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Abstract

This study describes a strength-based design analysis protocol by means of finite element analysis (FEA) for a damaged
engine mounting bracket in a converted electric vehicle. The mounting bracket considered in the study is a product
specifically designed and manufactured for a converted electric vehicle and failed during conventional operation of the
vehicle. Thus, design improvement/revision (re-design) on the bracket geometry was investigated. In this context, in order
to prevent such undesired failures, strength-based design features such as deformation behaviour and stress distribution
under projected loads on the bracket should be properly described, however, an accurate description of these features of
the bracket may become a complex experimental problem to be solved by designers. This study described redesign of the
strength-based design features of the engine mounting bracket through finite element analysis under torsional loading
generated by the electric engine that was determined to be the reason for the failure and thus the motivation to realise a
safer design. Visual and numerical results obtained from the simulation revealed a clear understanding of the failure
behaviour of the bracket and therefore enabled an informed approach to the re-design stage. The initial FEA of the part
design mapped the damage regions on the part geometry and indicated the stress magnitudes that were in excess of the
material’s stress limits. The comparison of the failure plots and numerical data obtained from this initial FEA and
physically damaged part was consistent. This concluded that the FEA satisfactorily exhibited the deformation behaviour
and the main reason for the failure was insufficient geometry thickness and notch effect against predefined loading
conditions. Therefore, the main design improvement was realised on these geometric features. Subsequently, the final
FEA highlighted that the re-design would enable safe operation. This work contributes to further research into usage of
numerical method based deformation simulation studies for the mounting elements used in customised electric vehicles.
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Introduction

Growth in the world population is increasing environmental and transportation problems as a consequence of the
movement of people in their daily routines. The vehicles used for such transportation mostly have internal combustion
engines. Consequently, every new internal combustion vehicle that goes into use increases the volume of harmful gases
released into the environment (Kerem, 2014). Additionally, it is a well-known issue that oil reserves are not finite and
this leads to the search for alternatives to transportation vehicles with internal combustion engines. Thus, there is an
increased demand for alternative energy-based vehicles such as the electric car that can provide up to 80% energy saving
compared to conventional vehicles equipped with internal combustion engines. In fact, the interest for electric vehicles
has been clear since the 1960s due to their silent operation capabilities in addition to environmentally-friendly features
(Zeraoulia et al., 2006). Therefore, parallel to the development in machine design and manufacturing technology, the
number of electric energy-based vehicles has been increasing and the use of hybrid and electric vehicles has been rapidly
spreading in the market (Wada, 2009). Additionally, the conversion of existing internal combustion vehicles to electric
vehicles has gained importance in recent years. As an alternative to purchasing a new electric vehicle, it is now possible
for private individuals or organisations to build an electric vehicle with ease - and at low cost - with reliable, off-the-shelf
electric vehicle components (Keoun, 1995). In up-to-date technology, electric motors designed for high-capacity torque
and speed, which are reduced in weight and can be easily assembled or replaced, are available. These electric engines
stimulate the vehicle drive system, either with the gearbox or directly connected to the differential systems. Most
especially in converting operations, customised part design procedures related to engine replacement and confirmation of
the safe design features has become an important issue as experiencing part failure is a high possibility during these initial
customisation procedures. In a converted electric vehicle, the engine is the main power source resting on the mounting
brackets which are custom designed and connected to the chassis of the car. Vibrations, engine torque, materials and
fatigue features of an engine bracket has been continuously a concern which may lead to structural failure if the resulting
vibrations and stresses are severe and excessive (Ghorpade et al., 2013). In this context, it is clear from the consumer
perspective that durability and reliability of a product are the most important issues. Reliability is the measure of
unanticipated interruptions or unexpected failures during customer use (Subbiah et al., 2011).

Failure analysis of damaged components in mechanical systems has been a necessary procedure since the first
mechanical systems were designed. Engineers have adapted the experimental, analytical and numerical methods in order
to realise the analysis procedures for damaged component re-design, however, in the case of larger dimensional size and
complexity of the engineering problem, it was understood that analytical and experimental methods might uncover
significant problematic aspects. context such, numerical methods-based advanced computer aided engineering
applications may provide the information that can be employed in the design improvement activities. Most especially,
finite element method (FEM) based engineering analysis (FEA) is a useful technique and very popular in solving complex
design/engineering problems. Therefore, FEA has been widely used in various engineering fields, most especially for
structural strength investigations of mechanical components. Structural stress analysis realised in order to map the stress
distribution on a structural component is one of the most important aspects of these types of strength investigations
conducted (Pardhi & Khamankar, 2014). The analyses made in order to prevent such undesired failures, strength-based
design features such as deformation behaviour and stress distribution under projected loads on the engine assembly
components should be described properly, however, an accurate description of these features of the components (such as
engine mounting bracket) become a complex experimental problem to be solved by designers.

In this paper, strength-based design analysis of a failed engine mounting bracket designed for a commercial electric
vehicle was introduced. A FEM based deformation simulation procedure for the failed bracket has been discussed in
detail. Visual outputs from the simulation results are presented in order to provide a better understanding of the failure
tracks on the bracket and subsequent re-design operations. Suggestions for preventing similar failures on the bracket have
also been discussed.

Application Algorithm

Within the scope of the study, an application algorithm has been developed and the algorithm steps have been
followed in a sequence. This sequence starts with a decision for strength-based design analysis and should end with an
improved re-designed product. This algorithmic approach helps the user in the standardisation of a computer aided design
and engineering technique-based design analysis study for similar requirements. Fundamentally, the algorithm can be
divided into three core operational sections to be fulfilled: Model digitalisation (CAD modelling) (1), FEA set up and

internal verification (2), and re-design operation and confirmation (3). The application algorithm is shown in Figure 1.
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Failed Engine Mounting Bracket

In this study, a failed engine mounting bracket specifically designed for a commercial electric vehicle has been
considered. The bracket experienced failure during conventional operation of the vehicle following an operational period
of 50 000 km driving. The same failure problem was reported for eight other identical vehicles. At the initial inspections,
cracks and crack follower fracture signs were clear on the bracket. Initial observations of the bracket led us to consider
an excessive torsional loading case, and/or design faults such as insufficient part thickness and notch radius in the model
geometry; however, it was not possible to predict the exact deformation behaviour that caused the failure at the initial
visual investigation. In order to clarify the loading effect and structural stress distribution at the failure zones on the
bracket, a FEA was utilised with due consideration of critical material properties such as yield and fracture stress points

of the bracket. Some technical dimensions of the bracket geometry and visuals taken from the failed bracket are shown

in Figure 2.

Figure 1. Application algorithm
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Figure 2. Technical dimensions and failure images of the engine mounting bracket

FEA of the Initial Design

The main loading source for the bracket was the torque produced by the electric engine, thus, the FEA was set up
to simulate deformation behaviour and equivalent stress distribution on the bracket under torsional loading. The mass of
the electric motor was 48 kg and the torque magnitude produced by the engine and transmitted to the wheels via the
gearbox was 300 N-m at 3500 min™!. In consideration of these initial parameters, the maximum torque of 300 N-m applied
to the bracket was obtained from the engine catalogue data. Losses in torque magnitudes during transmission was ignored

in order to evaluate maximum loading condition.

At the first stage, a reverse engineering approach-based 3D parametric solid modelling operation was carried out
for existing design of the bracket. Solid modelling procedures were carried out using SolidWorks 3D parametric solid
modelling software. The FEA simulations were carried out via ANSYS Workbench commercial FEA code. The material
assigned in the production of the mounting bracket was AISI 304 stainless steel. Isotropic homogeneous elastic material
model and linear static loading assumptions were considered in the FEA setup (MatWeb, 2020). The Finite Element (FE)
model (mesh structure) of the bracket was created using the meshing functions of the ANSYS Workbench (ANSYS
Product Doc., 2017).

In order to obtain an accurate result from a FEA, assigning an appropriate element size for creation of the Finite
Element (FE) Model (mesh structure) is a critical decision, since the FE models are created from CAD representations
and the fact is that the FEA mesh structure indicates an approximate geometry. In this context, creating accurate FE
models most especially for complex CAD geometries with high NURBS (Non-Uniform Rational B-Splines) may become
a discretisation problem in the simulation. Recent research such as ‘Isogeometric Analysis’ may promise an effective

solution to this problem and simplify a specific design analysis algorithm (Hughes et al., 2005; Nguyen et al., 2015),



however, here, the geometry of the engine bracket does not have complex geometric features (relatively) and the mesh
density can be considered as a significant metric in order to control accuracy of the FE model in this study. Ideally, smaller
elements can efficiently represent the solid model in a FEA, however, if the element size is too small, a larger amount of
computer time may be required to solve the problem (Celik H.K. et al., 2018). In this regard, a sensitivity check was
utilised in determination of the appropriate element size mesh for the bracket geometry. In the initial FEA set up, the
loading scenario of the bracket was run with various element sizes (from coarse to fine) and the correlation between
element size and deformation results obtained from the simulation were evaluated. The mesh sensitivity evaluation
indicated that the minimum element size was 2 mm in order to sufficiently represent the model geometry of the bracket
with an acceptable computation time. Additionally, skewness metric of the FE model with the element size of 2 mm was
checked. The average skewness values of 0.225 was calculated which was an indication of an excellent mesh quality for
the FE model (ANSYS Product Doc., 2019; Brys et al., 2004). Finally, a uniform element sizing strategy was utilised in
creating the FE model (mesh structure) of the bracket. The boundary conditions, material properties, mesh sensitivity
analysis, details of the final mesh structure, and how they are utilised in the FEA set up of the bracket loading scenario

are shown in Figure 3.

In a failure analysis activity, carrying out investigations on the material damage mechanism of the damaged
components under consideration of numerical methods and fracture mechanics is an important issue. As such, utilising a
2D and 3D crack evolution algorithm and describing a specific failure model may play a critical role in order to understand
and describe the failure mechanism (Areias et al., 2016, 2018; Ganjiani & Homayounfard, 2021). However, such
complicated failure models in geometry and material deformation definitions was not considered in this study. Crack
occurrence and propagation issues on a damaged zone of the bracket were also not discussed. The main failure occurrence
assumption considered in this study is based on von Mises failure stress criterion that highlights the failure when the
damage parameter (absolute stress magnitude) reaches a critical value (yield stress point), hence the failure evaluations
were conducted through von Mises failure stress criterion. A damage model for predicting ductile fracture can be utilised

for detailed material fracture analysis of the bracket in future works.
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Afterward the completion of the pre-processing procedures, the FEA simulation was run and the results were
recorded. The simulation outputs showed that the maximum equivalent stress (Von-Mises) on the bracket was
1139.8 MPa and the maximum deformation under engine torsion was 2.858 mm. These results revealed that the equivalent
stress magnitude exceeds the material yield point (215 MPa) which was an indication of plastic deformation failure under
defined boundary conditions (maximum torsional loading). The minimum safety factor was calculated as 0.188 which
also signifies failure. The stress magnitude was also higher than the materials ultimate tensile stress point (505 MPa).
This may be interpreted as the cause of fractures at the maximum stress zones on the bracket as the ultimate tensile stress
point can be assumed to be the fracture failure limit in this static study. Moreover, the simulation printouts and physical
damage pictures were compared and it was seen that the fracture and plastic deformation lines on the part were compatible
with the simulation outputs (Figure 4). Here, another important point is cyclic loading conditions which may cause crack
initiation and result in fatigue failure. Related literature highlights the empirical calculation of endurance limit in crack
occurrence for steel materials which is 50% of the ultimate tensile strength (Bannantine, Julie A; Comer, Jess J; Handrock,
1990). In this study, this endurance value was calculated as 252.5 MPa which exceeds the material yield point (215 MPa).
Therefore, the critical failure limit in this study was assigned as the material yield point and fatigue evaluation was not

included.
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Figure 4. FEA outputs for the initial design and visual comparison



Re-Design and Corresponding FEA Validation

The results obtained from the initial design analysis on the damaged bracket led to the belief that there is
insufficient part thickness at the bolt connection side (thickness is 5 mm) and notch radius where stress concentration is
collected. Pre-defined design needs limited choice to using the same material (AISI 304). Therefore, re-design procedures
focused on the improvement of the insufficient part thickness and avoiding the notch effect where the stress concentration
is dense at the part geometry. In this regard, several re-designs were studied and then one of them was decided upon as
the new design geometry by considering assembly and manufacturing ease features. After this decision-making process,
the new design was validated by means of FEA. The FEA setup protocol for the re-design model had identical definitions

with the FEA setup created for the initial design analysis.

Maximum equivalent stress of 169.91 MPa and maximum deformation of 0.283 mm on the re-design bracket was
calculated in the re-design FEA solution respectively. These results revealed that the equivalent stress magnitude is lower
that the material yield point (215 MPa). This was the indication from the elastic region of the bracket’s material under
defined boundary conditions. The deformation value was approximately 10 times lower than the initial design which may
provide a more stable functionality of the bracket. The minimum safety factor was calculated as 1.265 which also signifies

safe operation of the bracket. These results led to approval of the re-designed features.

Numerical method-based analysis techniques such as FEA provide approximate solutions, therefore, errors are
inevitable. The errors may be methodical and numerical which are related to the mathematical model (el), the
mathematical discontinuity (¢2) and the numerical solution processes (e3) (Narasaiah, 2008; Pancoast, 2009; Salmi,
2008). Additionally, user-based errors in setup and interpretation of the FEA results should also be kept under

consideration, however, FEA is a very useful analysis tool in order to simulate real-life loading conditions.

Specific to this study, FEA results successfully exhibited the failure zone on the bracket, however, the exact
fracture occurrence was not represented in the simulation, since the static and linear solving approach with linear elastic
material model used in the FEA wouldn’t reveal the part fracture failures on the bracket model considered in this study,
however, this may be studied through a deeper analysis that would be considered in any future work focusing on dynamic
conditions, and a nonlinear material model with fracture mechanics approach. Additionally, the likelihood of fatigue of

part features should be kept under consideration.

As the result of the analyses conducted on the bracket, the major reasons for the failure were confirmed as being
associated with the insufficient part thickness at the critical mating connection side and design faults on the bracket
geometry which were eliminated through the re-design operation. Improved re-design dimensions and FE model and the
FEA outputs for the re-design analysis are given in Figure 5. This would help to obtain more accurate part fracture results

in a FEA for similar failure analysis studies.
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Conclusion

FEM-based design analysis of a failed engine mounting bracket specifically designed for a converted electric
vehicle was discussed in detail in this paper. The results of the analyses conducted on the bracket, revealed that the major
reasons for the failure are related to the insufficient part thickness and design faults on the existing bracket geometry.
These reasons for failure were eliminated through re-design operation. Failures are frequently referred to as seriously
affecting the production costs and durable design reputation of the components used in a converted electric vehicle. To
avoid recurrence of the type of failure described in this study, it is recommended that the vehicle should be used within
its approved operational conditions and loading limits which are an important failure prevention parameter. To design an
engine mounting bracket with high service durability, mechanical characteristics such as yield strength, fatigue strength,
and fracture toughness are important properties that should be considered during material selection and appropriate
geometry at the design stage. Appropriate fillet radius and part thickness should be considered for the geometry design
and the existing sharp features should be avoided. Component assembly should be undertaken with care and in accordance

with the tolerances in order to provide durable loading transmissions.

This study provides a well-described numerical method-based simulation strategy for informing further research
on complicated stress and deformation analyses of part deformation analysis through advanced computer aided

engineering applications.
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