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ABSTRACT

In this project, a chassis concept has been developed for a small electric vehicle 'minibus'.

The vehicle is intended to be used as a transport between agricultural locations in Ethiopia

to cities where the products can be sold. The objective is to develop a chassis that can house

several di�erent modular structures for the purposes of transporting refrigerated goods, a

mobile power grid, or people. Literature studies have been conducted on current electric

vehicle markets, battery markets, chassis materials, and optimal cross-sections. The battery

housings have also been analyzed from an environmental perspective to account for conditions

in Ethiopia. Based on this, it was found that a four-wheeled 'minibus' design including space

for approximately fourteen custom batteries is optimal. It is essential to keep in mind that

this project has been carried out both on a conceptual level within the framework of a degree

project as well as a production project for use in Ethiopian rural areas. This master thesis

project aims to provide a solid benchmark for further development and research within the

subject.
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1. INTRODUCTION

1.1 Ethiopian Agriculture

Food security for Ethiopian citizenry will face great challenges in the coming decades

for a variety of reasons including not only a rapidly increasing population, [ 1 ] but also

agricultural issues enhanced by the recent pandemic. Figure 1.1. shows that approximately

60% of Ethiopian households lacked con�dence they would be able to put food on the table

consistently.

Figure 1.1. Food security poll in countries including Ethiopia after the pandemic.[ 2 ]

These problems are exacerbated by the fact that agriculture is a huge part of the

Ethiopian economy, accounting for approximately 46 percent of the nation's Gross domestic

Product (GDP) as of 2021.[ 3 ] Ongoing research into the causes and possible solutions has

identi�ed poor infrastructure, rapid increment of population, change of fertile farmland to
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construction for the urban dwellers, climate change, decline of available natural resources,

in�ation of basic needs, young unemployment, political turmoil, civil con�ict, and long trans-

port times as the prevailing issues resulting in this shortage of available food in the market.[ 4 ]

Of the identi�ed factors, only long transport times appear as one of the more surmount-

able challenges facing the Ethiopian agricultural community. The reasons behind the long

transport times lie in both the danger of the roads, and the solutions rural farmers have

taken to address them. Road conditions in Ethiopia are characterized by low maintenance,

no markings, and few to no street lamps. Road travel faces hazards such as broken down

vehicles and stray animals on most rural roadways, and a complete absence of any manner

of emergency assistance.[ 5 ][ 6 ] These dangers lead many rural farmers use pack animals such

as horses and mules to ferry crops to market and, coupled with the poor infrastructure, take

a considerable time to travel and expose the crops to high rates of spoilage. [ 7 ].

This challenge was the original concept behind the project that became this thesis. In-

novation of transportation technologies made available to Ethiopian farmers such that they

can increase the yield of crops that successfully make it to market.

1.2 Conceptual Solution Using Heuristic Design Methods

Initial solutions were proposed focusing on the high time to market and transportation

costs associated with using pack animals as transport. Canning and cooling technologies

invented during the industrial revolution were the spark for improved food transportation

in America using both steamboat and rail to get the goods to market. Large scale solutions

such as the building of transport highways or rails would require both high investment, and

maintenance that the existing roads lack, so have a low chance of being viable in Ethiopia.

Ethiopia today has something that gives them more options than the steamboats and

rails of old America, roads. As noted above, [ 7 ] roads exist in rural parts of the country, but

poor infrastructure and maintenance especially in the wet seasons including harvest when

the rain and tra�c make these roads unstable mean conventional vehicles fail to perform

aptly as a transport solution. This is a substantial part of the reason pack animals are
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still widely used. Vehicles were the modern answer to pack animals in developing countries

around the world, but require awareness of the following design constraints to succeed.

ˆ Inexpensive. The primary objective is to create a design that can become widely

available to farmers to reduce instances of subsistence farming and increase trade.

This can only be done if the design is a�ordable and accessible.

ˆ Low weight and size. The road conditions in Ethiopia being characterized by ob-

structions and instability create conditions too hazardous to support large transport

solutions such as semi trailers or large agricultural transport vehicles similar to the

ones used in the US. Smaller vehicles that could service one to two families would be

more likely to maneuver the unstable roads.

ˆ Capable of refrigeration. The transportation method could only be successful if it

could eliminate crop spoilage. In the US, this is achieved with refrigerated trucks, the

design here required something similar.

Many small trucks exist on the market today such as the Kei truck in Japan which would

satisfy many of these requirements, but are mostly gasoline vehicles. Petrol in Ethiopia is

one of their top imports, and costs of gasoline are signi�cantly high as a result to the point

the government in Ethiopia waived taxes for electric vehicles.[ 8 ][ 9 ] To take advantage of these

environmental factors in the area, the conceptual solution was to create an electrical vehicle

with moderate range and supporting a refrigeration unit that could transport farmers and

their crops to nearby cities without spoilage.
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2. LITERATURE REVIEW

2.1 Overview

A solution to the ongoing transport di�culties in the rural Ethiopian climate, and the

unique balance of challenges an engineering solution faces in being viable in that sphere is

currently absent. To investigate the potential for innovation in this area it is crucial to gain

insight into the existing electric vehicle technologies that could service the farmers of rural

Ethiopia.

Electric vehicles have been around since 1832 and their popularity, tied to their practi-

cality, has only been growing since. The three dominant markets in the EV world are China,

US and Europe. In 2021, China manufactured 3.34 million electric passenger vehicles, 50%

of the world industry's total.[  10 ] These produced EV's are largely divided into the 8 size

categories shown in table 2.1 [ 11 ]

Table 2.1. Electric Vehicle Sizes.

Class Gross Vehicle Weight Rating

1 0 to 6,000
2 6,001 to 10,000
3 10,001 to 14,000
4 14,001 to 16,000
5 16,001 to 19,500
6 19,501 to 26,000
7 26,001 to 33,000
8 33,000+

Class 1 and 2 vehicles, ones that weigh from 0 to 10,000 pounds are the focus of this

research as the expected load from a farmers crops is estimated at 2000 pounds based on

the average farm size in Ethiopia[ 12 ] and the expected output of that farm.[ 13 ] The types

of vehicle within this range, range from the mini-truck such as the Kei truck or Honda Acty,

both approximately eleven feet long with a cargo capacity of 770 to 850 pounds,[ 14 ] to the

minibus with a length of 25 feet and a cargo capacity of 3000 pounds.[ 15 ]

Within that scale, the type of vehicle that most closely operated with the same cargo

requirements as my estimation was the microbus. The microbus is a passenger transport
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vehicle that ranges from 13 to 20 feet and can carry around ten individuals or a cargo of

2000 pounds. The Waseda microbus[ 16 ] is an example of this kind of bus that could serve

every required function for a tranport solution in rural Ethiopia except for handling the

poor roads. It shares the same fault as electric vehicles such as the Tesla truck and Ioniq in

that it lacks ground clearance. The tesla has a ground clearance of only six inches, and the

Waseda a clearance of only four. In the dirt roads and hazardous terrain of rural Ethiopia,

such vehicles would get stuck. This low clearance is common among electric vehicles as

batteries make up a signi�cant portion of the weight in the vehicle, so they are placed as low

as possible to improve handling and reduce the vehicle's odds of rolling. Nandhakumar[ 17 ]

noted in his article discussing the weight optimization of bus chassis that lowering vehicle

weight can improve the performance of the vehicle, and is a sentiment shared by industry

designers resulting in few o�-road frame designs.

Ethiopia's own solution was to use the Isuzu truck and the Toyota Hiace, Ethiopia's

most common commercial vehicles.[ 18 ] Both have similar cargo capacities that would be

applicable[ 19 ] but the Toyota is a gasoline vehicle and the Isuzu truck is too expensive for

the common farmer at $14,000 before taxes and tari�s on imported goods. Wholesalers in

the country use Isuzu trucks to transport goods, demonstrating the ability of that size and

capacity vehicle to perform the challenges this research seeks to tackle, but still lacking the

capability to support refrigeration to extend spoilage time frames.[ 20 ]

This is as narrow as the gap becomes for electric vehicles in Ethiopia. The smaller vehicles

have a maximum capacity of 850 pounds, and the mid-sized ones have appropriate capacity of

2000 pounds, but use vehicle chassis designed for use in urban settings with paved roads and

well-maintained infrastructure. Mengesha noted this hole in the Ethiopian transportation

network in 2010 by seeing the widespread use of three-wheeled electric or gasoline rickshaws

called 'bajaj' locally and comparing them to the lack of any more robust transport solution

that could be used in poorly maintained rural areas. [ 21 ] Abraham Abhishek noted in 2017

that the problem had still not been addressed and that bajaj remained a poor replacement

for a real solution.abhishek2017

With the gap still existing despite feasible alternative such as the Isuzu mini truck,

development of a small passenger vehicle such as a micro-bus that could both transport
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produce and people while using an electric power source to improve crop transport and

reduce maintenance costs became the logical �ll to that technological hole. As the Isuzu

chassis was designed for a gasoline engine, and the Kei truck and Waseda are too small and

too large respectively, the simplest methods to creating a 'more robust bajaj' would be to

increase the size of a bajaj chassis, reduce the size of a mini-bus chassis while also raising

the ground clearance to account for hazardous terrain, or converting an Isuzu-type chassis

from gasoline to electric. Due to high taxes on gasoline vehicles and imports,[ 22 ] the option

of increasing a three-wheeler, bajaj's, capabilities was the most feasible.

2.2 Conclusion

The bajaj, or sn lún ch in some Asian countries have seen a growing popularity as a small

transport cycles that use an electric rear axle and motorcycle front wheel. This made those

components both inexpensive and easily available. From there a rudimentary chassis model

was built to serve as the staging point of systematic improvement until the conceptual design

could comply with the needs of the technological gap it would serve to �ll.

Figure 2.1. Concept art for three-wheeler rendered by Mohan Mallapa.
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3. DESIGN METHODS

At the end of this conceptual stage, the next stage of the project was to analyze and adjust

the design so that it could transition from concept to a manufacturable prototype that could

be sent for �eld tests in Ethiopia.

3.0.1 Design Validation via Numerical Methods

In order to assess the validity of the current design, and improve on it, it became necessary

to determine a method of analyzing the strengths and faults within the model. The method

to do so was to calculate the global stresses within individual members of the model and

verify that those values fell within acceptable limits. A powerful tool for managing this

process is the �nite element method. The �nite element method discretizes the solution

domain from a full structure into �nite, non-overlapping elements whose behaviour can be

analyzed with a simple series of algebraic equations. Which give useful data such as stress,

de�ection and reaction forces within elements. [ 23 , p. 21]

To give an example, consider a simple arrangement of beams a�xed horizontally to a

vertical wall.

Figure 3.1. Horizontal truss example.

Members have a cross-section of20cm2 and E = 70GPa. If we denote the beam from

point 1 to 2 as element (1), 2 to 3 as (2), 3 to 4 as (3) and 4 to 2 as (4) we can organize

the entire truss into a series of elements, nodes and angles as depicted in table 1.1. This
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arrangement allows for a series of calculations on the forces and stresses within each ele-

ment to return component-based stress and de�ection rather than relying on complicated

mathematics required to consider the truss as a whole.
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Table 3.1. Element arrangement of horizontal truss.

Element Nodes Angle (degrees)

1 1 and 2 0
2 2 and 3 146.31
3 3 and 4 0
4 2 and 4 90

The sti�ness, K, can then be determined using the following equation [ 23 , p. 32]

K = A � E=l (3.1)

where A is the cross-sectional area, E is the young's modulus, and l is the length of the

element. As shown in table 1.2.

Table 3.2. Element results of sti�ness calculation.

Element Length Sti�ness (Pa/m)

1 1.5 9:3 � 108

2 1.803 7:765� 108

3 1.5 9:3 � 108

4 1 1:4 � 109

Each of these results can be converted into a sti�ness matrix [K ] using the formula

[K 1] = K [I ]f ug (3.2)

then used to determine reaction forces and displacements using

f Rg = [K ]f ug � f F g (3.3)

or {reaction} = [sti�ness]{displacement} - {load} .

The nodal de�ection results for the truss example above become

20



Table 3.3. Nodal de�ection results.

Node Component De�ection

u1y 0
u1x 0
u2y 5:446� 10� 15
u2x 4:975� 10� 15
u3y 0
u3x 0
u4y 7:143� 10� 6
u4x 0

and the reaction forces become

Table 3.4. Nodal reaction force results.

Node Component Force

R1y 0
R1x � 4:626� 10� 6
R2y 1:400� 1013
R2x 1:794� 10� 7
R3y 3:621� 10� 7
R3x 4:806� 10� 6
R4y 1:400� 1013
R4x 0

Despite the calculations being relatively simple, the need to use matrices and do multiple

calculations per element would make the �nite element method impractical without the aid

of software to do the rigorous calculations.[ 24 ] In this case, the software Ansys was used.

3.0.2 Ansys

The primary objective of introducing data processing through Ansys was to shift the

design technique from the heuristic one employed to create the �rst model, into a systematic

one that recognized faults, improved on them, and validated the new design to constantly

create better models. For this to be possible, a few preliminary considerations had to be

addressed.
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Ansys is a work�ow tool. This means it can be incredibly powerful at performing simple

tasks a huge number of times, but propagates errors alongside results. Validating results, or

care in preparing results becomes much more important. Common sources of error include

faulty physical data, inappropriate element type, poor element quality, and poor de�nition

of boundary conditions.[ 23 , p. 69]

Physical Data

The design focus was primarily the vehicle chassis, and vehicle chassis are traditionally

made of structural steel, also called mild steel. [ 25 ] So to reduce error from faulty data as

much as possible, the model was stripped of unnecessary material and the engineering data

veri�ed against industry values.

Figure 3.2. Design engineering data.

Mild steel has a youngs modulus of 200GPa, a tensile yield strength of 250MPa, a density

of 7850kgm3, and a tensile ultimate strength of 450-500MPa. [ 26 ][ 27 ]

The table in the �gure above agrees with those values, reiterated more visibly in table

1.5.
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Table 3.5. Model physical engineering data.

Property Value

Density 7850kgm3

Tensile Yield Strength 250 Mpa
Compressive Yield Strength 250 Mpa

Tensile Ultimate Strength 460 MPa

By verifying the material properties of the mechanical assignment for the model, error

in numerical approximation of element behaviour can be minimized. This is vital especially

for validation work after each design iteration as awareness of the limits of the material

act as design constraints used to measure the e�cacy of the design. These values need to

be veri�ed so the design can develop while keeping in mind failure conditions. Steel, for

example, can only withstand an amount of stress de�ned as the yield strength before its

deformation shifts from elastic to plastic. That yield strength is generally about half of its

tensile ultimate strength. Should stress analysis of the model show a value superior to this

upper limit, then the model is expected to deform or fracture.

Element Type

The arrangement of non-overlapping element divisions in a model is referred to as the

element mesh or simply the mesh. For most �nite element analyses where a clean mesh can

be successfully prepared, hexahedral elements are more suitable and generate less element

noise that can a�ect results.[ 28 ] Conversely, tetrahedral elements are more successful at

approximating solution data on curved surfaces and methods.[ 29 ] The design, as it focused

primarily on �nite element validation and analysis, was comprised primarily of hexahedral

elements to reduce error from using other element shapes.
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Figure 3.3. Example of good hexahedral mesh.

Element Quality

The �nal early piece of error circumvention come from verifying mesh quality. Ansys

uses mesh metrics to analyze the quality of individual elements including a jacobian ratio,

orthogonal decomposition veri�cation labelled 'element quality', and skewness metric. The

jacobian is a shorthand term referencing the ratio between jacobian matrix determinants

found using a series of square matrices formed based on the shape of the elements in a

mesh. This value then can be used to approximate the quality of element shapes as it is

a visualization of the degree to which elements in a mesh conform to the ideal element

shape.[ 30 ] As a ratio, it will always have a value between 0 and 1, and the closer it is to 1,

the better the conformity. [ 31 ] The orthogonal decomposition is a procedure used to analyze

large amounts of data that provides a linear basis for reducing the data to operable levels.[ 32 ]

It's commonly used to produce mode shapes which describe a structure's deformation [ 33 ]

and the related metric of element quality performs similarly to the jacobian in that optimal

mesh quality will have a value as close to 1 as possible. [ 34 ] Skewness is a measure of the

shape of an element when compared to an equilateral hypothetical element of the same

volume. A good skewness value has a maximum below 0.95 and an average below 0.33.

[ 35 ][ 31 ]
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(a) Jacobian. (b) Element. (c) Skewness.

Figure 3.4. Ansys mesh metrics for model.

3.0.3 Research Objective

The overall objective of the research is to determine a design of a vehicle chassis that can

ˆ support the weight of a load of farm produce, measured based on the weight of a bushel

of beans[ 36 ], the heaviest of Ethiopia's common crops, to be approximately 10,000N

over the cargo area.

ˆ extend the e�ective range of rural Ethiopian farm crops by being capable of refrigera-

tion while also being based on electrical power.

ˆ and be low enough cost to be a�ordable to manufacture and sell in Ethiopia.

These objectives will act as design constraints and allow for systematic improvement

aiming towards a goal. Each are equally important as losing any one of them reduces the

value of the research to negligible. Without needing to keep it a�ordable, for example, the

design could simply become a large tractor trailer with high torque and large tires. Without

the need to ferry 10k N of produce while accounting for a safety factor, the design would

simply be a copy of the small electric carts popular in Asian countries. And, without the

need to be based on electrical power for accessibility purposes, the design would lose out in

marketability as a feasible solution when compared to simpler options like used vehicles with

coolers in the back.
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4. MODEL DESIGN USING FINITE ELEMENT ANALYSIS

4.1 Finite Element Analysis on Three-Wheeler Design

The process for creation and validation of the three-wheeler 'bajaj' from the concept

while minimizing cost and weight while remaining capable of supporting the necessary loads

was performed by primarily focusing on maximizing the sti�ness of the design.[ 37 ] This is

valuable as maximizing the sti�ness seeks to include as much solid material in a design

as possible to achieve optimum rigidity.[ 38 ] This is useful to start with a bare design then

increase its sti�ness until it complies with the load requirements and safety factor, determined

for static load, to create a design that is the optimal version of the basic design based on

material used. The bene�t to this approach is its speed and guarantee to arrive at a viable

design over iterations of assessment and adjustment. The limitation is the initial design.

Simply assessing and improving does not create theoptimal design, but the optimalversion

of the initial design. [ 39 ] It is important to note that optimal here does not mean the design

cannot be improved, but rather that it will have reached a sort of critical point following the

constraint paths of mass and rigidity.

The safety factor for this analysis was approximated using the equation for static load

as a rule.

xw = x1x2x3 (4.1)

Where xw is the safety factor, x1 is the design accuracy 1÷1.15,x2 is the non-typical

overload 1.1÷1.18, andx3 is the overload factor 1.1÷1.2.[ 40 ]

As verifying that the safety factor was calculated correctly generally requires product

testing,[ 40 ] the factor here was instead used as a rule of thumb to help assess the expected

design performance after each analysis phase.

The �rst step in performing the iterative design was to convert the conceptual solution

into a CAD model that was compatible with FEA methods.

26



(a) Render. (b) Model.

Figure 4.1. Conversion of concept render to CAD model.

This design was driven by the size of the components. The rear axle and front steering

assembly had both been sourced speci�cally with a�ordability in mind and hence constrained

both the height and width of the chassis before design began. This limited the shape of the

initial design, which increased con�dence in the eventual solution as it simultaneously limited

possible design variations. Another consideration for the design, were the beam elements were

each chosen to be hollow square beams, which are both easy to manufacture, as the design

exists to be manufactured inexpensively as a local product in Ethiopia to take advantage

of the manufacturing plants there not operating at capacity,[ 22 ] but also are inexpensive

to manufacture. Once the model was �nished, the method to maximize the rigidity of the

model was to perform structural and transient analysis on the model in Ansys and, using

Ansys as a tool to do so, minimize the stress in the design to stay within acceptable bounds

determined by our material properties.

4.1.1 Ansys Analysis Set-up

The Ansys analysis was performed by initiating a static structural numerical model,

then transmitting the results of that model into a modal analysis, which determines the

natural frequencies of the structure and vibration characteristics,[ 41 ] which is vital to vehicle

analytics as vehicles are subject to vibration from both road conditions and environmental

factors like wind and rain, but also from their own engine and rotating axle, drive axle and

wheels.[ 42 ]
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(a) Modal. (b) Transient. (c) Random Vibra-
tion.

Figure 4.2. Work�ow of Ansys analysis.

Those results are used in transient analysis. Transient analysis is set up to apply a load

over a very small time step to replicate how the structure responds to shock. This results in

a triangular load curve assessed over a time step of 1.2*10� 2 seconds. [ 43 ]

Finally, to approximate the stresses created by the uneven road surface 'impacting' the

vehicle over the course of operation, random vibration analysis was used. This can be used

to not only calculate areas of high stress during operation, but also estimate life-span of the

structure based on material fatigue. [ 44 ]

(a) Axle stress contours. (b) Engine strap model.

Figure 4.3. Unacceptable stress values on drive axle and solution.
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Figure 4.4. Post support design validation analysis for axle.

Each of these analysis tools were compiled into a single model and used to analyze the

maximum stresses present in elements of the mesh model created for the three-wheeler. The

following �gures show examples of the iterative design that identi�ed unacceptable stresses

in members of the design and, after potential solutions to those unacceptable stresses were

implemented, validated the new design. Figure 4.3 shows the high stress area formed in the

axle from the axle lacking a motor mount as part of its kit. The proposed solution was to

insert straps to support the motor during operation. Figure 4.3 shows the success of that

solution in the eyes of the analysis model, which simultaneously shows one of the limitations

of the analysis system. A motor mount that alleviated the cyclic moment the hanging motor

applied to the axle is a very common solution in the industry to this problem. The limitation

of the system shows from the fact most motor mounts are steel or aluminum harnesses that

can resist both shock andfriction .[ 45 ] Motor straps eliminate the stress as intended, but the

model is insu�cient to address the low life-span of the material.

One of the other considerations necessary to keep in mind while the design iterated

was the lack of a cost model for the three wheeler. One of the primary objectives of the

research was to create an a�ordable design, not simply an e�ective one. Figure 4.5 and 4.6

illustrate an area of high stress in the steering mount element supporting the motorcycle

style front wheel. The solution to the high stress area was a simple bracing bracket which

was immediately e�ective, but would need to be custom machined to �t in the non-typical
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(a) Steering member stress contours. (b) Bracket model.

Figure 4.5. Unacceptable stress values on steering column mount and solution.

Figure 4.6. Post support design validation analysis for steering mount bracket.

area. The cost of a piece like this would not be extreme, somewhere between $20 and $50

[ 46 ] but with a maximum budget of $1500, with half of that being directed to battery costs,

a more e�ective solution would be to extend the lower support bar all the way up to the

steering mount. This serves to show the design strategyfunctioned as it still successfully

created a design considering all design constraints, but wasn't necessarily optimal.

The brackets in the battery box here show the progression of that consideration. Ansys

doesn't have the capability to set up a cost model for its numerical models, but research can

�ll that gap. Forty-�ve degree triangle brackets are common in industry and can be sourced

inexpensively. They function with identical success to the untypical front bracket, but are

more accessible.
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(a) Support member stress contours. (b) Support bracket model.

Figure 4.7. Unacceptable stress values on battery box support members and solution.

Figure 4.8. Post support design validation analysis for support members.

Sheet metal was determined to be the most versatile and cost-e�ective option for unusual

areas requiring support based on use within the industry. [ 47 ] While the solutions to this

point in the design were still based on the experience of the designer rather than a wholly

numerical approach, the process for identi�cation of problems was powerful enough to take

the initial design from concept to the �nal design represented in �gure 4.11a where a skeleton

frame was added to the top to simulate the resistance to torsional moment supplied by

the refrigeration unit to be installed above the vehicle chassis. After verifying the design

contained no other elements indicating stresses beyond acceptable bounds as seen in �gure

4.11b, the design was presented to the board of investors to determine feasibility.
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(a) Leaf spring mount stress contours. (b) Support sheet model.

Figure 4.9. Unacceptable stress values from axle mounting bracket and solution.

Figure 4.10. Post support design validation analysis on mounting bracket.

4.1.2 Design Change After Board Presentation

The board conferred and requested the design be updated nearly half a meter in every

dimension to be functionally capable of carrying a power unit designed by another group

within the company. The increase in both size and mass created torsional and static stresses

that went beyond what a single motorcycle tire and suspension could resist, as well as adding

a signi�cant increase in cargo area, increasing the amount of transportable goods by nearly

half a ton. The change from one front wheel to two would increase costs as the inexpensive

single steering component would need to be replaced with both a steering axle, as well as a

sourced steering column and related components, but the increased cost would result in far
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(a) Model. (b) Stress analysis.

Figure 4.11. Final three-wheeler design with torsional moment support.

greater stability on unpaved roads. The original axle could only drive a 1-ton load including

the weight of the vehicle, so the increase in possible load went signi�cantly beyond what the

previously sourced components were capable of while still remaining within the scope of a

micro bus.

To account for the new requirements, the new design needed to be capable of holding

more power. Custom batteries for the project had already been designed by another group

in the company, so the design shifted to include a battery box sandwiched in the center

of the chassis that would act as both structural moment support as well as cargo support.

Successful industry designs such as those by Bollinger and Tesla utilized a similar method

of created room for batteries without sacri�cing rigidity. [ 48 ][ 49 ]

4.2 Finite Element Analysis on Four-Wheeler Design
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Figure 4.12. Initial design after conversion to four-wheeled design.

Figure 4.13. Four-wheeled design with bottom support sheet.

Figure 4.14. Four-wheeled design with top support sheet.
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The concept model for the four wheeled design was checked using the same FEA approach

as the three-wheeled one, being limited by the bounds of the initial design, so after com-

pleting the model to present to the board, design validation was performed using topology

optimization. Topology optimization is a tool that aims to maximize the performance of a

structure by optimizing its material layout. This means it's a tool that can approximate the

optimal arrangement of structural support members for a given load and set of constraints.

The solutions o�ered by the topology optimization tool aren't used as the guaranteed op-

timal solution to a structural problem, but as a useful guideline to improving a design.[ 50 ]

Comparing this optimal layout to the current design would allow us to adjust the design in a

direction that would reduce mass while maintaining structural rigidity completely separate

from the FEA method.[ 51 ]

Figure 4.15. Concept model for complete design.

4.3 Four-Wheeler Design Veri�cation through Topology Optimization Compar-
ison

Topology optimization aims toward a separate objective from minimizing stress. The

FEA method evaluates areas of high stress and seeks to minimize those stresses. The ob-

jective function of the topology optimization method seeks to minimize the weight of the

model by varying the volume of mesh elements and checking the viability of the result using

the design constraint of compliance. Compliance is a global measure of strain energy and is

maximized by maximizing the �rst natural frequency of the model. The natural frequency is
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a property that describes the frequency at which structures vibrate. Forced oscillations at an

objects natural frequency are referred to as resonance.[ 52 ] Wang[ 53 ] showed the correlation

between maximizing the �rst natural frequency and the stability of static structures, and

the correlation can be seen using the equation.

f = ( k÷ m)÷2 (4.2)

where f is the frequency, k is the spring constant and m is the mass. Reducing the

vibration in a structure leads to less fatigue and a more robust design. Topology does this

by reducing as much mass as possible without reducing the sti�ness of the structure as much

as possible.

Figure 4.16. Topology optimization work �ow .

Topology optimization takes deformation and stress information from a static analysis

and uses it to determine maximum compliance of a structure by varying the volume of

elements within the structure then analyzing the results within the static analysis against

the driving compliance constraint before iterating the process until the solution converges on

a solution that successfully reduces the volume of the model while also maintaining sti�ness.

The expression of the process can be written as:

minimize c f iui i = 1; ndof (4.3)
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civi � V i = 1; nelem (4.4)

K i j(c) � uj (c) = f i i; j = 1; ndof (4.5)

where f i is the external load;ui is the displacement due to the load;ndof is the number of

degrees of freedom;ci is the design variable (volume fraction);vi is the volume of the �nite

element i ; nelem is the number of �nite elements;V is the total amount material that can

be used to create the topology;K is the sti�ness matrix of the structural system.[ 54 ]

For the design, both a series of single-load methods as well as a multi-load method were

organized. In the case of topology optimization the loads function as constraints to the

progression of the model so, in order to determine maximum e�ectiveness of the resultant

model, the maximum global bending sti�ness along the x and y axes, as well the maximum

global torsional sti�ness were taken into consideration.[ 55 ]

(a) Y axis bending. (b) X axis bending. (c) Torsional Bending.

Figure 4.17. Sti�ness considerations for topology optimization.

Figure 4.18. Topology optimization set up values.
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Figure 4.19. Topology Optimization Objectives.

The optimization process is set up with 500 maximum iterations to avoid run-times that

are overlong with a minimum normalized density of 0.001 and convergence accuracy of 1%,

which is good enough for our purposes of comparing valuable results. [ 56 ] The objective is

to reduce mass, so the full objective is set to compliance for every load. The weight could

be set to 2 for the y-axis bending load to account for expected cargo load, but is left at 1

to assess the success of the initial multi-load design. Finally, the optimization region, the

region for interest in �nding the optimal mass allocation for, as seen in �gure 2.20

Figure 4.20. Optimization region.

is comprised of the structural frame surrounding the battery box and transferring the

load from the top sheet of the model to the axle below. To set up the design space for mass

removal, the simplest method is to ignore complex geometry and simply give the optimization

software as much material as possible to work with. [ 55 ] As the design aside from the battery
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