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Abstract

With the ever-increasing, stringent requirements of fuel economy, automotive manufacturers
have cited reduction of vehicle weight as one of the most effective methods of decreasing fuel
consumption and emissions. Due to the abundance of traditional combustion-engine vehicles on
the road, it is not uncommon for independent research groups or shops to convert these vehicles
to hybrid, or full electric. In doing so, major changes to key structural aspects of the vehicle are
required. However, it is far too often found that changes are made without proper analysis and
design of the component. As such, this thesis provides an outline on the processes and methods
used to develop a prototype structural component; in this case a custom rear cradle was used as
an example, which was redesigned to house an electric motor drive unit in an existing production

vehicle.

Firstly, requirements such as structural strength, stiffness, and manufacturability were devised. In
considering all these requirements, 6061-T6 aluminum was set as the new material for this
component, given its high specific strength and stiffness, as well as ease of manufacturability and
cost. Fatigue analysis was conducted to develop new structural requirements for this component,

given its differing material properties from the previous design being made from steel.

Next, topology optimization was conducted to gain an idea of an optimized, lightweight structure
that met requirements. Structural analysis utilizing beam theory allowed for rapid iteration of
tube diameters and wall thicknesses, this was translated to analysis of full geometry once

requirements were met.

All in all, the final design yielded a lighter component, while maintaining structural integrity. The
new cradle design represents a weight savings of 57% over the 2019 cradle, while satisfying all the
requirements set. It is expected that further weight reduction is possible, given future
development in fatigue analysis and certain design aspects of the cradle. As such, the processes
and methods outlined in this thesis can be applied to other structural components of similar

nature for prototype vehicles.
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Chapter 1

Introduction

1.1 Motivation

In the past few years, development and sales of hybrid (HEV) and electric (EV) vehicles have been
steadily increasing, as government regulations on fuel consumption and emissions are rigorously
tightened year by year [1]. As consumer demand for fuel economy and performance increase,
manufacturers are turning towards methods such as vehicle weight reduction coupled with
innovations in electrified powertrain technology that continuously push the capabilities of these

vehicles [2].

New advancements in powertrain technology are not just implemented in production vehicles
through mass manufacturing, as HEV and EV conversion of older vehicles are becoming
increasingly widespread [3]. The downside with converting a vehicle is that significant
modification is required to structural aspects of the car to integrate new components such as
electric motors, inverters, and high-voltage (HV) batteries [4], whereas these components are
integrated throughout all stages of development for a production vehicle [5]. Additionally, the
‘homemade’ nature of these conversions often means that there is little consideration for
insightful engineering of these modifications, which can result in a weight penalty and pose a

potential hazard to the safety of the vehicle.

One such application of this is with the vehicle being built by the University of Waterloo EcoCAR
Team (UWAFT). UWAFT is currently competing in the ECoOCAR Mobility Challenge, which is a
four-year collegiate design competition that challenges 13 teams from universities across North
America to develop a hybrid-electric vehicle with improved fuel economy and reduced emissions
[6]. Each team is provided with a 2019 Chevrolet Blazer, which serves as the basis for which the
teams retrofit custom hybrid powertrains. UWAFT incorporated two discrete powertrains on each
axle: combustion in the front and electric in the rear. The electric vehicle (EV) powertrain
incorporated the use of an e-axle, which integrates the gearbox and motor in one sealed unit. This
resulted in the need for a custom rear cradle to which the rear suspension and e-axle are

mounted.



As the UWAFT Blazer is a unique, one-off vehicle built by students, large-scale manufacturing
technologies commonly used for cradles found in production vehicles are not feasible. As such,
this study will cover the analysis and design of a cradle, with an emphasis on limiting

manufacturing to low-volume techniques commonly found in local machine shops.
1.2 Objective

The overall objective of this research is to provide a process that allows for re-engineering of
structural components for unique vehicles with extremely limited production, with the aim of
minimizing component weight while maintaining adequate structural integrity. This is achieved
by utilizing multiple software tools, which allows designers to conduct structural analysis and
quickly iterate on component design. Specific steps and procedures for these tools are defined

throughout this thesis, allowing for this methodology to be replicated.

The methods and procedures outlined in this document are applicable towards projects such as
small companies conducting HEV or EV conversions, research groups with prototype vehicles, or
student teams such as UWAFT. Consequently, there are many limitations that are inherently
imposed with projects of this nature, such as manufacturing restrictions - techniques commonly
used with large-scale production such as forging or casting are not feasible, as costs are only

reasonable through economies of scale [7].

Although manufacturing technologies may seem limited, the nature of low-volume prototyping
opens the possibility of using certain niche processes. For example, the methods used to
manufacture a tubular spaceframe require a significant amount of time due to the amount of
manual labour and setup required [8]. However tube chassis have been around since the 1950s due
its high strength, stiffness, and low weight [9]. As a result, while not suitable for large-scale
production as it cannot be automated, it is a process that is widely used for low-volume

production vehicles or kit cars, and thus suitable for the UWAFT Blazer.

As such, this thesis will use the custom rear cradle for UWAFT as an example for analysis and

design of structural components for prototype vehicles.



1.3 Outline
Along with the introduction, this thesis spans 9 Chapters:

Chapter 2 provides background information. It starts off with an overview of the cradle for the
reader to gain a basic understanding of the purpose and layout of this component. Information on
general design considerations such as material selection, manufacturing methods, and geometry
are also summarized. As the example project used has specific requirements and procedures,

details pertaining to this example are also reviewed.

Chapter 3 provides further information on strength, and how fatigue analysis played the dominant
role in this process. Once a material was selected, calculations were performed to estimate cycle

count, which were then translated to stress targets that could not be exceeded.

Chapter 4 outlines design requirements specific to this project. For example, stiffness was also a
concern with his project, therefore deflection requirements were defined in addition to strength.
Geometrical and manufacturing requirements were also set, based on the available resources for

this project.

Chapter 5 outlines topology optimization, the starting point of analysis. With the target of
minimizing weight while not exceeding stress limits, optimization was conducted to gauge the

form factor of the most ideal structure that met requirements.

Chapter 6 covers continuing structural analysis. From the topology optimization, two initial
design concepts were investigated, each utilizing a specific manufacturing method within the
confines of low-volume production. From this, further development of the structure was
conducted, culminating in a semi-finalized layout of the structure utilizing a tubular spaceframe

construction.

Chapter 7 covers detailed design, leading to the final product. The semi-finalized layout from

Chapter 6 was used as a basis for the final structure, which required further adjustments after



more detailed structural analysis was conducted. All the requirements set in Chapter 4 were then

verified towards the end of this section.

Chapter 8 provides a framework in the form of a flow chart, summarizing the entire component
development process that was just completed. This section can serve as a quick-reference guide
for small shops or research groups, should the need arise to develop a structural component

critical for a prototype vehicle.

Chapters 9 and 10 outline the conclusion and recommendations for this project. Although a
significant weight reduction was achieved, given the findings upon the completion of this project,

it became apparent that there was potential for more.



Chapter 2

Literature Review and Background

This chapter provides background information that is pertinent to development of structural
components for low-volume production in a general sense, as well as prerequisite knowledge
specific to the development of the UWAFT cradle. General design requirements such as
considerations with respect to clearance, strength, manufacturability, and materials are reviewed
in detail. The current market of low-volume aftermarket parts is also examined, which revealed
the need for proper engineering analysis and design of these components. Lastly, background on

UWAFT, the competition, and the initial cradle that was integrated is also provided.
2.1 Introduction

Cars are one of the most widely used forms of transportation in the world, as there are
approximately 1.4 billion vehicles on the road at present [10]. With the power of the latest
computers, engineers are able to continuously push the boundaries of automotive engineering,
leading to significant advances in fuel efficiency and performance [11]. Current trends in the
automotive industry are pushing towards alternative methods of propulsion, and EVs are on the

rise [12].

With these goals in mind, automotive manufacturers quickly realized that reducing the weight of
a vehicle is the most effective method of maximizing vehicle efficiency [13]. The benefits of
minimizing weight are independent of the energy source, as less energy overall is required to
move a lighter vehicle [14]. Minimizing vehicle weight is especially important with new vehicles,
as consumer needs have dictated higher safety standards along with added comfort and

technology, all of which increase a vehicle’s mass [15].

A key aspect of engineering a vehicle to be light is to use computer simulations to ensure that the
vehicle can endure over 20 years of operation [16]. As a vehicle is driven, forces are exerted on
various components of the car; as such, minimizing the weight of the vehicle can compromise

structural integrity if insufficient analysis is performed. As a result, the importance of conducting
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structural analyses in the development of major structural components of the vehicle cannot be
understated, and it is the purpose of this document to outline a concrete glidepath to guide the
reader in the development of a lightweight component while meeting design requirements. As
previously mentioned, the component to be used as an example is the custom rear cradle
developed for the UWAFT vehicle, so the next section will provide a general overview of this

specific component.
2.2 The Cradle

The modern vehicle is a complicated machine composed of roughly 30,000 parts [17]. Ever since
the advent of automotive mass production a hundred years ago, manufacturers have constantly
been improving upon the large-scale manufacturing processes used to create and assemble all
these components [18]. It is through these processes that the cradle was invented, as there are

significant benefits with respect to production time and cost [19].

The cradle serves the purpose of being a central mounting point for various suspension and
drivetrain components. Instead of having to assemble each individual part to the primary
structure of the vehicle, the cradles allow manufacturers to create a subassembly of all these
components separate from the body, as shown in Figure 1. Keeping these distinct steps separate
greatly increases production efficiency as the body and cradle assemblies can be produced in
parallel on two separate lines. Once both are complete, the body is lowered and mounted onto the
cradle assembly. In production terms, this step is called the “marriage”, as the body and cradle

assemblies are joined together, as shown in Figure 2 [20].
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Figure 2: Marriage of body and cradle assemblies during production [21]
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Another benefit of the cradle is the ability to isolate vibrations and noise from the body.
Irregularities in the road surface such as potholes or speedbumps transfer through the tires and
suspension system to the body, which in turn results in a level of noise, vibration, and harshness
(NVH) transmitted to the cabin. Additionally, driveline components such as the engine,
transmission, and differential all generate some amount of NVH as an unwanted side effect during
operation [22]. Suspension members and driveline components are typically fitted with rubber
bushings, but there is an added layer of isolation by mounting the cradle itself to the body with

rubber bushings which further isolates NVH from the cabin.
2.3 General Design Considerations

As major structural parts such as the cradle are key components of any modern vehicle, there are
many aspects that must be considered throughout the development process. Matters such as
geometry and packaging to ensure no interferences with surrounding components, strength and
stiffness to meet input loads and compliance targets, material options and manufacturing
methods used to build the part are all important concerns that are considered throughout the

years that a manufacturer would take for the development of a major component of a vehicle.
2.3.1 Geometry and Integration

All major subsystems within a vehicle are kept tightly knit throughout the entire vehicle
development process. This is especially important given the size and scope of the project as
engineers are closely packaging thousands of parts within the confines of a car’s body. Preliminary
integration studies are conducted to plan out general packaging space between subsystems within
the constraints of top-level design decisions such as interior space, ergonomics, and powertrain
selection. Aside from these initial integration studies which involve major subsystems of the

vehicle, detailed packaging studies are also conducted later in the development process [23].

In a general sense, these detailed studies must take into consideration matters that affect
installation, serviceability, and full functionality of the component. With the modern vehicle

being composed of thousands of parts and expected to last more than 20 years, regular
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maintenance must be performed. As such, automotive engineers design vehicles in a way that
repairs to the vehicle can be reasonably conducted. Consequently, these design considerations
also aid in quicker production when the vehicle is built, which reduces manufacturing cost. These
practices are known as Design for Assembly (DFA) and are vital to not only the design of a vehicle

but to any mechanical assembly [24].

The concept of ensuring full functionality of a component from a geometrical standpoint is rather
simple. There are many moving parts in a vehicle, as energy is transferred throughout the
propulsion system to move the car forward, and the suspension system allows the wheels to move
independently from the body. Given the tight clearances between various parts of the vehicle, it is
crucial that there are no interferences between components that could impede on these
movements. An example is shown in Figure 3, where there is interference between a control arm
and the frame of a vehicle. As the suspension articulates, the components must be designed such

that there is no possibility of unwanted contact throughout the designed travel of the system.

l Interference

Control Arm

Figure 3: Example of interference between control arm and frame with articulation [25]



With respect to the cradle, DFA is applied to ensure that there is ease of access to all the fasteners
holding the suspension and driveline components in place. For each fastener, adequate clearance
for common tools such as a socket and ratchet must be considered, otherwise there will be
difficulties with assembly and parts replacement. Ease of removal and installation is also
important to facilitate quick and simple repairs. For example, many rear cradles in rear-wheel-
drive (RWD) vehicles are provisioned to allow for removal of the differential without having to
remove the cradle as well - which significantly reduces repair time and subsequently cost, as

shown in Figure 4.

Figure 4: Example of differential removed from rear cradle assembly

With regards to interferences, the cradle mounts various suspension and driveline components to
the body, thus it is important to ensure that it does not impede on these subsystems throughout
normal vehicle operation. For example, as the wheel moves relative to the body and cradle, the

suspension members at the cradle rotate to accommodate this. Therefore, it is important to
10



ensure that these members do not hit the cradle as the wheel travels through its full range of
motion. Figure 5 is a depiction of how a potential interference could exist — an improperly

designed cradle could prevent the toe link from rotating throughout its full travel.

Toe Link

Potential Area for Interference

Figure 5: Example of potential interference area between cradle and toe link

Another important consideration is the relative position of a driveline component to the wheels.
Many cradles have differentials or transaxles mounted, and power is transmitted to the wheels
through a halfshaft. These halfshafts have CV joints that articulate such that power can still be
transmitted with wheel travel. However, these CV joints have limits to the angles that they can
safely articulate before premature wear or joint failure occurs. Additionally, higher articulation
angles equate to higher friction, thus reducing efficiency [26] — a poor example of this is shown in
Figure 6. As a result, it is important to consider halfshaft angles when dictating where to locate a

driveline component mounted on a cradle relative to the wheels.
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Figure 6: Example of extremely high CV joint angle, leading to increased wear and

decreased efficiency [27]
2.3.2 Noise, Vibration, and Harshness (NVH)

With respect to major structural components, there are two primary sources of NVH - input from
the road through the suspension and input from the propulsion system as an unwanted side effect
of operation [22]. Generally, components that play a role within either of these subsystems are
mounted through rubber bushings to mitigate the effect of NVH to the cabin. In essence,
engineers conduct extensive frequency and acceleration analysis as part of the process to
determine the desired bushing stiffness. Additionally, considerable vehicle testing is performed,

with data to support and compare different bushing stiffnesses in the real world [28].

However, it is important to note that development of bushings is outside the scope of this project,
as the engineering and manufacturing processes are outside the capabilities of small companies or

shops. Generally, integration of custom suspension or driveline components involves using a
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bushing that is easy to install, relatively inexpensive, with little consideration for NVH [29]. With
an EV powertrain, it is especially important to ensure NVH is kept to a minimum; therefore,

where possible, bushings native to their application are used [29].
2.3.3 Strength, Fatigue, and Stiffness

Strength and stiffness are one of the most critical considerations for load-bearing components
such as the cradle. As most of the suspension and driveline of a vehicle are mounted to the
cradles, it must subsequently be designed to react to all loads applied by these components. For
example, power transmitted from the engine to the wheels goes through the differential, which
will want to move as a result of the input forces from the transmission, and output forces to the
wheels [30]. In a similar fashion, loads applied to suspension members are generated due to forces
applied at the tire contact patch, such as reaction forces under braking, or the tire driving over a

pothole [31], and are directly transferred to the mounting points on the cradle.

It is important to note that there is another factor that must be considered in addition to absolute
strength. Vehicles are designed to last many years and hundreds of thousands of miles with
proper maintenance [32]. As such, components within the vehicle are subject to frequent
repetitive loads which generates microcracks within the material. As a result, it is possible for
these components to break, even when peak stresses are well within the yield stress of a material
[33]. This phenomenon is commonly known as fatigue, and extensive analysis on this subject must

be conducted as the cradle is designed.

Stiffness of structural components is important as well. For example, engine and transmission
mounts have deflection requirements, since those components are typically situated close to the
body. As these want to move under operation, mounts that are insufficiently stiff can cause
contact with the body and surrounding components, resulting in unwanted NVH and potential

damage [34].

The stiffness of a cradle must be considered as loads from the suspension and driveline cause

deflection. This is typically not an issue with most of the deflections arise from the bushings.

13



However, with an inadequately stiff cradle large enough deflections can compromise control of
the vehicle as suspension geometry is affected [35]. For example, excessive rear toe compliance
can cause the car to feel unstable, which compromises driver confidence in the vehicle [36].
Therefore, within the development of a cradle by a manufacturer, engineers in charge of the
cradle’s structural aspects work closely with those from the vehicle dynamics team to ensure the

stiffness of the cradle is sufficient [37].
2.3.4 Material Options

Selecting a material to use is another critical consideration in the development of major structural
components in a vehicle. For the most part, matters such as manufacturability, strength, stiffness,
and fatigue, as well as other factors such as cost and time all play a role in this crucial decision.
There are three primary categories of materials used in automotive structures — metals, plastics,

and composites [38].

Metals are one of the oldest materials used in building, as copper was discovered as early as gooo
BC [39]. As of 2020, the typical automobile is composed of metal by over 50% by mass, and for
good reason [38]. Steel is one of the oldest, most common metals used in the construction of
vehicles, its widespread usage dating back to the early 1900s [40]. Steel has a low material cost
relative to other metals, has relatively high strength, and is incredibly versatile in how it can be
used to manufacture car parts [41]. In particular, steels are used extensively in automotive body

structures due to their high capability to absorb impact energy from a crash [38].

Aluminum is another metal that is commonly used and offers some benefits over steel as it has
approximately one-third the density and higher specific strength [38] while still being relatively
easy to manufacture [42]. As such, with the recent trend of prioritizing lightweighting, the usage

of aluminum in the automotive industry is becoming increasingly widespread [38].

Both titanium and magnesium are also used in the automotive industry, though somewhat more
sparingly than steel or aluminum. Magnesium is about two-thirds the density of the already

lightweight aluminum and, as a matter of fact, has even higher specific strength [43]. However, its
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usage is limited due to disadvantages such as low high-temperature strength [44], relatively poor
corrosion resistance, and high cost [45]. Titanium has approximately 1.5 times the density of
aluminum, yet has lower yield, and thus significantly lower specific strength [46]. The primary
advantage of titanium is its ability to maintain strength at high temperatures; however, as a result,
it is also not as easy of a material to weld as steel or aluminum [47]. It is also a costly material,
therefore its usage is limited to high-temperature areas within premium vehicles where

lightweighting is important [48].

Plastics are another family of materials that are becoming more widespread in cars, as they also
allow for additional lightweighting while being relatively inexpensive to produce [49]. Most
plastics are molded, which allows for significant freedom in part geometry without the hassles of
requiring finishing operations or the worry of corrosion [50]. However, the fact that expensive
tooling is required for molding deems it unsuitable for prototyping due to high initial costs, which
is only suitable for high-volume production through economies of scale. There is the possibility of
3D printing plastics, though this is usually relegated to small, superficial components that do not
bear high loads [51]. Printing structural components is still possible, though this usually has to be
outsourced, as it usually requires different printing techniques and special materials which

significantly increases cost.

Lastly, composites are another set of revolutionary materials that are gaining widespread use in
the automotive industry, as they also support vehicle lightweighting. The definition of a
composite is a material made from two or more materials that combine to create one stronger
than either of the materials used to create it [52]. Fibre reinforced polymers (FRPs) in automotive
were first used in 1981 when McLaren built the first Formula 1 car with a Carbon Fibre (CFRP)
monocoque [53]. In the years that followed, FRPs, along with other composite materials slowly
trickled down to consumers and the mass market. The BMW i3 is a good example of this, as it is

an EV that uses a CFRP monocoque to minimize weight, to maximize range [54].

Manufacturing composite parts is a relatively tedious process; however, it is one suitable for small

volume production and thus within the capabilities of small shops or companies [55].
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Unfortunately, development of structural composite parts is a rather non-trivial process. Unlike
regular materials, the material properties of composites are highly dependent on the
manufacturing method and quality, ply orientation and number, as well as the actual constituents
used [56]. As such, significant amounts of material testing and research is required to develop a
reliable material model [57], and it is likely that one would need to develop this in conjunction

with an outside source.
2.3.5 Manufacturing Methods

Generally, selecting a manufacturing method is conducted simultaneously with material selection,
as both categories highly influence one another. However, there are other considerations that

need to be taken into account, such as available manufacturing tools, time, and cost.

Most metals are incredibly versatile in how they can be used in manufacturing - for example, they
can be cast, forged, extruded, drawn, stamped, machined, and even 3D printed [58]. As a matter of
fact, it is possible to manufacture the same part geometry using many different methods with the
differences between each method being production cost based on the quantity required [59]. In
spite of this, only a few of these methods make financial sense if one were to build a handful of
cars. For example, forging a has high initial cost which is absorbed by production volume and
material savings, thus it is not financially viable for prototyping [60]. In general, rapid prototyping
methods for metals are restricted to 3D printing, casting, and various machining and fabrication

methods commonly found in a machine shop [61].

The manufacture of plastic parts in prototyping, aside from traditional machining processes, is
generally limited to 3D printing. There are various methods of 3D printing, such as Fused-
Deposition Modelling (FDM), Stereolithography (SLA), and Selective Laser Sintering (SLS) [62].
FDM is the most widely used 3D printing technique, where a nozzle extrudes molten
thermoplastic filament as it travels. Meanwhile, SLA and SLS use a laser to cure photopolymer
resin or powder, respectively. In general, FDM printed components have lower part quality and
strength compared to those made using SLA and SLS. As such, SLA and SLS printing methods

would be more suitable for prototype structural components.
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Early production methods for composite FRPs were tedious and slow, which was well suited for
low-volume production, and are near identical to the methods used at present. It is only in recent
years that advanced, mass-manufacturing techniques have been developed as FRPs have become
more commonly used in automotive manufacturing [63]. The FRP manufacturing process is
commonly known as the layup, as it consists of placing layers of fabrics onto the mold which
defines the shape of the part. The polymer component in FRPs are resins that can either be pre-
impregnated into the fabric or added during the layup process. The layup is then cured, which
requires time and can require heat and pressure, depending on the resin. The part is then
removed from the mold and post-processing steps such as trimming and bonding can then be

performed to complete the part [64].
2.3.6 Material Joints

The last topic to cover is joining, and it is one of the most important considerations in
manufacturing. Certain structural components like suspension links or arms can be manufactured
in a single piece, but the cradle is such a large component that it typically made in multiple pieces
and joined together. There are three major categories for joining two parts together - mechanical

joining, welding, and bonding with adhesives [65].

Mechanical joining involves the use of rivets or fasteners to clamp two materials together. It is
quite a versatile method that allows for ease of assembly and disassembly; however, it can lead to
increased manufacturing complexity and cost, as bolted or rivetted connections require an
interface integrated within the part. Additionally, these discrete joints create stress concentrations
which can lead to fractures originating at rivet or bolt holes. Fastener count can be increased to

mitigate this, but the part consequently becomes increasingly complex and heavier [66].

Welding is a process where two or more parts are fused together through the use of heat, and
potentially pressure [67]. In essence, welding generally involves locally heating the joint area,
which melts the parent material together. In most cases, filler material is also added, which adds
to the amount of molten metal and thus increases joint strength with poor part fitment [68].
Welded joints are more efficient than mechanical joints, as the entire perimeter of the joint bears

17



the load. As such, welded structures can be made lighter, especially considering the elimination of
extra fasteners and fastener interfaces. The downsides with welding are that the process of locally

melting the parent material forms a heat-affected zone (HAZ) which is often of lower strength and
brittle [69]. As such, the HAZ is an area where failures can occur. Furthermore, the use of heat can
cause distortion that can result in a dimensionally inaccurate component. Lastly, dissimilar metals
can be welded together, but this requires specialized welding processes not common to a standard

machine shop [70].

There are processes similar to welding at lower temperatures, known as soldering or brazing,
where only the filler material is melted [71]. These methods mitigate the side effects that create
distortion and the HAZ, as well as allowing dissimilar metals to be joined. Unfortunately, these
methods are unsuitable for structural components, as the joints are not nearly as strong as a

weldment.

As more plastics and composites are used in vehicles for lightweighting, the usage of structural
adhesives follows suit [72]. Structural adhesives are similar to welding without much of the
drawbacks as there is minimal heat input. The usage of structural adhesives within automotive
structures is increasing; however, there are still downsides, including joint design and preparation
[73]. Adhesives are weakest under peel or cleavage, which are concentrated tensile stresses
perpendicular to the bond line [74]. As such, joints should be designed such that stresses
imparted on the adhesive are primarily in tension, compression, or shear across the entire bond
face. Part tolerances are kept tight, in order to minimize and keep bond gaps consistent. Next, the
surface must be prepared for bonding, so it must be kept clean. Bonding should be performed
from one parent material to the next, therefore surface coatings such as oxidation, paint, or any
other impurities should be removed [75]. Furthermore, surface roughness is also critical to allow
the adhesive to effectively bond to the substrate. As the consistency of a bonded joint is highly
dependent on all these factors, it is likely that physical testing would be required before it can be

modeled accurately in software [76].
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2.4 Aftermarket Parts

Ever since the car was first invented, many owners were customizing them, constantly tweaking
various aspects of their personal vehicle to suit their needs and tastes [77]. There are practically
countless amounts of aftermarket parts available for vehicles, and owners install them for the
benefits of improved aesthetic and function. Many of these aftermarket parts replace structural
components which are critical for vehicle durability and safety. An example of this are aftermarket
lower control arms, which can offer performance benefits such as lower weight, reduced

suspension compliance, and increased adjustment [78].

-

Figure 7: Example of stock and aftermarket control arms [79]

One thing to note is that vehicle modifications are not limited to simple replacement of parts.
Owners have taken extreme measures to modify their vehicles with major modifications such as
engine swaps or adjustments to suspension geometry. The extent of these changes frequently
results in modification, or a complete redesign of the cradle, as it is an integral component to the

suspension and driveline systems of a vehicle. Often, these changes are executed without proper
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engineering input, resulting in an unoptimized structure with respect to weight, stiffness, and
strength. An example of this is shown in Figure 8, where the front cradle for a Mazda Miata was

cut and welded to package a larger engine.

Figure 8: Stock [80] versus modified [81] cradle for Mazda Miata

There are even complete aftermarket cradle assemblies available with quantitatively high quality
of manufacture. However, it is often not stated how much engineering was conducted throughout

the development of these parts.

Figure 9: Stock (left) versus aftermarket cradles (right) for Toyota Supra [82]
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As a matter of fact, the lack of proper engineering of aftermarket parts is a huge issue. Automotive
manufacturers spend years in vehicle development, and individual parts undergo a thorough
engineering process that involves a significant amount of analyses, design, and validation through
testing on a component or vehicle level basis [83]. There are many reputable companies that
manufacture aftermarket parts using proper engineering tools and methodology [84] but many
more that do not. The manufacturing of improperly engineered parts can lead to premature
failure or constitute a danger to the vehicle operator and to the public in general [85]. With major
structural components of the vehicle, the consequences can be disastrous, as shown in Figure 10,

where fatigue failure occurred on an aftermarket control arm after only 6,000 miles of use [86].

Broken Control Arm

= e -

Figure 10: Example of aftermarket control arm failure [86]

2.5 ECoCAR and UWAFT

As this thesis is using the UWAFT rear cradle as an example to outline procedures for developing
major structural components of a vehicle, some background on the team and its activities are
required for context. UWAFT is a student team at the University of Waterloo that has been
competing in Advanced Vehicle Technology Competitions (AVTC) since 1996 [87]. The AVTC

series provides a unique opportunity that challenges students to accelerate the development and
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demonstration of the latest automotive technologies to the US Department of Energy and the

automotive industry [88].

The current competition from this series is called the EcoCAR Mobility Challenge, which spans
four years and challenges 11 university teams to integrate new vehicle technologies to a 2019
Chevrolet Blazer. More specifically, teams are to implement advanced propulsion systems and
components that will enable SAE Level 2 automation and innovations in vehicle connectivity for
carsharing [89]. To meet the needs of the competition, UWAFT has implemented a custom hybrid
powertrain, requiring the integration of many new components and significant modification to
some components that were re-used. To facilitate this, General Motors (GM), as one of the largest
sponsors of the competition, donated the vehicles and provided necessary engineering data and

support for the conversion.
2.5.1 Vehicle and Rear Cradle Assembly

The powertrain architecture implemented on the Blazer is known as a parallel-through-the-road
hybrid. This type of hybrid system involves two separate propulsion systems, a conventional
internal combustion (IC) powertrain driving the front wheels and an electric (EV) powertrain
driving the rear wheels [9o0], as shown in Figure 11. Through availability from competition, risk
assessment, and modeling & simulation, UWAFT selected components that would make up these
powertrains, one of which is the e-axle, which is an integrated motor and transmission [91]. This
e-axle is known as the EDU4 and supplied by American Axle & Manufacturing Inc. (AAM), a
company that supplies driveline solutions to automotive manufacturers [92]. As a matter of fact,
AAM is an original equipment manufacturer (OEM) for Jaguar, and the EDU4 is used on both the

front and rear axles for the I-PACE, which is Jaguar’s first production EV [93].

22



Front

Fuel E10

Engine GM 2.5L LCV

Transmission GM M3D GF9

Motor AAM EDU4, 150kW, 346Nm

Motor gear reduction | Single Speed, 9.04: 1
ESS HDS ESS, 346 V, 121kW

Legend _I I_ Clutch

Electrical
Connection
—
Mechanical

Single-5pesd Right-Angle Connection
Gear Reduction  Differential

Fuel
Conngection

Rear

Figure 11: UWAFT Blazer Propulsion Architecture [94]

To integrate the e-axle to the Blazer’s rear axle, significant modification will need to be performed
to the rear cradle and any other components that could interfere. However, these modifications

must suit the needs of the team and meet the requirements set by the competition.
2.5.2 Relevant Rules, Regulations, and Guidelines

As the UWAFT Blazer is being built for the EcoCAR Mobility Challenge, there are a set of rules
and regulations that must be followed for the vehicle to be deemed legal to compete. All of the
rules pertaining to development of the rear cradle fall under the Non Year-Specific Rules (NYSR),
which dictate matters that relate to vehicle development and safety, competition support, as well

as general scoring, cost, and penalties. A summary of the relevant rules are listed in Table 1.
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Table 1: Summary of relevant rules for new rear cradle [95]

Rule Summary

The ground clearance requirement for
G-2.1 Static Ground Clearance
competition vehicles is 7 inches or greater

Sharp edges or protruding parts must not be
G-3.11 Crashworthiness pointed at fuel tanks, battery boxes, fuel

lines, or HV lines

G-8.2 Vehicle Mass, Mass Distribution, and Maximum vehicle mass and mass

Centre of Gravity distribution limits

Coot Drill Size and spacing limits of drilled holes into
-9.1 Drilling
critical structural areas (includes cradle)

o Critical fastener requirements for positive
G-9.3 Critical Fasteners _ . _
locking and torque specifications

G-9.4 Welding General welding requirements

H-1 General Guidelines for Structural ' '
General requirements for waiver process

Modifications and Waivers

H-2.2 Suspension Modifications Allowable suspension modifications

H-3.2.1 Rear Cradle Modifications Allowable modifications to cradles

. Structural requirements for propulsion
H-3.6 Propulsion System Mounts
system mounts

Documentation requirements for structural
H-4 Structural Waiver Process Description
waiver

Some of the rules are rather simple. For example, with respect to G-2.1, the team must ensure that
the new rear cradle and any related components do not go below the 7 inch ground clearance
limit at static ride height. To ensure the new rear axle achieves this goal, a plane can be defined in
CAD at 7 inches off the ground, and designers must ensure none of the components mounted to

the vehicle go below this plane.
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However, there are other rules that have strict requirements and processes, most notably in
section H. Section H-1 mentions that a structural waiver is required when any structural part is
modified or when new structural elements are implemented. As defined by NYSR, a waiver is a
document which outlines any proposed subsystem or vehicle changes allowed within the safety
and technical requirements of competition rules. Section H-4 outlines the general structural
waiver process; however, as most teams are implementing parallel through-the-road hybrid
systems, rear cradle modifications are expected. As such, competition has provided guidelines for
the rear cradle waiver in the form of a specific process for cradle development, supporting

documentation and engineering data, and ability to consult with GM engineers [96].
2.5.3 Previous Cradle and Waiver Introduction

At the time of writing this thesis, UWAFT has already integrated the e-axle using a first iteration
of a custom rear cradle, as shown in Figure 12. This design is known as the 2019 cradle when
further references are made to it within this thesis, and was designed by the author of this

document.
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Custom 2019 Cradle

Figure 12: Integrated rear cradle assembly, consisting of the e-axle and all associated

components with the 2019 cradle

Passing the cradle waiver requirements involves extensive finite-element analysis (FEA), which is
a software tool that can predict stresses applied on a part as a result of input loads and
constraints. To start, GM provided all teams with a baseline FEA model of the stock rear cradle for
the Blazer and teams were to re-run this model and ensure that obtained results matched with
what GM provided. Doing so validates the FEA software used, as there is a potential for results to

vary with different solvers.

The next step was to integrate the e-axle in CAD, which involved considerations such as e-axle
placement and packaging of e-axle interfaces such as high-voltage (HV) connectors, halfshafts,
and e-axle mounts. Instead of manufacturing an entirely new cradle, UWAFT elected to modify
the stock cradle as there was sufficient clearance for the e-axle so long as the front member was
revised. Various designs were initially created, considering the manufacturing methods available

to the team, and these are shown in Figure 13.
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Figure 13: Various early cradle designs, showing the front member designs iterated for the

2019 cradle

FEA studies were conducted on all of these different cradles with varying degrees of success. In
essence, the requirement set for the waiver were that global stresses in the cradle could not
exceed those of the baseline model for each of the loadcases provided. Additionally, as the cradle
serves as the mount for the e-axle, the structure must meet 8g vertical and 20g horizontal loading
requirements as defined in NYSR H-3.6. Numerous designs were tested, iterating between revised
geometry in CAD, and structural analysis conducted in FEA. Eventually, UWAFT finalized a
design that passed the stress requirements set by GM. The last step in the waiver process was to
generate a document highlighting the required modifications to the cradle, any changes to the
input loads due to the addition of the e-axle, and the FEA results. Formatting requirements are

mentioned in NYSR H-4.5, which the team closely adhered to.

The next step was to physically modify the cradle. To minimize downtime of the vehicle, the team
opted to order a brand-new cradle, so modifications could be performed in parallel to keeping the
vehicle operational. As this cradle was designed to be manufactured in-house, traditional

manufacturing tools such as machining, water jetting, and welding were used to perform the
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modifications required, as shown in Figure 14. The final weight of the 2019 cradle was 23.5 kg,

which was 7.8% heavier than the cradle original to the vehicle, at 21.8 kg.

\

2019 Cradle

Figure 14: 2019 cradle modifications in progress

After modifications were performed, the cradle was then installed to the vehicle along with all of
the surrounding components such as the e-axle, cooling lines, halfshafts, and bushings, as shown

in Figure 15.
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Figure 15: E-axle and 2019 cradle mounted to the UWAFT vehicle
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Chapter 3

Fatigue and Maximum Stresses

One of the most important considerations with the design of structural components is fatigue and
resultant stress targets. As such, this chapter will introduce the concept of stress and strain, how
fatigue plays a major role in setting stress targets, and how these targets were set specifically for

the cradle.

3.1 Introduction

Every object in the world is subjected to a force — whether this is the force in a rope being pulled
apart in a game of tug-of-war, the force of your hand gripping around a baseball, or even the
gravitation force pulling any object with a mass towards the ground. The amount of force an
object can withstand is typically proportional to its cross-sectional area, so for ease of comparison
between different objects and materials, the term stress was coined, which is defined as the force
per unit area [97]. Similarly, materials deform when stresses are applied, so strain is defined as the
change in length divided by the original dimension [97]. As stresses generally increase
proportionally with strain, they are plotted against each other to create a stress-strain diagram, as

shown in Figure 16.
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Figure 16: Example stress-strain diagram [98]
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Stresses applied to a material cause a corresponding amount of strain. If the stress is removed and
the strain correspondingly goes back to zero, the material is physically unchanged; this region is
known as the elastic region [97]. However, large amounts of stress may cause strains not to
disappear when removed, so the material has been physically altered; this region is known as the
plastic region [97]. The stress level at which the elastic region transitions to plastic is known as
the yield strength, with the peak level of stress being known as the ultimate tensile strength
(UTS). Further increases in stress beyond the UTS result in fracture of the material and thus

failure of the component.

However, materials can fail at stress levels well within the elastic region if repeated loading is
applied - this phenomenon is known as fatigue. Essentially, tiny cracks form in a material and
grow with cyclic load [97]. As numerous components within machinery such as aircraft or
automobiles are subject to cyclic loads, fatigue is the limiting factor in maximum stress, and this is
one of the most important considerations in designing a new rear cradle. Similar to the stress-
strain diagram, there is a fatigue diagram known as the S-N curve, which defines stresses in
conjunction with cycle count [33]. Logically, allowable stresses decrease with increasing cycle
count as cracks grow, as shown in Figure 17. Therefore, similar to the stress-strain diagram, the
fatigue S-N curve can be used as a tool for designing components to obtain an allowable stress

level for the corresponding cycle count.
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Figure 17: Example fatigue S-N curve [33]
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The importance of considering fatigue in the design of the rear cradle cannot be understated. The
average age of privately-owned passenger vehicles in the United States as of 2018 is 11.9 years for
an estimated total of 154,874 miles accumulated throughout ownership [99]. It is not uncommon
to encounter a few speedbumps or potholes while driving, so any suspension components such as
control arms or cradles must bear these loads. Given the length of vehicle ownership and mileage
accrued, one can only imagine how many cycles these components undergo. As such, fatigue is
one of the most important considerations in the design of many load-bearing automotive

components.
3.2 Competition Waiver Requirements

As the importance of fatigue is now well understood in the context of the rear cradle, there is a
need to understand how competition requirements have taken this into account. As previously
mentioned, there is a waiver process for the rear cradle which outlines the processes and
procedures set by GM in developing this component [96]. A flow chart for this waiver process is

shown in Figure 18.

Perform FEA
Comparison to
GM Baseline
Model

Send to GM for
Verification

Meets Stress
Requirements?

Design Change
Approved

4

[ Revise Designh

Figure 18: Competition waiver process flow chart [96]

GM has gone through the fatigue calculation process and defined a stress level that cannot be
exceeded for each of the provided loadcases. Additionally, GM has defined nine specific loadcases
that altogether capture the most damaging driving scenarios, such that if these requirements were
met, the cradle should last the life of the vehicle. The pass/fail criteria is straightforward - if the
calculated stresses exceed the requirement, the design must be revised; conversely, if the stresses

are lower than the requirement, the results are sent to GM to be reviewed.
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Table 2: Maximum permissible stresses for competition waiver

Stress Limits* (MPa)

Loadcase

Parent Heat-Affected Zone

Tw];)u\;anll)eel 382 380
Twist LH 403 392
Twist RH 404 397
FWD Braking 397 375
REV Braking 365 323
Cornering LH 328 313
Cornering RH 345 337
FWD Accel 429 405
Rev Accel 312 286

*Note: Placeholder values shown due to confidentiality - values depicted are within 30 MPa of
those provided by GM, and represent peak stress values that cannot be exceed

However, it’s important to note that these maximum stresses were defined for high-strength alloy
steel. If a similar material were to be used, these stress targets can be retained; however, as fatigue
properties vary with differing materials, new stress targets will have to be developed if a different

material is chosen.
3.3 Material Selection

With a completely new rear cradle, there is opportunity for extensive weight savings with
choosing a new material. As such, this decision would dictate whether the existing stress targets

could simply be reused or if new targets must be developed.

The first decision was which general type of material to use. An overview of materials used in
structural automotive applications was provided in section 2.3.4, which outline the three main
categories — metals, plastics, and composites. There are many considerations to account for when
choosing a material, and the rear cradle is no exception to this Typically, a decision matrix would
be generated and the differing materials compared with respect to categories such as
manufacturability, availability, strength, stiffness, and cost. However, the waiver process, coupled
with the decision from the team as well as general logical thought processes, ruled out the need
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for using one to decide at this stage. Figure 18 shows the rear cradle waiver process; however,

Figure 19 shows the material modelling process for the general structural waiver glidepath.
( Continue with
L Analysis

Perform Material
Testing and Build
Material Card

Is Material
Modelling
Adequate?

Figure 19: Material modelling process for general structural waiver
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Essentially, unless the proposed material is aluminum or steel, physical material testing must be
performed to obtain material properties and compared to analysis results. If there is inadequate
correlation, more material testing and model tweaking is necessary, and the cycle is repeated until
modelling matches results, at which point analysis can continue. It is stated in the rules that the
purpose of these processes was to allow for accurate analysis in the case of anisotropic materials
such as composites or 3D printed plastics [95]. As a matter of fact, as long as the material is
isotropic with known material data, physical material testing and building a material card is not
needed. As this is the case, it was determined that choosing an exotic material and creating its
material card was not the correct choice. The big issue with doing so is time and resources, as

physical testing of a material and correlating the results back to a model is very time consuming
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and takes a significant amount of effort. As such, the use of composites and 3D printed plastics

were automatically eliminated.

This decision left the choice of either metal or plastics with isotropic properties. Generally,
plastics with isotropic properties use manufacturing methods such as injection or blow molding,
which are mass production methods not suitable for the rear cradle [100]. In contrast, 3D printed
plastics are generally anisotropic due to the manufacturing techniques used - for example, fused-
deposition modelling (FDM) printers extrude molten plastic in multiple layers that result in
differing tensile strengths for a given direction due to bonding between layers [101].
Stereolithography (SLA) is an isotropic 3D printing technology [101]; however, it is extremely
expensive, especially for a large component like the rear cradle [102]. Consequently, it was

determined that the ideal material choice is metal.

The next step was to determine the type of metal to be used. The four primary metals used in
structural components of a vehicle are steel, aluminum, titanium, and magnesium [103].
Manufacturability, strength, weight, and fatigue were classified with utmost importance due to
the low-volume production requirements, structural waiver requirements, and the primary goal of
minimizing weight. Next was corrosion resistance, as the vehicle will be used in harsh winter
conditions for many years, so it is important to use a material that will not degrade over time.
Cost was next, as small shops or teams such as UWAFT have budget constraints; in this case
UWATFT has set a limit of $3,000 CAD for this project as detailed in section 4.3.2. After was
availability, as it is possible to order from external vendors with longer lead times as long as the
project is planned accordingly. Lastly is stiffness, as there are no stiffness requirements in the
waiver. After analyzing all of these properties for all materials, a decision matrix was compiled, as
shown in Table 3 [104]. In the end, it was decided that aluminum would be used to build the new
rear cradle. As a matter of fact, the use of aluminum in the automotive industry is becoming
increasingly widespread due to its high strength to weight ratio, relatively low cost, availability,

and corrosion resistance, and it was for these reasons that this material was selected [38].
Table 3: Metal material selection decision matrix [38]
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Category (Tot. Points) Steel Aluminum Titanium Magnesium

Manufacturability (5) 5 5 3 3
Weight (5) 1 4 3 5
Fatigue (5) 5 4 5 5
Strength (5) 5 4 5 2
Corrosion Resistance (5) 2 5 4 3
Cost (4) 4 3 1 1
Availability (3) 3 3 2 1
Stiffness (2) 2 1 2 1

Placement (Tot. Points) | 2" (27) 1°t (29) 3" (25) 4™ (21)

The last step was to decide exactly which grade of aluminum would be used. It is expected that
low-volume production methods such as machining, welding, and forming are to be used.
Additionally, it may be desired to heat treat the cradle after welding to eliminate weak spots in the
HAZ. Table 4 depicts all the grades of aluminum and their general machinability, weldability,

formability, and heat treatability characteristics [105].

Table 4: General aluminum grade characteristics, with ‘X’ marking off feasibility [105]

Category (Tot. 1000 2000 3000 4000 5000 | 6000 | 7000
Points)

Machinability X X X X X X
Weldability X X X X X
Formability X X X X X X

Heat Treatability X X X

As shown, the only grade of aluminum that meets all needs is the 6000 series. Investigating the
material properties further, as a matter of fact, 6061 aluminum is the most versatile and widely
used of heat treatable aluminum alloys [105]. Furthermore, the T6 temper of aluminum has the
highest yield strength and can be heat treated back to this temper post-weld [106]. Therefore, the

chosen material for the rear cradle is 6061-T6.
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3.4 Mileage Target

As new stress targets needed to be developed due to the new material the first task was to
determine a target mileage, since this would form the basis for calculating the cycle count of each
loadcase. The target mileage was derived from length of vehicle ownership as well as accrued
mileage for each year owned. Oak Ridge National Laboratory (ORNL) has conducted extensive
data analyses on the energy sector, that includes detailed studies on consumer vehicle ownership
statistics. In particular, one of their studies outlines the likelihood of a vehicle to be scrapped, at a
given age. At 15 years, roughly half the vehicles of that age are disposed or sold for parts, so

accumulated mileage was calculated over the 15-year period [99].

In addition, ORNL publishes data on estimated annual miles of travel for consumer vehicles. This
starts at 13,843 miles with a new vehicle, tapering all the way down to 5,358 miles for a vehicle that
is 30 years old. The total mileage target can thus simply be computed by adding mileage for the
first 50" percentile of survival, or 15 years, which results in 192,726 miles or 310,163 km [99]. As

such, it was determined that cycle counts of the nine loadcases would be derived for this mileage.

Vehicle Age versus Accrued Mileage
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Figure 20: ORNL data for vehicle age versus accrued mileage [99]
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3.5 Loadcases

Now that the mileage target was known, cycle counts for each of the nine loadcases, as shown in
Table 2 could be derived. However, before direct calculations for each loadcase can be conducted,
the distribution between city and highway driving must be known since certain scenarios are only
observed with either type of driving or distributed unevenly between the two. Once again, ORNL
has conducted studies on this, and as of 2017 consumer vehicles spend on average 44.3% of road
mileage on the highway, with the remaining 55.7% spent in an urban environment. With this

distribution defined, calculations for each loadcase could then commence.

The first loadcase was two-wheel bump, which is where both wheels on a single axle undergo
compression simultaneously. Brainstorming various types of driving scenarios led to two main
contributors, which were driving over speed bumps and railway crossings, as these obstructions in
the road surface are consistent and completely perpendicular to the path of travel. As speed
bumps are only present in urban environments, the total number of speed bumps driven over can
be computed by calculating the speed bumps per given distance in a city and extrapolating. In this
case, the city of Toronto was used, which has 2,400 speed bumps [107] in 5,358 km of urban road
[108]. With the full city mileage target known, this extrapolates to 77,384 speed bumps for the life
of a vehicle. Similarly, there are 102 railway crossings [109] for the same length of road, so there
are 3,288 railway crossings for the designed life of a vehicle. Therefore, the total number of two-

wheel bump events is the sum of both scenarios, which is 80,673.

Next are the left-hand and right-handed twist cases, which are due to both driveway entries and
exits, as well as potholes, as they are driven over with one tire. Number of driveway entries and
exits can be calculated by total number of trips. Once again, ORNL had data on this, which
indicated that the average mileage of a trip was 10 miles, or 16 km [99]. With a total of 310,163 km
for the life of a vehicle, the resultant number of trips is 38,545. Assuming one entry and one exit
per trip, this equates to 38,545 driveway events. With respect to potholes, there is data that
indicates a total number of potholes in the United States as 55,961,000 [110]. With 4,180,000 miles

or 6,727,041 km of road [111], that equates to 8.3 potholes per kilometer. This in turn results in
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2,580,190 potholes throughout the full life of the vehicle. Therefore, the total number of twist
events are 2,618,735. Assuming an equal distribution to the left and right sides, it is 1,309,367 for

the left and right sides each.

Next are the dynamic driving cases, namely the accelerating, braking, and cornering cases. It is
assumed that the cycle counts are equally distributed between the acceleration and braking as
well as left and right-handed cornering. The forward acceleration and braking cases could be
computed by number of stops at a traffic signal, which were only present in urban environments.
The City of Toronto shows that there are 2,376 traffic signals in Toronto [112]. Coupled with the
5,358 km of urban roads mentioned earlier, that would be a traffic light every 2.25 km. If it is
assumed that every traffic light is a red, this results in 76,611 acceleration and braking events each.
Reverse acceleration and braking are assumed to be due to backing out of parking spots, which is

the same value as number of driveway entries and exits. As such, this equates to 38,545 each.

Lastly are the cornering cases, which is indicative of the vehicle turning left or right. However,
hard cornering events are not common for the everyday driver, so instead, this value was
computed from a team perspective of testing of the vehicle. It was estimated that there were on
average 4 testing sessions per month for 12 total months of testing making for a total of 48 testing
sessions per life. In each testing session, it was conservatively estimated that there were 30
autocross laps for each testing session. The SCCA course design book defines an average of 35
cornering events per lap [113], therefore the number of hard cornering events for life is 50,400

total, or 25,200 for the left and right sides each.
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Table 5: Tabulated cycle counts for the nine loadcases

Loadcases Cycles
2 Wheel Bump 80,673
Twist LH 1,309,367
Twist RH 1,309,367
FWD Accel 76,611
FWD Brake 76,611
Cornering LH 25,200
Cornering RH 25,200
REV Accel 38,545
REV Brake 38,545

Table 5 lists the cycle counts calculated for each loadcase. At this point, the next step would have
been to translate these values to stress targets. However, as GM is responsible for inspecting
waiver submissions, it was only customary to go over these results with them as a double-check.
After consultation, their representative stated that these values were quite accurate, and suitable

as competition requirements [114].
3.6 Stress Targets

As cycle counts for each loadcase were finalized, completing the objective of obtaining stress
targets could be performed. As previously mentioned, the chosen material is 6061-T6 aluminum,
which has known fatigue properties. A linear S-N curve can be generated using Equation 3.1, with
A and B as material constants, Nfas number of cycles and o, the stress target [33]. It should be
noted that a linear S-N curve is inaccurate with low-cycle fatigue, which is typically less than
10,000 cycles [33]. However, all the cycle counts to be translated to stress targets were in excess of

this value, so this was not an issue.
oq = ANF (1)

The resultant stress targets are shown in Table 6.
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Table 6: Resultant stress targets for the nine loadcases

Loadcases Max Stress (MPa)
2 Wheel Bump 185
Twist LH 127
Twist RH 127
FWD Accel 186
FWD Brake 186
Cornering LH 211
Cornering RH 211
REV Accel 201
REV Brake 201

With the target stresses known, the next step was to define other requirements such as clearance,

geometry, and manufacturability before proceeding with design iterations.
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Chapter 4

Designh Requirements

With the primary structural requirement defined, other design requirements need to be generated
to start development of structural components for low-volume production. This can include
requirements for packaging and interfacing with associated components, manufacturing methods

available, as well as budgetary constraints.

With respect to the cradle specifically, this includes mounting requirements for the e-axle, such as
its relative position to the cradle and the vehicle, overall stiffness of the cradle to ensure

suspension compliances are within a reasonable range, manufacturing, and budget.
4.1 Geometrical Requirements
4.1.1 Geometry

The first requirement to investigate was geometrical, which were considerations that pertain to
components integrating with the rear cradle. Primarily, these include the four attachment points
to the body, all the attachment points to the suspension members, as well as the four attachment
points to the e-axle. Figure 21 shows all of these attachment hardpoints using the 2019 cradle as an

example.
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I Suspension Hardpoints I

Body Hardpoints

Motor Hardpoints

Figure 21: Body, suspension, and motor attachment hardpoints on 2019 cradle

Per competition rules, body and suspension hardpoints cannot be altered [95]. Therefore, the new
cradle must replicate these interfaces in order to assemble with the stock vehicle body and
suspension members. However, as the e-axle is a team-added component, there were no

restrictions on its location, so emphasis was placed in determining this.

The first consideration for e-axle location was to account for all of the interfaces it has, to
successfully integrate it to the vehicle. Although physical size is an obvious constraint, there were
many interfaces that have specific requirements. For example, with electrical wiring, there must
be ample room to access connectors, and harnesses have minimum bend radiuses according to
wire gauge. Similar to electrical, the liquid cooling ports have quick-connect fittings that must be
serviceable, and the cooling lines must be routed to avoid kinks. There must also be space to route
hose and small filters for vent ports, and with the halfshafts, there must be adequate space around
the output splines of the e-axle and clear line of sight to the outboard hub. Lastly are the
mounting bushings, which are from the I-Pace and thus capable of dampening any NVH
produced. As the mounting bushings are directly installed to the cradle, it was therefore
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important that the new design have an interface to allow for this. Figure 22 shows all of the

required e-axle interfaces, colour-coded and labelled by type as described above.

AAM EDUA4 Interfaces
Low-Voltage | High-Voltage | Halfshafts Cooling

Figure 22: E-axle interfaces, colour-coded by type

Next was the orientation. Although the e-axle is relatively consistent in its shape of a large
cylinder, there are some odd protrusions, such as the HV connector interface, as shown in Figure
22. As such, it may be ideal for packaging to orient the e-axle in a specific direction.
Unfortunately, the e-axle’s vertical orientation as well as the orientation of its forward axis for
drive were defined by the AAM, and therefore the orientation of the e-axle was fully fixed [115], as

shown in Figure 23.
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Wi ) I Vehicle Forward Direction l

Figure 23: E-axle orientation, fixed by the supplier (AAM)

As the interfacing needs as well as the orientation of the e-axle were known, preliminary
integration studies could be conducted. The stock rear cradle was used as a reference to ensure
that there would be no interferences with the body or suspension hardpoints. With orientation of

the e-axle fixed, the only remaining freedom with geometry was its location relative to the cradle.

First, was its position relative to the centre plane of the vehicle, which was rather quick to
determine. Although the e-axle was relatively large, there was still ample space with the
suspension hardpoints, as shown in Figure 24. As such, it was simply located at the centre of the

vehicle, ensuring the halfshaft lengths were equal to minimize any left to right torque variation
[116].
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Anti-Roll Bar
Extra Space

Figure 24: Left to right positioning of the e-axle, showing ample space on either side

Next was vertical positioning, which was also rather quick to determine. In this direction, the
integration window was rather narrow, as shown in Figure 25. Any higher would impede on the
body of the vehicle and any lower would impede on ground clearance. As such, vertical

positioning was fixed as packaged.

S g

Upper Limit /

Figure 25: Vertical positioning of the e-axle, showing the narrow window for positioning

as depicted with the dashed lines
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Lastly was front to rear positioning. Once again, there was quite a bit of freedom in this, as
pushing the e-axle forwards or backwards did not impede on body or suspension mounting
points. Therefore, the e-axle was located such that the halfshaft angles were minimized for

maximum efficiency [117], as shown in Figure 26.

E-Axle Spline

ﬁ I Outboard Hub Spline

-l o

Centre-Centre Distance |

Figure 26: Front to rear positioning of the e-axle, showing the small distance between the

e-axle and outboard hub spline centres in green
4.1.2 Clearance

As the e-axle positioning was finalized, the next step was to consider clearances to the e-axle. As
mentioned in the previous section, ample clearance to all the e-axle interfaces were required for
ease of maintenance as well as general installation. This would include not just ensuring no
interferences between interfacing components and the cradle but also clearance for tools,
fasteners, as well as general access by technicians. Tool clearance can be checked by using

standardized tool clearance charts, an example of which is shown in Figure 27.
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Figure 27: Example wrench clearance diagram with surrounding material in part [118]

Fastener and general access can be checked by looking at exploded views in CAD as well as taking
general measurements to ensure ample hand access. However, clearance checking with the e-axle
in its nominal position does not capture the full picture, as it is mounted through bushings. These
bushings are made from rubber in order to isolate NVH transmission to the cabin. However, being
made from such a flexible material also means that the e-axle can move nontrivial amounts
relative to the cradle, which must be accounted for as it could cause temporary interferences with
interfacing components. As shown in Figure 28, bushings are designed with a specific target
stiffness and typically have voids to allow for movement. Bump stops are also present at the walls
to provide a hard but cushioned stop as the bushing reaches the end of its travel [119]. Therefore,
it was crucial that the e-axle be moved throughout the full range of bushing travel while checking

for interferences between the e-axle, cradle, and all interfacing components in CAD.
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Bushing Voids

Figure 28: E-axle bushing, showing the voids for movement, and bump stops to limit
4.2 Other Structural Requirements
4.2.1 Strength

Although stress targets were defined as a result of fatigue calculations in Chapter 3, there were
still other targets that had to be considered. As mentioned in section 2.5.3, the cradle must also
meet 8g vertical and 20g horizontal loading, per NYSR H-3.6 [95]. Additionally, these
requirements are under conditions with a safety factor of 1.5 while ensuring the structure does not
undergo plastic deformation. In other words, the target stress can be calculated with equation 4.1,
where oris the target stress, oys is the yield stress of the material, and SF is the safety factor.

_ Ovs (4.1)

°TTSF

Consequently, with a yield stress for Aluminum 6061-T6 of 276 MPa and a safety factor of 1.5, the
resultant target stress was 184 MPa [120]. As the 8g and 20g loads were defined for propulsion

system mounts, in the case of the rear cradle it was defined as the mount for the e-axle. The total
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force was distributed equally amongst the four mounting points with this sum being defined by

equation 4.2. F is the total force, m is the mass of the e-axle in kg, and n is the g-force multiplier.
F=mxnx9.81 (4.2)

As the mass of the e-axle is 74 kg, with 8g and 20g loads this equates to 5,808 N and 14,519 N
respectively. In summary, with these forces distributed amongst the mounting points, the

calculated stresses in the new cradle cannot exceed 184 MPa.
4.2.2 Stiffness

Stiffness was another structural requirement for the rear cradle, though not officially defined as
part of the cradle waiver process. As the rear cradle serves as the primary connection from the
suspension members to the body, a certain level of stiffness to maintain suspension geometry as
designed was needed. In fact, companies have developed special testing apparatus and procedures
to measure suspension deflection throughout the full range of travel - these are known as
Kinematic and Compliance (K&C) testers [121]. The suspension members essentially define how
the wheels of a vehicle move relative to the body, and any flexibility in the system will cause the
path of the wheel to deviate from what was designed. When designing a vehicle, system-level K&C
targets are defined, which are then broken down into component-level targets [121]. Discussions
with GM were held to obtain these values; however, due to NDA, these could not be listed in this
document [37]. As a matter of fact, with the original modified cradle, deformations were
negligible, especially since rubber bushings for NVH were the major contributor in compliances.
However, defining this stiffness limit was still necessary in the case deformations were large, so

GM defined the simple target of staying within 1 mm of deflection for all suspension hardpoints.

With respect to any structural component, defining stiffness targets can follow a similar thought
process like the cradle. If excessive deflections are detrimental to the vehicle’s operation, it would

be necessary to investigate the degree of deflection permissible.
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4.3 Manufacturing Requirements

With low-volume production parts, limitations with resources result in restrictions on the
manufacturing methods that can be used. As the rear cradle was a one-off prototype build done by
a student team, manufacturing methods were constrained. For example, it simply was not feasible
to forge certain parts of the cradle, as forgings only make financial sense when mass produced due
to the high initial startup cost [122]. Additionally, the team wanted to restrict cradle fabrication
strictly in-house to keep costs low. Therefore, this section covers the manufacturing processes

available to the team as well as the allowable cost.
4.3.1 Fabrication Methods and Limitations

To expand on the previous section, restricting fabrication to the tools available at the school was a
decision made to minimize cost. However, manufacturing processes were not limited by this, as
the school has quite the array of tools available in the machine shop. Table 7 lists the various
manufacturing methods available for aluminum, marking down availability in the machine shop,

as well as viability for low-volume production [123] [124].

Table 7: Availability and viability of various manufacturing methods, with X’ marking the

manufacturing methods that are available and viable

Method Availability in-house | Viability for low-volume production
Hand Fabrication X X
Machining X X
Welding X X
Casting
Forging
Extruding
Sintering
3D Printing X
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It was evident that traditional manufacturing methods such as hand-fabrication, machining, and
certain welding processes were both available and viable while casting, forging, extruding, and
sintering were not. Metal 3D printing is a new, low-volume production technology capable of
creating complex geometry with isotropic material properties [125]. However, it is an expensive
process and outside help would be needed. Therefore, the manufacturing technologies used were

restricted to fabrication, machining, and welding.
4.3.2 Cost

With producing one-off parts for a student team, cost was an obvious concern. Although the
allowed manufacturing methods were defined, some of them were more expensive than others, so
relying on high amounts of one method may not be viable. For example, heavy usage of CNC
machining could drive costs up significantly such that it is no longer a sound financial decision to

do so, given its potentially high cost [126].

After speaking with the project manager, the allocated funds for the rear cradle was $3,000
Canadian, based off the team’s budget for all projects. To keep costs low, CNC machining would
only be done as necessary, and the students could hand-fabricate or manually machine parts. As
the designs were iterated, shop technician hours were accounted for, with the cost of the final

design estimated through labour hours and hourly rates.
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Chapter 5
Topology Optimization

At this point, with the requirements for strength, stiffness, manufacturing, and cost defined, it
was possible to start design. The first step of this process was topology optimization, which uses
FEA to determine the most efficient structure of a component given design spaces, input loads,
and boundary conditions. At its core, the input loads and boundary conditions result in a stress
and strain imparted on each element in the design space, and elements with high stresses and
strains are highlighted whereas those with low values are not [127]. This tool allows the designer
to minimize mass while still meeting the design requirements of the part. However, as the outputs
are directly tied to the solver’s inputs, it is important to ensure that the input conditions are
carefully chosen and set. Figure 29 and Figure 30 show a topology optimization example of a brake
pedal, where the orange areas are the design spaces where the solver is allowed to iterate, and the

grey areas are the non-design spaces that cannot be modified.

Figure 29: Topology optimization design space example setup, with orange as the design

space, and grey as the non-design space [127]
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Figure 30: Topology optimization example result, with orange as the design space, and

grey as the non-design space [127]

The software used for pre- and post-processing was Altair Hyperworks, which is one of the most
common structural analysis tools available [128]. The solver was Optistruct, which is from Altair
and included with the team’s sponsorship with that company. All in all, the software used for

analysis is one of the most common in the industry and can be very powerful in the right hands.
5.1 CAD Geometry

The first step in creating a CAD model of the design spaces for the cradle was to compile all the
hardpoints of the suspension and driveline. These points defined the locations for all of the
suspension members and e-axle. Bushing and fastener mounting geometry were replicated in CAD
and positioned in exactly the same spot as those on the existing cradle. Figure 31 shows the 2019
cradle in magenta as reference, with the replicated geometry in grey. The resultant full replicated
CAD geometry is shown in Figure 32, which represents the non-design spaces that all interfacing

components attach to.
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2019 Cradle (Reference) Suspension Geometry

Bushing Can

Figure 31: Replicated bushing can and suspension geometry in grey, and 2019 cradle for

reference in magenta

Figure 32: Resultant non-design space CAD geometry, showing the suspension, e-axle, and

body bushing attachment points
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The next stage, along with where the majority of the work lied, was to create the design space. As
the design space dictated where material can be placed, it must not interfere with the e-axle, the

body, or any of the suspension components.

The first step was to create simplified solid models, which would represent the geometry of each
of these components and where the “keep-out” zones for the design space is. For example, the e-
axle could be simplified into a large cylinder plus a few other small shapes attached onto it, as
shown in Figure 33. In many cases, these keep-out zones were significantly larger than their actual
part, for example in Figure 34 the diameter of the zone is 120 mm, when the actual size of the shaft
is 28 mm. This was done to allow for sufficient clearance with surrounding components and

articulation, as some of these components move with the wheel.

Figure 33: E-axle keep-out zone in orange, with all associated components shown in grey
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Figure 34: Halfshaft keep-out zone in orange, with all associated components shown in
grey
Another consideration for these large keep-out zones was to allow for installation - for example,

to allow for the e-axle to assemble into the cradle, the bottom of the cradle has to be open to

facilitate this. Therefore, a very tall zone was established, to prevent any material from being

placed underneath the e-axle, as shown in Figure 35.
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Figure 35: Vertical keep-out zone for e-axle assembly into the cradle in orange, with all

associated components shown in grey

The next step was to use CAD to create similar zones for the suspension members. As the
suspension members move with wheel travel, these zones must account for that and be designed
accordingly. An example is shown in Figure 36, where it can be observed that the zone widens to
the left to allow for clearance as the toe link pivots. Keep-out zones for all suspension member on

one side is shown in Figure 37.
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Figure 36: Keep-out zone for left toe link in orange, with all associated components shown

in grey

Figure 37: Keep-out zones for left-side rear suspension in orange, with all associated

components shown in grey
59



At this point, all of the keep-out zones were complete. The next step was to use CAD to create a
box that would form the basis for the design space. This box was designed such that each of the
corners were at the bushings for the chassis and had similar height to the existing cradle. Figure
38 shows the orange design space box, with the original rear cradle in magenta, along with the e-

axle and suspension components in dark grey.

Figure 38: Isometric view of orange design space box, with 2019 cradle in magenta, and all

associated components in grey

Showing all bodies resulted in what is shown in Figure 39. Taking all the keep-out zones and

subtracting them from the design space box results in the shape shown in Figure 40.
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Figure 39: All compiled bodies shown for design space, before subtraction

Figure 40: Completed preliminary design space, obtained from subtracting the keep-out

zones from the design space box
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Careful inspection of the preliminary design space reveals sufficient clearance around the e-axle,
halfshafts, and suspension members. However, there were still small details missing, such as

missing holes for bushing and fastener access, as shown in Figure 41.

Missing Fastener Holes

Figure 41: Missing holes for e-axle mounting fasteners, with the orange design space and

green bushings for reference

After adding these holes and checking that the design space did not interfere with any
surrounding components, CAD was complete, and FEA could commence. The complete CAD

assembly is shown in Figure 42, where the design and non-design spaces are orange and blue,

respectively.
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Non-Design Space

Design Space

Figure 42: Completed CAD assembly, with the design space in orange, and non-design

space in blue
5.2 Initial Model Setup
5.2.1 Meshing

The next step was to import the CAD assembly into HyperWorks. Organization was key with
using HyperWorks, thus all CAD bodies and surfaces were organized into two component
collectors, design and non-design spaces, similar to how the CAD assembly was organized. Firstly,
the non-design spaces were meshed, following GM modelling guidelines for meshing quality and

size, as shown in Figure 43 and Figure 44 [129].
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Figure 43: Meshed bushing can in blue, and design space geometry in grey
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Figure 44: Meshed suspension mounts in blue
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Next, the design spaces were meshed, while ensuring the nodes facing the non-design spaces were
coincident to ensure transfer of loads between the two, as shown in Figure 45. The full mesh of

the design and non-design spaces are shown in Figure 46.

Design Space

X i .
== Non-Design Space

Figure 45: Ensuring coincident nodes between the non-design space in blue, and design

space in orange
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Figure 46: Meshed design and non-design spaces in orange and blue respectively

Lastly, rigids were required, to facilitate input of loads from loadcases to the structure. These were
done by creating a point at the geometric centre of the body, suspension, and e-axle mounting
points, and rigidly connecting them to the adjacent non-design nodes. This is a fairly common
practice with mesh setup, which is also mentioned in GM modelling guidelines [129]. Figure 47
shows this, where the rigids are in red, and the non-design spaces are in blue. The completed

mesh is shown in Figure 48.
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Figure 47: Rigids in red, tying into suspension hardpoints in blue
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Figure 48: Completed mesh, showing the design space, non-design space, and rigids in

orange, blue, and red respectively

With all the elements in the mesh, it was then possible to move onto setting other parameters

necessary for the analysis.
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5.2.2 Material and Optimization Targets & Constraints

After meshing, there were other inputs to the model that were required for it to run. Firstly, a
material needed to be defined, in this case aluminum, as previously mentioned. As this is a simple
linear static analysis, the only properties required were a Young’s Modulus of 69 GPa, Poisson’s

ratio of 0.33, and density of 2700 kg/m3 [120].

Next, optimization targets and constraints needed to be set. Optimization targets define what the
end goal of the analysis is, and constraints define set boundaries in which the defined property
cannot exceed. In this case, the only target was to minimize mass, as it was expected that
deformations in the hardpoints would be negligible, because there are rubber bushings which
have significantly lower stiffness than the cradle itself. The constraints were set to a maximum
global stress level for each of the g loadcases corresponding with the values set by the fatigue

calculations in Chapter 3.
5.2.3 Loads

After materials and optimization, loads for both components needed to be defined. The loads
were simply taken from the provided GM model, which was not totally accurate given the
significant increase in weight of the vehicle. However, after consultation with GM, the way the
waiver process was defined by rules means that passing the waiver with these loads would result

in a cradle that is structurally sound and safe for competition [32].

Another concern with loads were input loads to the cradle, imparted as a result of reaction loads
from the e-axle. Taking these reactions into account must be done, as they were not negligible. As
a matter of fact, the stock vehicle had a rear differential as shown in Figure 49, which input loads

to the rear mounts on the cradle that had to be removed, as shown in Figure 50.
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Figure 49: Stock rear differential and cradle in 2019 Chevy Blazer [130]
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Figure 50: Added loads from rear differential to stock cradle

The first step with calculating the input loads to each of the mounting points for the e-axle was to

consider what each of the loadcases represent. The 2-wheel bump case represents going over a
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speed bump or railroad tracks. From research, it was determined that maximum vertical
accelerations typically do not exceed 2g, therefore this value was used [131]. Driving over speed
bumps or railroad tracks are typically done at a consistent speed, so no other accelerations were
needed. Next were the twist loads, which represent entering or exiting a driveway. Once again,
this is done at typically low speeds, with minimal acceleration, so only 1G vertical load was needed

due to gravity.

The braking, cornering, and accelerating loadcases were different. A typical SUV can get close to,
but not exceed 1g for each of the three loadcases, so these values were used as a conservative
estimate for all [132]. However, with acceleration and braking, there is additional load due to
torque output from the e-axle, either from full forward thrust or maximum regenerative braking.
The forces at each of the mounting points were calculated by taking the peak torque of the e-axle
at the output shafts and dividing it by the moment arm length to the centres of each mount. A
summary of the added loads from the e-axle are listed in Table 8, and Figure 51 is a diagram that

shows the added loads from the forward acceleration loadcase. Detailed calculations are included

in Appendix A.
Table 8: Added loads from e-axle
Loadcase E-axle Loads
2 Wheel Bump 2G vertical bump
Twist LH 1G gravity
Twist RH 1G gravity

FWD Braking 1G gravity + 1G decel + 351 Nm rev motor torque loading

REV Braking 1G gravity + 1G accel + 351 Nm fwd motor torque loading

Cornering LH 1G gravity + 1G LH cornering

Cornering RH 1G gravity + 1G RH cornering
FWD Accel 1G gravity + 1G accel + 351 Nm fwd motor torque loading
Rev Accel 1G gravity + 1G decel + 351 Nm rev motor torque loading
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Figure 51: Side view diagram showing all the e-axle loads due to forward acceleration

To minimize computation time, the 8g and 20g loadcases as required by competition rules were
excluded from the optimization. During the design phase of the 2019 cradle, it was observed that
resultant stresses from these loadcases were an order of magnitude lower than the stresses due to
the GM loadcases. Therefore, it was assumed that the ideal design for the GM loadcases would
have minimal issues with passing the 8g and 20g loadcases, and thus these were not needed for

optimization.
5.3 Initial Results

With all the inputs for the topology optimization defined, it was at this point the first analysis
study could be conducted. A couple things to note are the intricacies of the solver and the results.
The topology optimization method utilized was the element density method, which essentially
varies the density of the material according to where it should ideally be placed. As such, the
resultant shape was extracted by only plotting above certain element densities, and the colours
represent the densities of the displayed [133]. Results from the initial optimization are shown in

Figure 52.
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Figure 52: Initial topology optimization results, showing element densities >0.15

It was observed that the initial shape and element density plot results were not meaningful.
Element densities were extremely low throughout most of the part, with the only high spots in
areas adjacent to the non-design spaces. However, the primary issue was not having any
connections between all of the separate non-design space bodies, so there is no clear visualization
for the ideal load path for the most efficient structure for the GM loadcases. As such, some
investigations needed to be carried out to check if there were other inputs or settings that could

be changed to yield usable results.
5.4 Adjustments

There are numerous settings for topology optimization that allow a designer to target parameters
such as mass minimization or stiffness maximization. Additionally, there are various settings to
allow a designer to account for manufacturability, for example the draft setting in Optistruct
prevents the software from producing geometry that may create undercuts that are hard to

machine, as shown in Figure 53 [134].
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Figure 53: Example visualization showing difficulty of machining an undercut [135]

One of the first settings to be tweaked for the rear cradle was the minimum and maximum
member size, which had a drastic positive effect. Setting a constraint on the size of members
effectively tells the solver that groups of elements can only be together within that range, rather
than distributing load throughout as many or as little elements as desired. This more closely

reflects a fabricated part, where sheet or tube are joined together.
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Figure 54: Revised results with member size constraint, showing element densities >0.35
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Figure 54 shows the revised shape, as a result of adding member size constraints. As shown, the
plot is a lot more meaningful, and in a form factor that could be fabricated. However, as observed
in Figure 55, there were still connection issues between some of the e-axle mounts and the rest of
the structure. This meant that there was little load transfer from the e-axle input loads to the

cradle, so more revisions were needed.

I E-Axle Mount Connection Issues I
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Figure 55: Disconnects from e-axle mounts to rest of structure

The next setting was to delete a few of the stress constraints. Since all nine GM loadcases were
input, the solver has to compute for all loadcases, which takes a significant amount of
computation time and makes it more difficult for the solver to arrive at a feasible solution.
Therefore, only five of the nine loadcases with the lowest allowable stresses were retained, as
highlighted in Table 9. It was expected that due to the difference in stress levels, the other four

loadcases would not be as big of an issue to pass.
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Table 9: Loadcases for optimization, with those retained highlighted in yellow

Loadcases Max Stress (MPa)
2 Wheel Bump 185
Twist LH 127
Twist RH 127
FWD Accel 186
FWD Brake 186
Cornering LH 211
Cornering RH 211
REV Accel 201
REV Brake 201

The last thing to do was to account for the 8g and 20g loads, as shown in Figure 56. As mentioned,
there were connectivity issues from the e-axle mounting points to the rest of the structure, so

doing this would hopefully alleviate this issue.

Model Info: C:\Users\ter\OneDrive - University of Waterloo\Work-to-Home\Thesis\Analysis\trial3003\trial3003.hm*
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Figure 56: Added 8g and 20g loads to the e-axle mounting points
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5.5 Final Result

With all of these changes applied, the analysis was re-run, and the results are shown in Figure 57.
It was apparent that all the settings applied resulted in a shape that logically made sense and was

potentially useful.
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Figure 57: Final topology optimization result, showing element densities >0.35

First, there were clearly defined members within the structure that could easily be manufactured
with tube or bar welded together, as shown in Figure 58. Next, the e-axle mounts have a direct
connection to the rest of the structure, indicating good load transfer, as shown in Figure 59.
Therefore, these optimization results seem to be something that can be used as reference for

cradle design.
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Figure 59: E-axle mounts connecting to rest of structure

The last step before proceeding to design and structural analysis iteration was to verify that the
resultant structure would pass waiver requirements. The optimized structure mesh was re-
imported back to the pre-processor and analyzed for the nine GM loadcases. The ideal structure
for these loadcases would be one that has a relatively even stress distribution throughout the part,

which is indicative of material efficiency. Figure 60 and Figure 61 show stress contours for the 2-
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wheel bump and forward braking cases respectively. Although there were low and high stressed
areas throughout the entire part for each individual loadcase, all the areas of the cradle were
equally utilized to bear load for all loadcases collectively. As such, the results were indicative that
the structure was material efficient. With the structure verified, it was then possible to start rear

cradle design.
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Figure 60: Optimized structure re-analysis, 2-wheel bump stress contour
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Figure 61: Optimized structure re-analysis, forward braking stress contour
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Chapter 6

Structural Analysis

With topology optimization complete and an optimized shape generated, iteration between CAD
design and FEA can be conducted. At this stage, geometry of the component is generated in CAD,
while being mindful of manufacturing constraints. FEA is conducted to assess strength and
stiffness of a component, and CAD is modified accordingly. By the end of this stage, designs

should be nearly finalized, with minimal modifications needed for the final product.
6.1 Initial Design Studies

With the ideal structure for the nine GM loadcases defined, design studies for the cradle itself
could be started. The first decision to investigate was the general construction of the cradle.
Cradles developed by an OEM are typically stamped or formed from sheet metal, however some

cradles have been cast [19], as shown in Figure 62 and Figure 63 respectively.

Figure 62: Various production cradles from aluminum sheet [19]
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2010 Or. Ing. hc, F. Foreche AG

Figure 63: Die-cast aluminum cradle for Porsche Panamera [19]

However, cradles designed by an OEM do not have the same manufacturing limitations as one
designed for prototyping. As previously mentioned, casting is a higher volume production method
unsuitable for one-off builds, which is the same case for the sheet forming techniques employed
by these manufacturers. Sheets are typically stamped or hydroformed, both of which require a
high initial investment cost for tooling [38]. Therefore, using sheet or thin-wall material in a low-
volume setting would usually employ the use of pre-formed sections, such as tubing, or flat sheet

metal with simple bends and welded together.

Conversely, the fact that OEM cradles are high production also means certain other
manufacturing methods are unavailable. For example, a complicated tubular spaceframe structure
requires a lot of manual labour due to welding and jigging, which would not be economically

feasible for high-volume production.

Therefore, the primary methods for the rear cradle are from flat sheet and bent, or from pre-

formed sections of material such as tube, or extrusions such as I-beams. Since the overall goal of
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this project is to minimize weight, preliminary design studies were conducted to analyze the

construction method that would weigh the least while still meeting waiver requirements.
6.1.1 Preliminary Sheet Metal Design

To create a preliminary sheet metal design, the 2019 cradle model was used, and the material
simply changed from steel to aluminum. This was done because the 2019 cradle was entirely made
up of flat sheet. However, it was important to note that the 2019 cradle, being modified from
stock, consists of the original stamped steel geometry, not feasible for a low production design. As
such, the geometry for the original sections are optimized more for the input loads than
fabricated sections, as there was more freedom with the design with the stampings versus
fabricated from flat sheet. Therefore, this approach was still valid, though it erred on the

conservative side.

However, given the material change and thus reduction in yield strength, the stresses were
significantly increased, as shown in Figure 64. Luckily, the model was set up such that the entire
structure was defined with 2D elements, so its thickness was defined just by inputting a value.
Therefore, the analysis was run, and the wall thicknesses of the cradle were increased in varying
amounts iteratively until the stresses met requirements. Displacements of all the hardpoints were

checked and were well within the requirement as well.
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Figure 64: 2-wheel bump stress contour for initial sheet metal study
With both the stress and stiffness requirements met, the weight of the structure was calculated at
13.89 kg.
6.1.2 Preliminary Spaceframe Design
To create a preliminary spaceframe design, the resultant shape from the topology optimization
study was exported as a CAD file and imported to the SolidWorks CAD software. Straight tubes

were primarily used for the structure, and the centrelines of the tubes were set to follow those

from the optimization using 3D sketches, as shown in Figure 65.
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Centreline Sketches

Optimized Shape

Figure 65: Optimized shape CAD export in magenta and centreline sketches in grey

These centrelines were then exported back into HyperWorks for analysis. Instead of using
traditional elements and FEA theory, beam theory was used. As all members had consistent cross-
sectional areas, known equations for forces and moments could be used to compute resultant
stresses and displacements [136]. Consequently, beam elements were defined along all the
centrelines, connecting all the nodes and hardpoints together. Figure 66 shows the 1D analysis
setup with member size visualization enabled. To start, all members were set to 0.75” x 0.095”

circular tube.
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Model Info: C:\Users\ter\OneDrive - University of Waterloo\Work-to-Home\Thesis\Analysis\trial4005\trial4005.hm

Figure 66: Initial spaceframe 1D analysis setup with member size visualization

Contour Plot

1:1

Element Stresses (1DYCBAR/CBEAM Axial Stress) High Stresses Subcase 1 (2 Two_wheel_Bump): Static Analysis : Frame 4

246.1
[ 195.0 o

151.8 £
— 108.6

65.4 N e B
| o : — /:\

21.0 8

-64.2 /
l-107.4 Q | Y &&\’

-150.6 °’ e O Dynamic Min. Value = -150.612

4296907 =N ~
Max = 246.1 Dynamic Max. Value =246/
1D 4296907 ) Q
Min =-150.6 v e /
1D 4296894 N4
A ya
| ‘ @ ! 3 '
D

Figure 67: Initial spaceframe 1D analysis resultant stresses

The analysis was run, and resultant stresses displayed in Figure 67. Stresses were reasonable, aside
from two loadcases, where the peak stress was 246 MPa. However, even this high stress value was
not unreasonable, and thus not too difficult to eliminate with either more members, or members
with thicker cross-sectional area. Stiffness was also a huge concern, as displacements were in the
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magnitudes of 10-15 mm. Therefore, some new members were added for support, and all member

sizes increased to 1.00” x 0.095”. Stress results of this revised design is shown in Figure 68.
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Figure 68: Revised spaceframe 1D analysis resultant stresses

With these larger members, the resultant stresses met waiver requirements. Unfortunately,
displacements were still in excess of the stiffness requirement, though significantly reduced from
the initial study. The estimated weight for the initial and revised models were 4.24 and 4.40 kg

respectively.
6.1.3 Results

Although the tubular spaceframe structure had displacements that were exceeding the stiffness
requirement, it was obvious that this construction method would be more optimal. Once again,
the sheet metal design was 13.89 kg, and this represents a conservative approach given the
geometry from the stock sections of the cradle that would be extremely difficult to manufacture in
a machine shop. As such, it was likely that a feasible design would be even heavier, given the
limitations in form factor. Conversely, the tubular spaceframe design met strength requirements
at only 32% the weight of the sheet metal design. Although stiffness requirements were yet to be

met, the significant difference in weight was indicative that it would be possible to meet the
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requirement while still being lighter. Therefore, detailed design studies were to be conducted,
with a primary focus to manufacture the cradle using pre-formed sections such as tube or

extruded beam.
6.2 Detailed Design

Design studies were further conducted with 1D beam elements due to the ability to quickly iterate
different sectional areas for each element. Rather than having to constantly re-import CAD
geometry and mesh, new cross-sectional areas could be applied to any element in a fraction of the

time.

Although it was determined that a tubular spaceframe would be the most weight-efficient
construction method, the handful of analyses run did not yet pass stiffness requirements.
Therefore, the design iterations will focus on lowering deflections to meet these requirements

while keeping in mind the primary requirements for stress.
6.2.1 Design Iterations

To diagnose the cause of the excessive deformation, the 1D model was closely analyzed. The first
task was to qualitatively investigate the root cause by inspecting the deformation modes of the
cradle. For a given structure, bending usually results in higher deflections compared to tension or
compression for the same load, due to higher localized stresses, and resultant strains [137]. As
such, deflections could be reduced by minimizing any observed bending. In a tubular spaceframe
structure, this can be done by increasing the member size, as well as triangulating nodes, which

are the joints at which members meet [138].

An example of this is shown in Figure 69, which is the 2-wheel bump case. The deformed shape
was amplified 10 times for visualization purposes and contoured to stresses, while the undeformed
shape is in black. From these results, it was observed that the rear member had significant
bending upwards, which caused high stresses in the lowermost member. Therefore, the design

had to be revised to lower these deflections.
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Figure 69: 10x deformed versus undeformed shape isometric view, highlighting the high

amounts of bending in the rear member

Figure 70 shows the revised design to mitigate these deformations and lower stresses. The side
and rear lowermost members were increased in diameter and wall thickness. An additional rear
member was added as well, connecting from the rear body hardpoint to the rear lower member.

As a result, projected weight increased by 1.12 kg.
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Model Info: Z:\MechanicalAnalysis\FEA_Analysis\Rear Cradle Analysis\trial4010\triald010.hm*

old

ﬁ Model Info: Z:\Mechanica\Analysis\FEA_Analysis\Rear Cradle Analysis\trial4013\trial4013.hm*

New

Added Rear Member

Thicker Rear Lower Member

Figure 70: Revised design showing differences in member sizes to mitigate bending in

rear member

With the analysis re-run for the new design, resultant displacements and stresses for both the
original and revised design were plotted directly against each other for a comparison. As shown
from Figure 71, deformations in the rear member have been significant reduced, with peak

displacements decreased from 12.1 to 5.5 mm.
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Figure 71: Resultant reduction in rear member deflection due to revised member sizes

One other notable solution for significantly reducing deformations was adding a member
connecting the front to the rear half of the cradle. As shown in Figure 72, there was significant
bending in the side member, which follows the original design of having the sole connection from
the front to the rear of the cradle above the halfshaft. After a few design studies, it was evident
that adding a secondary connection was necessary; this was simulated by connecting from the
Anti-Roll Bar (ARB) to the toe hardpoint, as shown in Figure 73. In doing so, side bending was

effectively reduced, evident in Figure 74.
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side bending

Model Info: C:\Users\ter\OneDrive - University of Waterloo\Work-to-Home\Thesis\Analysis\trial4019\trial4019.hm*

X s | Front-Rear Member |

Figure 73: Added front-rear member to mitigate side bending
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Figure 74: Resultant reduction in side member deflection due to added front-rear member

All in all, these methods of qualitatively analyzing root causes for deformations and implementing
solutions through increasing member size or adding members for triangulation was the method
primarily used to iterate the model. To speed up this process, numerical values for hardpoint
deflections were set to output automatically when the analysis was run. This allowed for quick
iterating and comparing of results between models. A screenshot of the tabulated displacement

values for all hardpoints are shown in Figure 75.
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A B C D E F G H

1 2-Wheel Bump

2 Node # |Hardpoints Model Number

3 Stock GM 4014 4015 4016 4017 4018 4019
4 70000430 L Toe 0.573 0.566 0.468 0.565 0.646 0.443
5 70000431 R Toe 0.636 0.512 0.627 0.629 0.753 0.376
6 70000432 | LR Lower 1.428 0.992 1.397 1.409 1.020 0.484
7 70000433 | RR Lower 1.467 1.013 1.376 1.445 1.107 0.508
8 70000436 |LF Chassis 0.911 0.968 0.968 0.907 0.835 0.525
9 70000437 |RF Chassis 1.443 1.211 1.387 1.436 1.331 0.621
10 | 70000438 LR Chassis 2.281 2.059 2.216 2.276 1.733 1.360
11 | 70000439 [RR Chassis 1.777 1.857 1.842 1.777 1.406 1.252
12 /70000440 | LR Upper 1.186 1.063 1.257 1.174 0.936 0.877
13 70000441 | RR Upper 1.175 0.983 1.201 1.160 0.967 0.915
14 70000442 | LF Lower 0.772 0.707 0.743 0.763 0.864 0.318
15 | 70000443 | RF Lower 1.150 0.934 1.102 1.143 1.207 0.401
16 |70000444| LF Upper 0.505 0.647 0.601 0.506 0.415 0.335
17 |70000445| RF Upper 0.961 0.892 0.908 0.960 0.820 0.487

Figure 75: Screenshot of tabulated hardpoint displacements, to allow for quicker iteration

Outlining every single design change implemented would convolute this report. Instead, all of the
major properties of each design iteration were noted, which was then used to plot trends as
designs were iterated. One such example of this is shown in Figure 76, where the absolute
maximum displacement of any hardpoint for any loadcase was plotted for a few of the design
iterations. From these trends it was observed that there was less return on investment with
decreasing displacement, by increasing weight. Plotting these two variables allowed easy
visualization of which design was the best, that is the one that just meets stiffness requirements

while minimizing weight.
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Figure 76: Scatter plot with trendline in blue of designs with respect to weight and

displacement, with the maximum allowable displacement in red

The result was a 1D model that met both strength and stiffness requirements, and this was used as

a basis for the final design.
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Chapter 7

Final Design

With a preliminary design passing requirements, this section outlines the remaining work needed
to complete the project. It is at this stage that all details, however minute, are included in CAD to
ensure the design is inclusive of everything that is to be manufactured. All of the requirements set
in Chapter 3 and Chapter 4 are also verified by inspecting the CAD and FEA models. With all

requirements verified, the design is then considered complete.
7.1 Overall Layout

The final design of the new rear cradle was a tubular spaceframe weldment composed primarily of
1.5” diameter round 6061-T6 aluminum tubes. Body and e-axle attachments were made through
bushings, pressed into cylindrical housings, similar to that of the stock cradle. Suspension
attachments were through brackets composed of flat sheet and welded to the tubes. The final
design was relatively easy to manufacture, had adequate clearance to all surrounding components,
and met all structural requirements set by GM. As such, all design requirements were met, while
only weighing 9.4 kg, as estimated from CAD, which is only 43% of the stock cradle, which weighs
21.8 kg. Front and rear isometric views of the full assembly are shown in Figure 77 and Figure 78

respectively.
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Figure 77: Front isometric view of cradle with e-axle, halfshafts, and suspension in

magenta, purple, pink, and green respectively

Figure 78: Rear isometric view of cradle with e-axle, halfshafts, and suspension in

magenta, purple, pink, and green respectively
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7.2 CAD Design

Following the 3D sketches with the initial tube frame design, the SolidWorks weldment tool was
used to create most of the CAD. This tool was quick and easy to use, as 3D sketches were set up to
define the tube centrelines and a cross-section defined along these paths to create the geometry
[140]. The original CAD bodies from topology optimization for the bushing cans and suspension
hardpoints were used as a visual reference, as shown in Figure 79. Once all of the tube bodies were
generated, the ends needed to be trimmed, so the SolidWorks trimming tool was used, as shown

in Figure 8o.

I Generated Members I

Figure 79: Using the SolidWorks weldment tool, with the generated members in yellow
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Before

Figure 8o: Tube ends with bushing can, before and after trimming

The next step was to create the brackets at the suspension hardpoints to provide a place where the
suspension links could assemble to the cradle. The profile of the flat panels were sketched out

using reference geometry of the tubes for fit up, as shown in Figure 81.

Before

Figure 81: Flat panel creation, highlighted in yellow

Lastly was the design of the front-rear member. To aid with installation of the halfshafts, it was
determined that this member should be a removable part. To simplify design and manufacturing,

the ARB mounting points were re-used, and to keep manufacturing simple and maximize
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strength, the member was to be oriented perpendicular to the ARB mounting surface. As such, the

rough location of these members were set, as depicted in Figure 82.

Front-Rear Member
Location

Figure 82: Rough location for front-rear member, shown in red

There must essentially be an attachment point on each side between the ARB mounting point and
the front half of the cradle. The front-rear member could be designed to extend all the way to the
very front of the cradle; however, it was noticed that the toe attachment was located
approximately halfway from the front to rear. By extending the sheet metal brackets for this
attachment point further inboard, it was apparent that there was the possibility of attaching at
that point instead of all the way forward. Doing so brought a couple benefits, primarily simplified
geometry of the front-rear member as well as further stiffening of the toe attachment point,
reducing displacements. A layout of this member is shown in Figure 83. Basically, the front-rear
member connected from the ARB to the toe brackets, and an additional support was included to

provide a load path from this middle node to the front.
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Front-Rear Member

Front Toe Attachment

Front Support [

Figure 83: Front-Rear Member Layout, with front-rear member in blue, front support in

red, and the attachment point circled in black

Given that the side profile of the front-rear member is parallel with the side view of the vehicle,
sketch geometries of the ARB bushing and halfshaft were generated as reference, as shown in
Figure 84. To minimize toe bracket bending, the front attachment point of this member was
situated in the centre of the bracket. A square tube was added, which was welded to the very front
of the cradle, and between the toe brackets. The front attachment point of the front-rear member

was then bolted to the tube. An isometric view of the assembly is shown in Figure 8s.
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Initial
Sketch

Halfshaft Reference ARB Reference

Final
Design

Figure 85: Isometric close-up view of front-rear member with the ARB bushing and

fasteners, shown in cyan, green, and yellow respectively
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7.3 Geometrical, Manufacturing, and Cost Verification

With the final design complete, requirements with respect to geometry, manufacturing, and cost
were verified. This section outlines how the final design meets requirements with respect to
clearance with surrounding components, manufacturing within the confines of campus and

budgetary constraints.
7.3.1 Clearance

As recalled from Chapter 5, a design space volume was created for topology optimization. When
this volume was generated, clearances to all surrounding components were accounted for at that
stage. Therefore, as long as all the geometry of the cradle remained within this volume, there was
a guarantee that there would be adequate clearances to all surrounding components. Screenshots
of the cradle and design space volume overlays are shown in Figure 86 and Figure 87. It was
observed that although some of the geometry got close to the edges of the volume, none exceeded

this limit.

Figure 86: Design space volume in transparent grey overlaid with cradle
101



Rear Upper Link Attachment Gusset

Design Volume Edge

g

Figure 87: Close proximity of rear upper link gusset in blue to edge of volume in

transparent grey

However, there was an exception to this rule. The geometry of the volume was designed assuming
the cradle would be completely open on the bottom, therefore all the areas underneath the e-axle
and halfshafts were dictated as non-design spaces for the optimization as shown in Figure 88. As
mentioned in Chapter 6, a member connecting the front to rear, spanning the lower portion of the
cradle was needed for extra stiffness. As such, verifying clearances using the volume was not

possible, and CAD geometry with all other components had to be used.
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Front-Rear Members

Figure 88: Front-rear members in green exceeding design volume limits in transparent
grey

With respect to surrounding components, the front-rear member was in close proximity to only
the rear lower suspension link and the halfshaft. At nominal ride height, the minimum distance to
the rear lower link was 30 mm, as shown in Figure 89. At the lowest possible ride height, this gap
reduced to 10 mm, which is still ample clearance. As for the halfshaft, there was a 10 mm clearance
as shown in Figure go. As halfshafts move with suspension travel, this could have posed an issue.
However, the clearance was to the inboard stub shaft assembly, which does not move, and the
section of the shaft that does move is not in the immediate vicinity. Therefore, clearances for the

front-rear member, and consequently the rest of the cradle, were more than adequate.
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10 mm Gap

Figure 9o: Gap between front-rear member in cyan and halfshaft in magenta
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7.3.2 Manufacturability

The new rear cradle was designed to be manufactured with the resources available on campus.
Most of the cradle was composed of readily available aluminum tube, which could be easily
sourced from a metal supplier. The ends of these tubes were contoured such that they fit perfectly

together at the places where they joined up, which are called nodes, as shown in Figure 1.

Figure 91: Example node, showing all the coloured tubes that attach together

Generally, the ends of these tubes could be manufactured a couple different ways. The first way
would be to use a template tool, shown in Figure 92, which would aid in marking the contour
onto the tube end, which could then be cut with a variety of tools such as an angle grinder or file.
Similarly, the tube end could be unwrapped to a flat sheet in CAD, printed on a piece of paper,

and wrapped around a tube to achieve the same template.
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Figure 92: Example of tube notching template tool, allowing the tube profile to be traced

onto the end of the tube [139]

The next method would be to outsource to a company with CNC tube notching capabilities, such
as VR3 Engineering. These companies have proprietary processes and machines that notch tubes
to dimensions closely matching CAD, as shown in Figure 93 [140]. In using these services, the only
step would be to weld the tubes together to form the primary structure. However, given that

manufacturing was to remain in-house, only the first method would be used for tube notching.

g

Figure 93: Example of VR3 Engineering's tube notching capabilities [140]
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With the primary tubular structure welded together, the next step would be to manufacture the
suspension brackets, as shown in Figure 94 and Figure 95. For simplicity, these were all designed
to be cut from 1/8” thick sheet. Once again, there were a couple different manufacturing options
available. The first was manually cutting the profile with a bandsaw, then drilling holes with a drill
press. Both of these tools are available in the student machine shop, however another tool also
available is the waterjet, which would be significantly quicker and easier to cut. Additionally,
material waste is reduced, as long as proper nesting of the flat panels is done, an example of which

is shown in Figure 96.

Figure 94: Flat panel brackets in blue on cradle in grey

Figure 95: Closeup example of a flat panel bracket in blue
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Figure 96: Example of waterjet nesting, showing close proximity of parts to minimize

material waste [141]

The last two parts involve some machining. First, were the front-rear members, which are the
most complicated individual parts to make. Nevertheless, as mentioned during the design phase,
steps were taken to ensure ease of manufacturing to keep cost low. Given the two-dimensional
nature of the front-rear member, the basic shape was intended to be waterjet, as shown in Figure

97-

Waterjet Direction

Figure 97: Waterjet direction for front-rear member blank
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After, the width of the front of the member needs to be machined down, such that it snugly fits
within the square tube to which it mounts. Table clamps, such as those found in Figure 99, could
simply be used and the faces on the ends milled. Lastly, the two mounting holes for bolts to the
ARB mount need to be drilled. The machined areas of the front-rear member are shown in Figure

98.

Figure 98: Front-rear member after post-machining, with machined areas in yellow
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Figure 99: Example of milling table clamps [142]

The second item to be machined were the bushing mounts for the body and e-axle, as shown in
Figure 100. These mounts were basically thick-walled tubes, but the inside has a specific diameter,
pertaining to the bushings used. As such, thick-walled tubes could simply be purchased and the

inside machined to a larger diameter until it was at the final size, as shown in Figure 101.

Figure 100: Isometric view of a bushing mount
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Figure 101: Example of machining inside diameter [143]

With all the individual parts made, everything would then be welded together to form the cradle.
However, as alluded to in Chapter 6, jigs such as those shown in Figure 102 would be required to
maintain dimensional accuracy. There are two reasons for this - first, fitment of the cradle with
supporting components may not be possible. For example, if the relative position of the bushing
mounts for the body are not maintained, there may be a situation where the cradle cannot
physically assemble to the body of the vehicle. Secondly, dimensional inaccuracies with the cradle
itself could affect the drivability of the vehicle if the suspension mounting points are not in the
correct position. It is important to note that jig design is out of the scope of this thesis, though as
the requirements for weight as not critical, it is objectively an easier design task than the cradle,

with no structural analysis required.
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Figure 102: Example of tubular spaceframe with jig

7.3.3 Cost

With the construction methods and materials identified, it was possible to perform a cost analysis
to generate an estimate for the project. The two categories for cost were materials and labour.
Material costs were calculated by summing the total amount of material to be used. For example,
the total length for each type of tube used were known, so it was just a matter of researching the
price of tubes for the length needed. Labour costs were estimated by summing up the number of

manufacturing steps needed along with estimated length of time taken for each step.

The resultant total cost was estimated to be $2,131 Canadian, with $1,732 of that as material and
$398 of that as labour. It is important to note that this is using the $15 per hour school shop labour
rate for student teams, which is significantly lower than the $60-80 per hour industry average,
however the initial budget set accounted for this factor [144]. This final sum was significantly
lower than the budget of $3,000 Canadian, and thus this requirement was met. Detailed

calculations can be found in Appendix B.
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7.4 Structural Verification

Although an ideal structural form factor as well as tube layout were determined through topology

optimization and 1D beam structural analysis, adequately modelling the CAD geometry in detail

was needed to finally determine if the design met GM requirements. As all the geometry of the

cradle were flat sheet or tube with constant wall thickness, 2D shell elements were sufficient in

capturing resultant stresses and displacements [129]. The final design had relatively minor

changes compared to what the 1D studies showed with only slight increases in tube wall thickness

for a few members. The final layout of the cradle is shown in Figure 103.

Rear Cradle

Tube, 0.125” Wall

Tube, 0.049” Wall

Tube and Machined

Figure 103: Final layout of the cradle, showing all the different material stock used
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7.4.1 Strength

The first point to address is how welding has affected the strength of the cradle and whether the
HAZ should be accounted for in the requirements. As mentioned in Chapter 3, welding aluminum
results in reduced strength in areas adjacent to the weld. With respect to 6061-T6 specifically, as
this specific grade of aluminum is precipitation hardened, the high heating and cooling result in
annealing, which has a much lower yield strength [145]. If the cradle were left in this state, the
reduced stresses in the HAZ would have to be accounted for. However, pre-weld strength can be
re-attained if the material is heat treated [106]. Given this process, the cradle can be made lighter,
and strength requirements being uniform across the component greatly simplify fatigue
calculations. As such, the design of this cradle relies on heat treatment after welding to take

advantage of the benefits of this process.

The final design of the cradle met stress requirements for all GM loadcases, which meant waiver
requirements were satisfied. However, during the FEA process it was observed that stresses in
some of the members exceeded the requirement, so tube wall thickness had to be increased.
Initially, all the tubes were 1.5” outer diameter (OD) x 0.049” thick, but thickness had to be
increased to the next available, which was 0.125”. As a result, there was a slight increase in weight,
but this change was necessary to pass requirements. Figure 104 shows the effects of changing the
lowermost rear member, as there were high stresses as a result of significant bending in that

member.
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Figure 104: Lower stresses with increasing tube wall thickness in the rear lower member

Another important discussion point are the effects of adding the front-rear member. As previously

mentioned, the front-rear member was added primarily to increase the overall stiffness of the

cradle. However, as observed in Figure 105, predicted peak stresses were reduced, as stress

concentrations were eliminated. Stress concentrations are small, isolated areas of the cradle that

have exceedingly high stresses, which could cause an otherwise structurally sound cradle to

exceed stress limits. Without this member, there was significant bending in the centre of the

cradle, at its narrowest point. As depicted in Figure 106, adding the front-rear member

significantly reduced this bending, which eliminated this stress hot spot.
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Figure 105: Eliminated stress concentrations in the side member with the addition of the

front-rear member
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Figure 106: Diagram of reduced bending in the side member with the addition of the

front-rear member

Figure 107 shows the resultant stresses in terms of percentage of the requirement. As such, any
values over 100 would mean the requirement was exceed, and values under 100% would result in a
pass. As shown, all the values were lower than 100%, showing that GM stress requirements were

met.
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Figure 107: Resultant stresses in terms of percentage of requirement, with the maximum

allowable stress percentage in red

Lastly as mentioned in Chapter 4, stresses must not exceed 184 MPa, under 8g and 20g loading
conditions. Resultant stresses were 73.0, 123.5, and 29.3 MPa for 8g vertical, 20g longitudinal, and

20g lateral respectively. As shown in Figure 108, these were significantly lower than the

requirement, and thus an easy pass.
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Figure 108: 8g and 20g stress results, with the maximum allowable stress in red
Stress contours of the final design for all loadcases are detailed in Appendix C.

7.4.2 Stiffness

Although stresses were just barely meeting requirements, stiffness was not as critical. Even with
all tubes set to 0.049” wall thickness, displacements were well within the requirements set by GM.

However, adding the 0.125” thick tubes to lower stresses did increase the stiffness of the cradle, as

shown in Figure 109.
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Figure 109: Reduced deflections due to thicker tube walls

As a matter of fact, what was critical in lowering displacements to within requirements was the
inclusion of the front-rear member, which follows the earlier 1D beam studies mentioned in
Chapter 6. Without this member, displacements would exceed requirements. The effect of adding
this member to connect the front and rear halves of the cradle is illustrated in Figure 10, where

certain loadcases would cause bending at the centre of the cradle.
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Figure 110: Reduced deflections due to front-rear member

As recalled from Chapter 4, the stiffness requirements of the cradle were defined such that

deflection of any suspension hardpoint could not exceed 1 mm greater than those of the original

GM analysis. There were a total of 14 hardpoints on the cradle coupled with g loadcases. As such,

the displacement of each hardpoint for each loadcase was output and compared against the

results of the original analysis. Due to NDA, absolute values could not be shown. As such, Figure

111 shows the relative displacements of the final analysis to the original - positive values indicate

that the displacements exceeded that of the original, and negative values indicate the

displacements were reduced. As depicted, none of the displacements exceed the +1 mm mark on

the graph, which means that all stiffness requirements were satisfied.
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Stiffness contours of the final design for all loadcases are detailed in Appendix D.
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Chapter 8

Summary

As a summary of all previous chapters, this section provides the reader with a flow chart outlining
the procedure for developing a major structural component for a vehicle, with the constraints that
a small shop or research group would have for prototyping. This chart can be used as a quick-
reference guide during the design process, so the reader knows the immediate steps necessary to
obtain a component that is lightweight while maintaining the structural integrity of the vehicle.

Figure 112 shows the flow chart, with each of the steps segregated by thesis chapter.

Prototype Structural Component Development Flow Chart
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Figure 112: Flow chart depicting the full development process for a prototype structural

component of a vehicle
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Chapter 9

Conclusions

This thesis outlined the development for a major structural component of a vehicle within the
limitations of small shops or groups producing one-off or a handful of components. The custom
rear cradle for the UWAFT vehicle was used as an example. Various software tools were used,
which resulted in a cradle that met all structural and manufacturability requirements while

weighing only 43% of the cradle that was original to the stock vehicle.

Early in the development process, it was determined that 6061-T6 aluminum would be the most
suitable material due to multiple factors such as availability, manufacturability, weight, and cost.
This new material inherently needed new strength requirements to be set, given the material
change from steel. As such, extensive fatigue calculations were performed to obtain resultant
stress limits derived from cycle counts due to accumulated mileage. Stiffness requirements were
set as well, with a maximum delta of 1 mm set from the original analysis. Material selection and
setting stress targets are one of the most critical steps in development of a structural component,

as it is critical to vehicle safety and has a major impact on resultant weight.

Next, other design requirements such as geometrical and manufacturing were defined. Given the
numerous components that interact with the cradle, it was crucial to consider the needs of all
components. For example, as the suspension links swing with suspension articulation, it was
critical to ensure that unwanted contact between the links and cradle were prevented. Practicality
was another factor as well - given the size of the e-axle, it was vital to ensure it could be installed
and remove from the cradle with relative ease. This process would apply to any major component

for a vehicle and is important to consider for serviceability and manufacturability.

As the cradle is a critical structural component of the vehicle, extensive analysis was needed to
ensure the safety of the vehicle and minimize the weight of the component. Topology
optimization was used to obtain a rough ideal structure shape and layout. With respect to the

limitations in manufacturing, two primary construction methods were possible, which was to
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fabricate the cradle from sheet metal or weld tubes to create a spaceframe. Preliminary studies
were conducted to assess both methods, with the tubular spaceframe being the more optimal
solution. Additionally, it was easier to replicate the optimized geometry by building a spaceframe,

which followed the results of the study.

To minimize time between iterations, 1D beam analysis was used. Tube diameters and wall
thicknesses were iterated until strength and stiffness requirements were met. The result of this
analysis was used as reference for the final design, which was then analyzed with traditional FEA
methods. In this analysis, there were still a few areas of high stress which necessitated increases in
wall thickness for a few tubes. However, not many iterations were required due to the 1D study.
With any structural component, similar analysis methods could be employed to reduce iteration

time while still obtaining meaningful analysis results.

In the end, the completed design was projected at 9.4 kg, which was 43% of the cradle original to
the vehicle at 21.8 kg and 40% of the 2019 cradle at 23.5 kg. Thus, all requirements were met, while
achieving a significant reduction in weight. All the considerations and processes with respect to
development of a rear cradle were effectively outlined in this thesis such that it may serve as a

guide for the development of similar structural components that play a crucial part of a vehicle.
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Chapter 10

Recommendations

Further weight reduction with selective removal of material

In general, with any structural component stresses that are far lower than the requirement
means there is room to safety reduce material, and thus weight. With the cradle, much
iteration was done on tube diameter and wall thickness, however time constraints toward the
latter half of the project meant the design of the suspension brackets and front-rear member
were not as much of a focus. In reviewing the strength and stiffness results, there was some
room to further reduce weight of these parts, while still meeting structural requirements.
Increased fidelity of fatigue analysis

Fatigue analysis was conducted solely on the basis of cycle counts coupled with a S-N curve for
6061-T6 aluminum. This was a conservative approach, as it assumes fully reversed cyclic stress
accumulated through all g loadcases. However, this is not the case given differing stress levels
throughout the part with each loadcase. There are software tools available that can do such
detailed fatigue analysis, accounting for various stress levels throughout the component. As
such, there is the potential for stress requirements to increase, which could lead to further
reduction in weight.

Investigate other materials

The entire cradle was set to use 6061-T6, which is an excellent grade of aluminum for this
application. However, this specific material is prone to cracking with high bend angles;
therefore, some of the suspension brackets had to be composed of multiple flat sections welded
together. There are other grades of aluminum that are suitable for bending, such as 5052-H34
[146]. Using this grade of aluminum would reduce part complexity; however, it ties into the

above point, where more extensive fatigue analysis would be required.
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Appendix B

Project Cost
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Appendix C

Final Analysis — Stress
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Appendix D

Final Analysis — Stiffness
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