30], [31], [32] 
 
The optimization of rotary shaft seals is a crucial aspect of improving their 
performance and reliability. Through a combination of experimental investigations 
and computational simulations, researchers and engineers can identify and 
implement design modifications that enhance sealing effectiveness, reduce friction 
losses, extend service life, and improve overall system efficiency. Continued 
advancements in materials and manufacturing technologies will further contribute to 
the development of more efficient and durable rotary shaft seals.[30], [31], [33] 
 
There are two main categories of methods for addressing conceptual design 
optimization: gradient-based methods and non-gradient-based methods, such as 
metaheuristics. These methods have distinct advantages and disadvantages. 
Gradient-based methods typically exhibit rapid convergence rates, but they are 
limited in their ability to handle problems where derivative functions are unavailable 
or when the design variables are discrete. On the other hand, although 
metaheuristics are slower, they offer the advantage of being derivative-free and 
highly adaptable. They can effectively address black-box optimization problems and 
are particularly well-suited for aircraft conceptual design optimization due to the 
presence of discrete variables like airfoil profiles and engine models. Moreover, 
metaheuristics excel in solving multi-objective optimization problems and can 
generate a Pareto front in a single optimization run.[34] 
 
Metaheuristics can be classified into single-objective and multi-objective 
optimization, with many-objective optimization referring to the special cases 
involving more than three objective functions. Over time, metaheuristics have 
undergone continuous development. Initially, the focus was on single-objective 
design, with popular algorithms such as Genetic Algorithms (GA), Differential 
Evolution (DE), and Particle Swarm Optimization (PSO) being widely used. Since 
then, numerous algorithms have been developed, drawing inspiration from various 
sources such as animal behavior (e.g., Artificial Bee Colony algorithm, Ray 
Optimization, Dolphin Echolocation, Moth-Flame Optimization, Dragonfly Algorithm, 
Whale Optimization, Crow Search Algorithm, Salp Swarm Algorithm, Symbiotic 
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Organisms Search) as well as nature or physics (e.g., Water Cycle Algorithm, Multi-
verse Optimizer, Water Evaporation Optimization, Vibrating Particle System, Henry 
Gas Solubility Optimization, Equilibrium Optimizer). Additionally, metaheuristics 
have been enhanced by incorporating adaptive strategies, hybrid algorithms, and 
other complementary methods.[35], [36], [37] 
 
In the realm of multi-objective optimization, there are several well-known and 
recently developed algorithms that have gained recognition. These include the Fast 
and Elitist Multi-Objective Genetic Algorithm (NSGA-II), Differential Evolution for 
Multi-Objective Optimization (DEMO), Multi-Objective Cuckoo Search Algorithm 
(MOCS), Multi-Objective Slime Mould Algorithm (MOSMA), Multi-Objective Jellyfish 
Search Algorithm (MOJS), Multi-Objective Evolutionary Algorithm based on 
Decomposition (MOEA/D), Multi-Objective Bat Algorithm with Non-Dominated 
Sorting (MOBANS), Multi-Objective Flower Pollination Algorithm (MOFPA), Artificial 
Immune System, Two Archive Algorithm, Multi-Objective Gray Wolf Optimizer, Multi-
Objective Ant Lion Optimizer, and Multi-Objective Multi-Verse Algorithm (MOMVO). 
These multi-objective algorithms are generally well-suited for addressing many-
objective optimization problems. Additionally, there are specific algorithms designed 
to tackle the complexities of many-objective problems, such as the Preference-
Inspired Coevolutionary Algorithm, An Improved Two Archive Algorithm (Two 
Arch2), Knee Point-Driven Evolutionary Algorithm for Many-Objective Optimization 
(KnEA), Reference Vector Guided Evolutionary Algorithm (RVEA), Many-Objective 
Nondominated Sorting Genetic Algorithm (NSGA-III), and Self-Adaptive Many-
Objective Metaheuristic based on Decomposition (A-MnOMH/D).[38], [40], [41] 

2. Materials and Method 

2.1 Product Design 

Standard rotary shaft seals consist of three different semi-components. These 
components are metal ring, elastomer material and garter spring. Elastomer material 
type is changing according to rotary shaft seal operating conditions. Garter spring’s 
function is to provide proper contact pressure between shaft and seal lip. When the 
seal rotates, the heat generation caused by friction torque occurs and lip temperature 
increases according to Rpm. 

The contact pressures of the seals using spring are higher than the seals without 
garter spring. High contact pressures cause high temperature rise in the lips. High 
lip temperature causes leakage.  

Operating conditions for E-mobility seal is: 

Bore Diameter: 70 mm 

Bore Depth:9 mm 

Shaft Diameter:45mm 

Max. Velocity: 17.000 Rpm 

Max. Oil Temperature:150 °C 
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According to design criteria, alternative spiral knurled(E-Mobility) seal was designed 
by SKT R&D Team. The section of E-Mobility seal was shown Figure 1-a. 

 
 

Figure 1. E-Mobility Seal Section (a) Assembled Section (b) 

Elastomer material type FPM was selected from operating conditions as shown 
Figure 2.  

 
Figure 2. Material Selection Graph (DIN 3761) 

  

Bore 

SEAL 

Metal Ring 

Elastomer 
Material 

Shaft 
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2.2 Finite Element Analysis 

Radial load and contact pressure are the most important parameters to prevent 
leakage. For this reason 2D axisymmetric FEA model was occurred. The reason why 
axisymmetric 2D FEA model used is the less solution time. In this study we used 
ABAQUS 2020 which gives the best solution for nonlinear hyperelastic analyses. 
Firstly, semi-components of E-mobility seal were designed on Abaqus 2020 as 
shown Figure 3. 

  

 

Figure 3. Semi Components of E-Mobility (a)Elastomer Lip (b) Metal Ring 

After the design of semi components, material informations were defined. Steel 
which used for metal ring was defined according to data sheet. Some tests were 
needed to find Mooney Rivlin coefficient for Rubber material. Unaxial tensile test, bi-
axial tensile test and compression test (Figure 4) were done to find the nearest 
Mooney Rivlin coefficient. Result graphs for Unaxial tensile test, bi-axial tensile test 
and compression test were shown Graph 1, Graph 2 and Graph 3. 

 
Figure 4. Tests (a) Uniaxial Tensile (b) Biaxial Tensile (c) Compression 

 

Metal-Ring 
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Graph 1. Uniaxial Tensile 

 

 
Graph 2. Biaxial Tensile 
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Graph 3. Compression 

 

Mooney Rivlin coefficients for FPM material as shown Table 1 were calculated 
according to test results. 

Table 1. Mooney Rivlin Coefficient 

C10 C01 D1 
0.47 2.15 0 

 

After entering material coefficients from data sheet and tests, assembly design was 
completed as shown Figure 5. 

 

 
Figure 5. Assembly Design 

Shaft 
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After the assembly design, interaction informations were defined. Tie contact was 
defined between metal ring and elastomer lip as shown Figure 6-A. Surface to 
surface interaction was defined between shaft and elastomer lip as shown Figure 6-
B. 

  

Figure 6. Interactions (a) Tie Contact 

Figure 6. Interactions (b) Surface-Surface 
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After the assembly design, mesh structure was created according to 2D 
axisymmetric model as shown Figure 7. Mesh structure of E-Mobility seal was 
created from 14.357 number CAX4H type mesh elements and 438 number CAX3H 
type mesh elements. 

 

Figure 7. Mesh Structure 

After creating mesh structure, analyses job was created and submitted. The results 
taken from FEA was similar to experimental results. Contact length result taken from 
FEA was approximately 1.4 mm as shown Figure 8.  

 

Figure 8. Contact Length 

When the seal is mounted on housing and shaft, lip position on shaft is one of the 
most important parameter to check spiral number.  

  

1.4 mm 
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2.3 Protype Manufacturing 

Finite Element Analyses results are not meanless unless supported with 
experimental results. For that reason, metal ring and vulcanization molds are 
designed and manufactured as shown Figure 9. 

           

 
Figure 9. Mold Designs (a) Vulcanization Mold (b) Metal Ring Mold 

After the mold productions, preforms of E-mobility seal were prepared as shown 
Figure 10.  

  

Figure 10. Preforms (a) Metal Ring (b) Elastomer Preform 

After preforms of E-mobility seal were produced, protype seals were manufactured 
(Figure 11-a), measured with Nikon iNEXIV VMA-2520 and prepared measurement 
report results were shown Table 2. 
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Figure 11. Prototype Manufacturing (a) Prototype Seal (b) Technical Drawing 

Seal dimensions were checked according to technical drawing as shown Table 2. 

Table 2. Dimensional Report 

Dimension No 
Dimension From 

Technical Drawing 
Measured Value 

from Prototype Part 
Status 

1 Ø70.28 ± 0.08 Ø70.33 OK 

2 Ø70.18 ± 0.08 Ø70.24 OK 

3 8 ± 0.2 7.97 OK 

4 Ø40 ± 0.2 Ø39.86 OK 

6 Ø45.5 ± 0.3 Ø45.56 OK 

7 0.5 ± 0.2 0.65 OK 

8 0.2 ± 0.1 0.18 OK 

9 0.1 ± 0.05 0.08 OK 

One of the most important parameters to check functionality of rotary shaft seal is 
Radial Load. Seal performance depends upon the sealing force or radial load that 
the seal lip exerts on the shaft after installation. The force can be estimated by 
measuring the lip opening pressure (LOP). The LOP is defined as the amount of 
pressure applied to the air side of the seal that will lift the lip and allow 10,000 
cm3/min of air to pass under the lip. This measurement is widely used in industry as 
a quality check on production parts. It is loosely related to radial load, but a direct 
correlation from one seal design to another is not possible since the LOP is 
dependent upon seal geometry as well as on the radial load. Radial load method is 
defined within DIN 3761-8. Radial load measurement of E-mobility seals were done 
with Radial Load Device (SKT, Turkey). (Figure 12) 
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Figure 12. Radial Load Measurement 

2.4. Comparison Of FEA Results and Experimental Results 

FEA is meanless unless experimental results compared with FEA results. For that 
reason, experimental results of E-Mobility seal were compared with FEA results and 
comparison table shown below. 

Table 3. Results Comparison 

 Spiral Number 
on Contact 

Contact Length 
(mm) 

Radial Load 
(N) 

Experimental 2 1.43 7 

FEA 2 1.4 7.2 

 

FEA results and Experimental results were similar as shown Table 1. Axial cut-off 
molds designed according to DIN 3761-8 are used to check this situation. After the 
axial cut-off mold for E-mobility seal was produced, E-mobility seal section was 
trimmed as shown Figure 13. After checking results validation test machine design 
and validation study were started. 

 
Figure 13. E-Mobility Seal Section 
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E-Mobility seal section was measured with digital microscope ZEISS Smartzoom 5 
and contact length of lip was 1.43 mm. 

2.5. Functional Test and Test Machine Design 

High speed functional test device as shown Figure 14 was developed and 
manufactured by EMSA&SKT Cooperation. High speed functional test device’s 
specialities are: 

 Max.  24.000 Rpm 
 Continous Lip Temperature Measurement 
 Continous Torque Measurement 
 Operating Temperature : 60 – 180 ⁰ C 
 Indirect Heating & Cooling 

 
Figure 14. High Speed Functional Test Device 

Six first generation E-mobility seals were tested on High Speed Functional Test 
Device according to E-Mobility Car Manufacturers’ test conditions. Test Conditions 
taken from E-Mobility Car Manufacturers are: 

 Max. rotation velocity: 16.000 Rpm 
 Max. operating temperature: 150°C 
 Oil Type : Shell 75W 

At end of 7 days leakage occurred all tests for first generation E-Mobility seal as 
shown Figure 15. After the test six first generation E-mobility seal were investigated 
and test reports were created. 
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Figure 15. Test Report Example 

Approximately 5 g leakage occurred at the end of 7 days according to test reports. 
Another important detail from test reports that some spirals on lip was effaced as 
shown Figure 16. This means that radial load for first generation E-mobility seal was 
high so optimization of first generation E-Mobility seal was needed. 

 

Figure 16. Effaced Spirals 

2.6 I-Sight Optimization 

Before FEA model which was created for first generation of E-mobility seal, 
optimization situation was not thought. For that reason, parametric lip sketch was 
(Figure 17-a) created and FEA job was also worked All needed files for optimization 
on I-sight program were ready and boundary conditions for parametric lip were 
determined. After the determination of boundary conditions, an objective function for 
radial load minimization was created as shown Table 4. 
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Figure 17. I-Sight Screenshots (a) Parametric Lip Model (b) Input Parameters (c) Output 
Parameters 

Table 4. Optimization Parameter 

Boundary Conditions Objective Function Results 

0,30 < Dimension 7 <0,70  

Minimize Total 
Contact Force on Seal 

Lip 

Dimension 7 = 0,41 

0,10 < Dimension 8 <0,30 Dimension 8 = 0,30 

0,05 < Dimension 9 < 0,15 Dimension 9 = 0,11 

The Hooke-Jeeves algorithm is chosen with most options left at the default values 
and the output parameter CFT selected as the goal with a target of 0.01 as shown 
Figure 18. 

 
Figure 18. Hooke-Jeeves Method 

The Hooke-Jeeves algorithm, also known as “pattern search” s a family of numerical 
optimization methods that does not require a gradient. As a result, it can be used on 
functions that are not continuous or differentiable. One such pattern search method 
is "convergence" (see below), which is based on the theory of positive bases. 
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Optimization attempts to find the best match (the solution that has the lowest error 
value) in a multidimensional analysis space of possibilities. 

In light of this information I-sight model was worked, the results were taken. The lip 
form was updated according to I-Sight result as shown Table 4. 

Second generation of E-Mobility Seal was designed and vulcanization mold of first 
generation of E-Mobility Seal was updated. After the vulcanization mold update, all 
preforms for second generation of E-Mobility Seal were prepared and prototypes of 
second generation E-Mobility Seal was produced. All revised dimensions on seal lip 
were checked and confirmed as shown Table 5.  

Table 5. Optimized Prototype Part Measurement 

Dimension No 
Measured Value from  

Optimized Prototype Part 
Status 

1 Ø70.30 OK 

2 Ø70.22 OK 

3 7.93 OK 

4 Ø39.95 OK 

6 Ø45.76 OK 

7 0.40 OK 

8 0.30 OK 

9 0.11 OK 

After the dimensional check, radial load for second generation of E-Mobility Seal was 
measured and the value is 5 N. When the radial load comparison was made, 28% 
reduction in radial load was seen. 

2.7  Functional Test for Second Generation E-Mobility Seal 

Functional tests for second generation E-Mobility Seal were done according to E-
Mobility Car Manufacturers’ test conditions. Second generation E-Mobility Seal had 
approximately 4 g of leakage after 13 days under the same test conditions like first 
generation Seal. After finishing functional tests, investigations of seal lip were 
completed and any wear on second generation E-Mobility Seal was not found as 
shown Figure 19. 

 
Figure 19. Spirals without wear 
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3. Conclusion 

The use of electric vehicles is expected to increase day by day. The operating 
conditions of the rotary shaft seals used in the powertrain of electric vehicles are 
more challenging than those of internal combustion engines. For that reason a new 
type seal design study was started and good results were taken from new type seal 
design. The important results are shown below: 

 New generation FPM material recipe was developed 
 New type seal design was developed 
 Test Conditions for E-Mobility Seal was determined 
 Optimization study was done according to first generation E-Mobility Seal. 

After the revision of design according to optimization, 28% reduction in radial 
load was seen. 

 The lower radial load on seal the lower wear on spirals 
 Although 28% reduction in radial load was seen, the lifetime of the seal was 

approximately 95% improved. 
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