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Euxapilotieg

ApxLka Ba nBela va ekdpAow TLG EUXAPLOTIEG LOU TIPOG ToV KaBnyntr kal eMBAEMWY TOU HeyaAUTEPOU
HEPOUC TNG Ttapolooag SuTAwHATIKAG KUpLo Alopndn Katloupdkn o omolog pe kaBobdrynos Kal Ue GUL-
BoUAeuoe ka®’ OAN TV SLAPKELA TNG EKTTOVNONG TNG SUTAWUATLKAG HoU epyaciog kabBwg emiong Kot
oTov KUpLo MNavaylwtn AAeupa yla thv onuavtiki Bonbela e okomo Thv oAokAnpwon tng. Oa nbeAa
emiong va euxaplotiow OAn tnv opada tng FSTUC yia tnv ouvepyaoia. TEAog Ba nbeha va ekppdow
TNV EVYVWHOGCUVN LOU GTOUC YOVELG OU KaL OTNV OLKOYEVELX IOV TIOU e aTrpLEav Kal Atav SirmAa pou
KaB’ 6An TNV SLAPKELD TWV OTIOUSWV POV, KaBwG Kal Toug GpiAouCg HOoU KoL 6TNV KOTIEAQ OV yLa OANn ThV

otnpLen.



NepiAnyn

H nmapoloa SIMAWUATLKA £pyacio cUYKeVTpwVEL TNV pebBodoloyia yla TNV avamtuén Tou cUCTAUATOG
QVAPTNONG O€ €Val aywvLloTkO Oxnua Formula Student. MapatiBevtal yeVIKEG TTPAKTIKEG AVATTTUENG
£VOC TIPOTOVTOC TTIOU XPNOLUOTIOLOUVTAL 0T auToKvnToBlopnxavia pe épdacn otnv SUVOULKN OXNUA-
TWV KaL 0TOV OXESLOOO CUCTHHATOC OVAPTNONG. Baolkdg 0ToX0G TNG SUTAWMUATLKAC NTAV 0 0XeSLACUOG
TOU UMPOOTA KAl oW CUCTAATOC OVAPTNONG BACLOUEVO O OPOBEG LNXOVIKEG TIPAKTIKEG. Z€ TIPWTN
daon oxeblaotnke Kal LeEAETAONKE N cuUEPLPOPA TNG UITPOCTA OVAPTNONG TOU TPONYOUEVOU OXH-
HOTOG TNG OASAG KOL OTNV CUVEXELA LETA ATTO AVAAUOHN TNG KLVNUOTLKAG KoL SUVOLKAG CUITEPLDOPAG
TIPOXWPNOAUE OTOV OXESLOOUO TOU CUCTHUATOG OVAPTNONG YLO TO VEO PovoBEato. To mAaiclo Kal To
oloTNUA avapTnong Lall e Ta EpLOCOTEPA OO Ta £EXPTHOTA TTOU TA OIMOTEAOUV KATAOKEUAOTNKAV
ota epyaotrpla tou MoAutexveiou Kpntng.

NEEeLg KAELSLA: suspension design,CAD, vehicle dynamics



Abstract

This thesis summarizes the methodology for developing a Formula Student Vehicle Suspension System.
It presents a streamlined version of the automotive development process, with a focus on Vehicle
Dynamics and Suspension Design. The primary task was to design the front and rear suspension for the
FSTUC 2024 vehicle based on Vehicle Design Engineering principles. First, a virtual model of the 2023
front suspension geometry was created. The goal was to analyze the behavior of this suspension. With
the results of these analyses, the development of the FSTUC 2024 Front and Rear Suspension could
begin. The Chassis and the Suspension Systems were developed within the context of the present the-
sis inhouse at the Technical University of Crete.
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1 Introduction

1.1 Outline
The main task of this thesis was to design the suspension of a Formula Student car by using tools
like CAD for analyzing geometries and 3D designs and using MATLAB in order to verify simply sus-
pension calculations. It was quite a challenging problem because we must think about the rules
and regulations of the competition, timeline economics as well as manufacturing limitations in

order to design a car that meets our goals.

Picture 1: The 2023 Car during the manufacturing Phase

1.2 Formula Student Competition

Formula Student is the largest engineering competition in the world were students design build and

race formula type racecars within certain regulations.

The Competition has both Static and Dynamic Events. Static events are Business Plan Presentation, Cost
Manufacturing and Design Event. For the dynamic events the teams need to compete on Acceleration,
Autocross ,Skidpad,Endurance and Efficiency.(Formula Student Rules 2025 D1, Dynamic Events Gen-

eral)



1.3 Competition Regulations

Ground Clearance
T2.2.1: The minimum static ground clearance of any portion of the vehicle, other than the tires, includ-
ing a driver, must be 30 mm. If an active suspension system is installed, the static ground clearance is

measured in the lowest adjustable position.

Suspension
T2.5.1 The vehicle must be equipped with fully operational front and rear suspension systems including
shock absorbers and a usable wheel travel of at least 50 mm and a minimum jounce of 25 mm with

driver seated.

T2.5.2 All suspension mounting points must be visible at technical inspection, either by direct view or

by removing any covers.

1.4 Problem Statement

The design of the suspension system of a Formula Student vehicle presents a complex engineering
challenge. The suspension system should be designed in that way that provides optimal handling, sta-
bility and safety under racing conditions. Some of the key requirements are overall vehicle perfor-
mance, optimal weight distribution, packaging, minimizing weight and compliance with the regulations

of the competition and of course keep it as simple as possible.

1.5 State-of-the-art

The development of a Formula Student car is a highly collaborative process involving various aspects
of automotive engineering, with the chassis and suspension systems being key components in achiev-
ing optimum vehicle performance.

Over the years, advances in materials, simulation tools and design methodologies have significantly
improved the development of Formula Student vehicles. Most teams use a chassis spaceframe made
from carbon steel while others prefer to build a monocoque as it is lighter. Now regarding the suspen-
sion, most teams use a pushrod configuration at the rear and at the front both pushrod and pulirod

configurations and direct mount suspension can be seen in various cars.



Figl : Pushrod and Pullrod Configuration

1.6 Objective

The design of the Car within the Rules and Regulations that meets the target attributes

Fixed:

e Wheelbase/trackwidth: 1.6 m, 1.2 m

e Wheels/tires: 13” constrained by competition

e Front/rear ride rates: 2Hz

e Anti-lift and Anti-squat: 0%

e Front/rear static camber: -1 deg

e Front/rear roll center height: As close as possible to the ground
Adjustable:

e Front/rear static toe: 0.1 deg (adjustable)

e Dynamic toe: none (adjustable via toe link vertical movement)

e Damping: critical on jounce (rebound 3x more damping jounce)

e Understeer targets: 2 deg (road wheel angle)/9.81 m/s? at 6 m/s? (adjustable via stiff-

ness balancing and dynamic toe adjustment)

1.7 Methodology

The Methodology in the following outlines the approach taken to design the Suspension system for
FSTUC’S Vehicle. First a virtual model of the front suspension from the previous year vehicle was cre-

ated. Gathering data from the previous year’s vehicle was important to design the new suspension. 3D



Models were created for analyzing the behavior of the front Suspension. After that we identify weak-
nesses and set some design goals for the new suspension system and compare them with other teams
to understand the trade-offs they have made in terms of suspension geometry. The Chassis was de-
signed firstly in order to meet regulations of the competition and safety of the driver, and secondly to
have optimal interaction with the components such as wishbones, engine, suspension. For the new
vehicle various designs had occurred for both front and rear suspension and kinematic analysis were
done to understand the geometry of the Suspension. After validating the final suspension design kine-
matic behavior, we move further into more intrusive design of the component’s simulation and parts

selection such as bolts, nuts and ball-joints.

2. SUSPENSION GEOMETRY ATTRIBUTES

This chapter explains the parameters and characteristics that are critical to the design of the suspension
system and the dynamic behavior of the vehicle. The aim is to provide readers with an understanding

of the document’s theoretical basis.

2.1 Attributes

An attribute is a high-level aspect of how the user of the vehicle perceives the vehicle.

Attributes and Functions are used to establish processes and structures for requirement setting and
verification within a vehicle engineering organization. Such processes and structures are important to
enable a good overall design of such a complex product as a vehicle intended for mass production at
affordable cost for the customers/users. Fig. 2 tries to give an overview, with reference to the well-

known V&YV process, how a vehicle program generally is organized.
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Goals - Concept Deployment, life
phase cycle

Architgcture and ‘V&V Ve.riﬁc.ation and
Requirements  feedback Validation (V&V)

Detailed Design System Integration

Implementation

Time

Fig 2: V-process applied to a vehicle program

2.2 Functions

A function is more specific than an attribute. Ideally, it defines a measure which is possible to set (quan-
titative) requirements on. The (complete vehicle) function does not primarily stipulate any specific sub-
system. However, the realization of a function in a particular vehicle program normally only engages a

limited subset of all subsystems. So, the function will pose requirements on that subsystem.

2.3 Requirements
A requirement shall be possible to verify as pass or fail. A requirement on the complete vehicle is typi-

cally formulated as:

“The vehicle shall ... do something or have measure ... <or>or= ... number [unit] ... ... under certain

conditions.”

Examples of requirements

e The vehicle shall accelerate from 50 to 100 km/h on level road in <5 s when acceleration pedal is fully

applied.

* The vehicle shall decelerate from 100 to 0 km/h on level road in <35 m when brake pedal is fully

applied, without locking any rear wheel.

11



* The vehicle shall turn with outermost wheel edge on a diameter <11m when turning with full-lock

steering at low speed.

» The vehicle shall have a characteristic speed of 70 km/h (@10 km/h) on level ground and high-friction

road conditions and any recommended tires.

2.4 Hardpoints

A hardpoint refers to a fixed, specific location on a vehicle's structure or chassis where components are
mounted. These points are critical to the design and engineering process because they define the ge-
ometry and positioning of major parts like the suspension, engine, transmission, or steering system.

Hardpoints determine the fundamental structure and performance characteristics of the vehicle.

12



3. SUSPENSION

3.1 Suspension Configurations

3.1.1 Double wishbone

A double wishbone suspension is an independent suspension design for automobiles using two wish-
bones. Each wishbone has two mounting points to the chassis and one joint at the knuckle/upright.
The damper /spring component could mount directly to the wishbone to control vertical movement or
could be mounted to a suspension rod with a rocker arm in order to control the movement and pack

better the suspension system when it comes to aerodynamics.

3.1.2 Push Rod configuration

This configuration has one upper wishbone, one lower wishbone and the suspension rod that it is con-
nected to the rocker arm and then the spring. The main idea is that when the tire bumps the wheel

moves upwards an the suspension is compressed (Pushed).

3.1.3 Pull rod configuration

Again, there is an upper wishbone ,a lower wishbone and the suspension rod that is connected to the
rocker arm and then the spring. The difference is that the suspension rod is mounted higher at the

wheel assembly and at a low point on the chassis.

The rocker arms have a pivoted point that they can turn around it and it attached to the chassis. Usually,
they have one mount for the Suspension rod and one for the spring/damper element but usually have
another mount used for anti-roll bars attachment. The rocker arms can be used in order to convert the
motion ratio of the suspension system and give the engineers more freedom to design the suspension

systems.
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3.2 Geometry Definitions

3.2.1 Wheelbase and Trackwidth

Wheelbase is the distance of the center the front and rear tire of the vehicle in side view (Fig 2).In

general long Wheelbase decreases pitch while short ensures better maneuverability.

Fig 3 :Wheelbase

Trackwidth is the distance between centers of left and right tire on the same axis when in front view.

Wider track width reduces body roll and it can be different for front and rear axis.

3.2.2 Camber Angle
Camber angle is the angle between the wheel plane and the vertical, positive when the top of the

wheel leans outward.

(Chalmers Vehicle Dynamics Compendium for course MMF062 2.2.1.2 Sector)

14



Fig 4:Camber Angle "y~

3.2.3 Positive Camber Angle

Positive camber &g is usually defined if the wheel leans outward from the car body(Fig.4).The camber

angles with respect to the car will be denoted € and with respect to the ground y.

| J

4

R S SR

k=

Fig. 5: Positive Camber Angle

3.2.4 Negative Camber Angle

Negative camber g, is usually defined if the wheel leans inward from the car body(Fig 5).

=

Fig 6:Negative Camber Angle
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Negative Camber Setup in general improves handling and road grip, providing an equal load throughout
the contact patch. It also minimizes tire vibration and allows for better cornering at high speeds. Alt-

hough it can lead to oversteering and make the vehicle move toward any road irregularities or bumps.

3.2.5 Toe angle

Toe in/Toe out

Toe angle (or toe-in) is defined as an axle with two wheels (not for a single wheel), as the difference
between right and left wheel’s steering angles. Toe angle is positive if front ends of the wheels are
pointing inward. Hence, toe can be called toe-in. Negative toe can be called toe-out. Toe angle gener-
ates opposing lateral forces on each side. The toe angles vary with the tire forces, due to suspension
linkage geometry and elasticity in suspension bushings. (Chalmers Vehicle Dynamics Compendium for

course MMF062 2.2.1.4 Sector)

Fig 7:Toe in

Fig 8:Toe out

3.2.6 Caster Angle

The angle in a side-view between the steering axis and the vertical axis is called Caster angle. It is pos-

itive if the top of the steering axis is inclined backwards. Caster angle provides an additional aligning
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torque, see 2.5.6.2 and Section 4.2.3.2, and changes the camber angle when the wheel is steered

(Chalmers Vehicle Dynamics Compendium for course MMF062 2.2.1.3 Sector)

Fig 9:Caster angle

3.2.7 Sprung and Unsprung mass

Sprung mass is the mass of anything that is carried by the car’s Suspension. This includes the chassis,
engine , transmission, electronics ,interior components and driver. Sprung mass moves up and down

as the vehicle travels over surfaces.

Unsprung mass is the mass that is not supported by the vehicle’s suspension. This includes the wheels,

tires, brakes ,wheel hubs and bearings, uprights ,axle shafts and differential.

sprung weight

-

’4 -------------------- o .-

suspension

———
wheel
bounce
unsprung
weight
tyre
compression

Fig 10: Sprung and Unsprung weight(https://en.wikipedia.org/wiki/Unsprung_mass)

3.2.8 Torsional Stiffness

Torsional Stiffness is determined by the amount of Torque required to deflect the chassis by unit de-
gree. The differences in forces from the suspension links that leads to a Twisting Moment. The moment

will deflect the chassis about its Roll Axis. In a perfectly rigid chassis, the front and rear roll angles
17



remain identical, as assumed in suspension design calculations. When the chassis allows for twist,
weight transfer deviates from intended values, affecting handling predictability. To minimize these ef-
fects, race cars typically aim for a chassis stiffness 3-5 times greater than suspension roll stiffness, while
passenger cars range from 7-40 times. Despite these guidelines, there is no standardized value for op-

timal torsional stiffness in vehicle design.

3.2.9 Roll Centers and roll axis

Roll center is a theoretical point in the front view of a vehicle which the body rolls around it and it is
determined by the design of the Suspension. The line connecting front and rear axis roll center is the
roll axis. The roll center is the notational point which the cornering forces in the suspension react to

the vehicles body.

front axle

Ah

Lr - heey + lp - Rper
L

Ah =h—

Fig 11: Roll axis for a two axle vehicle(Vehicle Dynamics Compendium for course MMF062 Chalmers Edition)

motion for points
moving with hub Pivot point

for wheel

motion for a point
moving with hub, where
the wheel which is in™,
contact with ground ‘

—-""d,/’g From the other

wheel on same
Roll centre

for axle

Fig 12: Example of how to appoint the pivot point for one wheel and roll centre for axle with double wishbone
suspension.(Vehicle Dynamics Compendium for course MMF062 Chalmers Edition)

3.2.10 Ride Rate or Ride Frequency

Suspensions frequencies are the rate that the spring oscillates after applying a load or hitting a bump.
A suspension with stiff springs and a high frequency will oscillate more quickly than the same car with

soft springs. This does not include the effects of dampers. Lower frequencies produce a softer
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suspension with more mechanical grip, however the response will be slower in transient while higher
frequencies create less suspension travel for a given track, allowing lower ride heights, and in turn,

lowering the center of gravity.
0.5 - 1.5 Hz for passenger cars
1.5 - 2.0 Hz for sedan racecars and moderate downforce formula cars

3.0 - 5.0+ Hz for high downforce racecars

19



4. FSTUC 2023 VIRTUAL MODEL

A virtual model of the front suspension of the 2023 car was needed, so we tried to copy the geometry
of the real car and design each component in SolidWorks. This can be done by taking physical meas-
urements of the car and 3D scanning. We decided through testing that the rear suspension system was

not working properly, so we redesigned it for the FSTUC 2024 car.

On Fig 12 we can see the CAD model of the front suspension that was used on the previous car. It is a
Push rod double wishbone suspension that is used commonly on formula student cars. The Suspension
rod and the wishbones were created through physical measurements. Also, the wheel hub model de-
signed using hand calculations. Tire model was a simple model with the correct dimensions, and the

upright is the real model that was manufactured.

Fig 13: CAD model of Front Suspension
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Fig 14 : Detailed view of the Rocker Arm

Fig 15: Wheel hub from smart 541

After the creation of the virtual model, we measure the displacement on the wheel and on the damper
at the vehicle, then we measure the displacements on the Cad design. The main idea is to compare the

two different Motion Ratios and compare them with the hand calculations.

4.1 Measurements on the real vehicle

In order to measure the vertical displacement of the wheel we attached a laser measurement, while
lifting the wheel with a small crane. In every measurement of the wheel, we also measure the displace-

ment of the damper with a steel vernier caliper.

21



Table 1:Measurements on the Real Vehicle

Spring(mm) Wheel(mm)
0 0
2 5
6 11
10 16
14.6 21
21 27
24.6 33
29.8 38
34.5 43
37 47

After the measurements the Motion Ratio (Table 2) is Calculated for each measurement and then an

average motion ratio

Spring Displacement

Motion Ratio =

Wheel Displacement

Equation 1:Motion Ratio

0.4

0.545

0.625

0.695

0.777

0.745

0.784

0.802

0.787

Table 2:Motion Ratio

The average Motion Ratio is 0.67.That means that for 100 mm the wheel moves the spring/damper-

moves 67 mm.

Wheel Displacement (mm)
s R B & (R
(=] o (=] wn o (4]

o

Motion Ratio

(=)

0 5 10 15

20 25 30

Spring Compression (mm)

Fig 16 :Motion Ratio
22
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Motion Ratio can also calculated by the Equation 2 below after we measure the following dimen-

sions,L1,L2,L3,L4.

L2 L3 167 65

Motion Ratio = —*—=—=*x—=0.71
oHon KAt = 11" 14~ 355 43
Equation 2:Motion Ratio Calculation

\ /

X oF

i/
©

/'\ : L2

./"‘ L1 S

Fig 17 :Dimensions needed for the calculation

4.2 CAD Design and Calculations

Fig 18: Cad Model of the Front Suspension
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Fig 19 : Cad Model of the Front Suspension

Figure 20: Suspension Geometry of Front Suspension
Using SolidWorks motion study, we created a motion simulation of the tire on the vertical axis. We
need to ensure correct mates to have motion study without errors. After that two sensors were added
on SolidWorks to measure the spring displacement and the wheel displacement. The data was ex-

tracted from SolidWorks for post process analysis.

Table 3:Measurements on the Cad Model

Spring mm Wheel mm
0 0

3.52 3.98

7.28 8.18
11.19 12.48

14.4 15.97
18.19 20.05
23.96 26.2
30.51 33.12

After the measurements the Motion Ratio for each pair of values was calculated

24



0,884422
0,889976
0,896635
0,901691
0,907232
0,914504
0,921196
Table 4:Motion Ratio

Motion Ratio

35

30

25

20

15

10

Wheel Displacement

0 3,52 7,28 11,19 14,4 18,19 23,96 30,51

Spring Displacement

Fig 21 : Motion Ratio

The average Motion Ratio is 0.89.

After the calculations of both real vehicle’s Motion Ratio and Cad model’s Motion Ratio we could see
that there is a difference between the 2 values. We can perform more intensive modifications to the
virtual model but we decided that we have enough data from the performance of the suspension. A

matlab script was used in order to plot these values on a same graph(Fig 5).
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Comparison of Real and CAD Values
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Fig 22: Comparison between the Real values and Cad values

4.3 Load Distribution

Vehicle Weight (Without driver):300 kg
Driver’s Weight:70 kg

Vehicle weight with Driver :370 kg

Assuming a 45:55 weight distribution ,45% on the front and 55% on the rear of the vehicle.

Weight at front: 0.45 * 370 = 166.5 kg
Weight on each ‘tire:%&5 =83.25kg
Weight at the rear:0.55 * 370 = 203.5 kg

Weight on each ‘tire=202—3'5 =101.75 kg

Wheelbase:1600 mm
Track Width [Front]=1250mm

Track Width[Rear]=1280 mm
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4.4 Load Calculations

Longitudinal Forces during braking

Considering Max. Acceleration of 1g: 9.81 m/s?

Force at the Front side=mass at the rear side*acceleration
Mass at the rear=203.5 kg

Force= 203.5 %*9.81 = 1996.33 N

Force on 1 Wheel= 1996.2 = 998.1 N

Longitudinal Force =998.1 N

Lateral Forces

Lateral Forces are because of 2 reasons. Centrifugal Force and lateral load transfer from outside to

inside while turning.

Centrifugal Force

Assuming the vehicle takes a turn of 7m radius with a speed of 35 kph.

R=7m

V=35kph=9.72 m/s

2

Centrifugal Force = = 499385 N

Centrifugal acceleration=13.49 m/s?

Now consider if all the weight at the front side comes on the wheel assembly. The force will be Force

due to lateral load transfer = 0.45 * 370 * 9.81 = 1633.36 N
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4.5 Suspension Characteristics

Motion Ratio: 0.70
Kspring: 50 N/mm

K = (MR?) x Kspring = 22528 N/m

K
(M) = 22.33 rad/sec

w
Ride Frequency = P 3.54 Hz

After examining these results, we concluded that the front suspension system had a motion ratio close
to 1, with a value of 0.70 (average motion ratio based on CAD Design and actual measurements). This
means that for every 100 mm of vertical movement, the spring compresses by 70 mm. This means that
half of the spring's stiffness is observed in the wheel. We also had a higher frequency, which is not
desirable according to the literature. We decided to try a direct mount suspension for the new front
suspension this year. Another significant problem in the suspension assembly was the alignment of the
spring/damper, rocker arm and the suspension rod, with the result that not all the force was applied
on the rod to compress the spring and, therefore, differences between the actual measurements and
the CAD values.
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5. FSTUC’S 2024 CAR DEVELOPMENT

The first thing was to define basic attributes such us the Wheelbase (greater or equal 1555 mm from
the competition regulations) and front and rear wheel track. Thus, the wheelbase of the Car is 1600
mm and front wheel track is 1210 and rear wheel track is 1250 mm. The size of the rims we decided to

use was 13 inch Aluminum OZ racing.

Firstly, the Chassis designed on SolidWorks in order to follow the regulations of the competition. The
chassis was designed to maintain a certain minimum distance from the road (Min 30 mm) from the
regulations of the competition. After that an assembly was created with many components to design

the whole virtual model of the car.

The rear trackwidth was determined by using the same axle shafts as last year. After that, the design of
many components started in order to manufacture them like the Uprights and wishbones which are

main part of the suspension system.

5.1 Targets
Weight:~270 Kg

Center of gravity is as close as possible to the ground.

5.2 Weight distribution
Assuming a weight distribution of 55%-45% where 55% on the rear and total weight of the vehicle with

the driver is 300 kg(Net weight:230 kg ,driver’s weight :70 kg)

Mass at front:0.45 * 300 = 135 kg

Mass on each front ‘tire:%5 =67.5kg

Mass at the rear:0.55 * 300 = 165 kg

Mass on each rear t'ire=1765 =825kg
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Wheelbase:1600 mm
Trackwidth Rear:1250 mm

Trackwidth Front:~1210mm

Weight
no  ltem Mass(kg) Weight(N)
1 Driver 70 700
2 Engine 45 480
3 Chassis 50 500
4 Front Suspension 2 20
5 Rear Suspension 4 40
6 Fuel Tank 10 100
7 Differential Assembly 8 80
& Driveshafts 7 70
9 Bodywork 1 10
10 Steering Column-rack 15 150
11 CockpitiSeat-dashboard-shifter) 5 50
12 Exhaust 5 50
13 Front Wheel assembly(Wishbones Hub-Uprights-Wheels) 25 250
14 Rear Wheel assembly(Wishbones Hub-Uprights-Wheels) 27 270
15 Intake Components 2 20
Total 279 2790

Fig 23 : Vehicle and components weight

5.2.1 Load calculations

Longitudinal Forces during braking

Considering Max. Acceleration of 1g: 9.81 m/s?

Force at the Front side=mass at the rear side*acceleration

Mass at the rear=165 kg

Force= 165 %9.81 = 1618.65 N
1618.65

Force on 1 Wheel= — = 809.325 N

Longitudinal Force = 556.525N
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Lateral Forces

Lateral Forces are because of 2 reasons. Centrifugal Force and lateral load transfer from outside to

inside while turning.

Centrifugal Force

Assuming the vehicle takes a turn of 7m radius with a speed of 35 kph.

R=7m

V=35kph=9.72 m/s

2
= 4049.07 N

Centrifugal Force =

Centrifugal acceleration=13.5 m/s? or 1.38 g.

Now consider if all the weight at the front side comes on the wheel assembly. The force will be Force

due to lateral load transfer = 0.55 #* 300 * 9.81 = 1618.65 N

5.3 CHASSIS DESIGN

The chassis was designed within the competition regulations. Front Hoop and Roll Hoop tubes have an
outer diameter of 25 mm and wall thickness of 2.5 mm. All the other tubes have an outer diameter of
25 mm and a wall thickness of 2 mm. It was made of AISI4130 also known as chromyl steel. The me-

chanical properties of the AlISI4130 are listed below

Table 5:AlSI Steel Properties

Properties Metric
Tensile Strenght, Ulti- 760 MPA
mate

Tensile Strength, Yield | 435 MPA
Modulus of Elasticity 205 GPA
Bulk Modulus 140 GPA
Poisson’s Ratio 0.29
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Fig 23 :Chassis

The total mass of the chassis from SolidWorks was 37 Kg.

Below we can see the hardpoints where the wishbones will be attached to the chassis both on front

and rear.
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Fig 24:Front and rear hardpoints(Wishbone mounts)

The chassis was tested at three simulations through SolidWorks. A front impact, a side impact and a

torsional analysis.

5.3.1 Front Impact

The front impact is done to find out the amount of bending stress and the deformation in the chassis
if the car hits a solid body from the front. The rear was set fixed and the force were applied at the front

bulkhead nodes. The Force was calculated on a crash of 5G.

Parameter Value
Car weight with | 310 Kg
driver

Velocity 70 Km/h
Force 14000 N

Table 6: Parameters Front Impact

Fig 25: Points of application of force
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Upper bound axial and bending (N/mm»2 (MPa)
223,114
. 200,803
- 178492

_ 156,180

_ 133,869

_ 111,558
89,247

_ bB936

44,625 e <
Maw:| 223,114

22,314

0,003

Fig.26 :Von Misses Stress Analysis, Front Impact

URES (mm)
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l 3676

. 3267
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L 1,225

0,817
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0,000

Fig 27 :Deformation ,Front Impact

Von Misses | 223.11 MPA
Defor- 4,084 mm

mation
Table 7:Results Front Impact

5.3.2 Side Impact

Assuming a velocity of 50 Km/h. One side of the side impact structure is fixed and the on the other side

load was applied. The force of 10000 N was applied at the side impact structure

Parameter Value
Car weight with | 310 Kg
driver

Velocity 50 Km/h

Table 8:Parameters Side Impact
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Fig 28 :Points of application of force

Upper bound axial and bending {N/mm~*2 (MPa))
299,980

. 269,983
_ 239,985

_ 209,987

L 179,990
149,992
119,994

89,997

Fig 29: Von misses Stress Side impact

35



URES (mm)
5,886
' 5297
- 4,709

- 4,120
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0,000 2950 ¢

Fig 30: Deformation Side Impact

Von Misses | 299.9 MPA
Defor- 5.886 mm
mation
Table 9: Results Side Impact

5.3.3 Torsional Stiffness

In order to check the torsional stiffness of the chassis a simulation model was made. The rear suspen-
sion nodes of the chassis were set as fixed well 2 forces were added at the wishbone-upright simplified
assembly demonstrating the appliable force on the real car and the torque produced based on the

distance from the point where the force occurs to the Roll axis of the car. The Force used was 2000 N.

Fig 31 : Points of application of force
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Fig 32 :Deformation Torsional Analysis

Upper bound axial and bending (N/mm#2 {(MPa)}
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Fig 33:Von Misses Stress Torsional Analysis

From the simulation we can get the linear deflection, and we calculate the angle of twist.

Calculations

Torque Load

e Torsional Stif fness =
ff Angular Deflection

1
Torque Load = 2000 * > *1.2=1200 Nm

e 0 = Angular deflection = tan™! <uertical disPlacement) = tan"1(0.017683) = 1.01 deg

%trackwidth

1200

e Torsional Stif fness = Tor = = 1188 Nm/deg
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Von Misses Stress 269.6 MPA

Deformation 10.61mm

Torsional Stiffness 1188
Nm/deg

Table 10:Results Torsional Stiffness

5.4 Front Suspension Design

The main idea for the Front Suspension was to mount the Suspension directly from the chassis to the
lower wishbone, without using extra suspension rod and rocker arm. This was decided due to time

restrictions and the need to create a simple system as soon as possible.

5.4.1 Design Targets
Ride Frequency of 2 Hz

Static Camber: Negative 1 degree

Roll Center as close as possible to the ground

5.4.2 Methodology
After we set the first target, that was the ride frequency, we need to calculate the motion Ratio that

satisfies the 2 Hz including also the springs. The motion ratio was calculated to be 0.50.

In order to select the Hardpoint on where the suspension should be mounted on the lower wishbone
we had to check 3 positions. One at the nearest point, one at the middle of the wishbone, and one as
close as possible to the knuckle. After that we calculate the motion ratio for each setup and the camber
at full compression. The methodology was simple. First, we created a simple dynamic Cad Model of the
front Suspension, then to change the setup we simply change the mate that connects the Suspension
to lower wishbone arm. Three sensors were added in order to calculate each measure, one measures
the vertical distance of the wheel center from the road, one the damper displacement, and one the
camber angle. On the pictures below we can see the 3 setups that we checked. Then sensors data are
exported to an excel file for post-process and then on a Matlab script so we can plot them and perform

the calculations.

38



Fig 34 : Setup 1

LOOOOO O ORo0

Fig 35: Setup 2
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Fig 36 : Setup 3

Below we can see the Motion Ratio for each Setup. As we can see we have an average Motion Ratio of

0.50

Motion Ratio for CAD MR 1 Measurements: 0.49005
Motion Ratio for CAD MR 2 Measurements: 0.51783
Motion Ratio for CAD MR 3 Measurements: 0.47675
Fig 37 :Motion Ratio for the 3 Setups.
Below we can see the 3 sets of measurements plotted on a same graph. On y axis we have the wheel
measurements and on x axis the Spring measurements. We can see that Setup 2(Green) is more linear

compared to the other 2 setups.
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Spring vs. Wheel Displacement
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Fig 38: Plot of the 3 Setups Measurements

Also, we compared the camber angle for every setup at full spring compression.

The 3 setups had very similar Motion Ratio’s and the 1 and 3 setup required a lot vertical movement of

the wheel to achieve full compression. So Setup 2 was selected as it offers a more predictable behavior.

After that a few changes were done at the Cad model in order to satisfy the static camber goal of -1

degree.

Fig 39: Front Suspension Design through the development phase.

5.4.3 Suspension Characteristics
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Motion Ratio :0.48

Static Camber:1.16 degrees negative

Roll Center Height was calculated at 42 mm above the ground

Table 11:Motion Ratio and Camber Angles of the 3 Setups

Setup Mo- | Camber at | Static
tion full com- | Camber
Ratio | pression

Setup 1 0.49 +1.51 +0.67

Setup 2 0.51 | +1.37 +0.6

Setup 3 0.47 | +1.18 +0.6

Table 12 :Wheel and Spring Displacement and Camber gain

Spring (mm) | Wheel(mm) Camber Negative(De-
grees)
0 0 1.16
2.37 5.02 1.25
5.87 13.39 1.42
8.79 18.49 1.56
17 3535 2.03
19.54 40.7 2.19
21.35 44.39 2.32

Table 13:Motion Ratio for each pair of values

The average motion ratio is 0.48

0.472

0.437

0.475

0.478

0.480

0.480
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Spring vs. Wheael Displacement and Camber Angle for CAD Measuremants
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Fig 40 :Motion Ratio and Camber gain

Roll Center

Fig 41 :Vehicle’s Front Suspension Roll Center and COG.

Final Products and Exploded view
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Fig 42 : Final Designs Front Suspension

5.5 Rear Suspension Design

The main idea for the rear suspension was a new design compared to last year’s. A push rod double
wishbone suspension with rocker arm at the rear of the car and the suspension rod attached at the

lower wishbone (Fig 4.6).

The methodology was again the same, setting design goals that satisfy the characteristics of the sus-
pension we want. After that, more interfering modifications to the components would be made and

eventually after FEA we would have the whole model.

Design Targets

Ride frequency: 2 Hz

Static Camber: 1degree negative

‘_[ \e el "‘

Fig 43:Rear Suspension Design through the development phase.
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The average motion ratio is 0.59

Motion Ratio: 0.59

Kspring: 30 N/mm

Wheel Displacement (mm)

Table 14: Wheel and Spring Displacement and Camber gain

Spring (mm) | Wheel(mm) Camber
Nega-
tive(De-
grees)

0 0 1.15

6.17 10.64 1.36

7.74 12.74 1.4

15.33 24.95 1.69

18.61 32.3 1.89

27.19 47.87 2.35

Table 15: Motion Ratio for each pair of values

0.578
0.607
0.614
0.576
(0567 |

- Spring vs. Wheel Displacement and Camber Angle for New Measurements
b T T T

—&— Molion Ratio
—&— Camber Angle

45 -

AvgMR 059
35 e
y:

30+ _ //z

s

25 P

ot 1 1 1
0 5 10 15 20 25
Spring Displacement (mm)

Fig 44:Motion Ratio and Camber gain

K = (MR?) x Kspring = 10445 N/m

45

30

{degrees)

Camber Angle



’ K
w= (M) = 14.45 rad/sec

w
Ride Frequency = P 2.29 Hz

The Springs we selected were RF130-36-030 with a total length of 130 mm, inner diameter 36 mm and

a Spring constant of 30 N/mm.

The Rear suspension system consists of the upper wishbone, the lower wishbone, the suspension rod,

the rocker arm ,the damper/spring element and the Upright-wheel hub assembly.
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Fig 45:Rear Suspension final design

Fig 46: Suspension Rod

Table 16:Rear Suspension Components

Parts Quantity
10 mm Ball 4
joints

Suspension 2
Rod
Damper/Spring | 2
Rocker Arm 2
Upper Wish- 2
bones

Lower Wish- 2
bones

Upright 2
Wheelhub 2
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10 mm Par- 2
tially threaded

Allen Bolt
Hex Nut 10 4
mm Thin
Nut 10 mm 4

5.6 Rocker Arm Design

Main part of the Rear Suspension Assembly is the Rocker Arm. The rocker Arm designed in that way
so it can provide the Motion Ratio we need for the Suspension. Taking the weight of the component
into consideration, we want to create an optimized part with no excessive material. The part was de-
signed by steel plates 4 mm thick, also support plates were added. The plates will be welded together

and weigh 155 gr.(Pic.1).

Fig 47 :Rocker Arm

5.6.1 Analysis of the Rocker Arm

Theoretical Calculations were done with a Bump Force of 2400 N that comes from the wheel to the

rocker arm through a pushrod.
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Bump Force

Fig 48:Free Body Diagram of the Suspension
L1=60 mm, L2=70 mm ,01=48°, ©2=90.5°
Considering a bump condition with a force of 2400 N.
Force at Pushrod end (Fer)=Bump Force * cos@1 = 2400 * cos(48) = 1605.9 N
Rocker Motion Ratio(RMR)=(i—i) * sin(62) = Z—g *sin(90.5) = 0.71

Force on Rocker Damper end (Fpr)= Fpg * RMR = 1140.189 N

The simulation of the part was done on SolidWorks Software. The values of nodes and elements were
found 86068 and 52134 respectively. After performing analysis on the design, it was found that the

part has minimum 1.61 value of Factor of Safety and an average factor of safety of 3.
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Fig 49: Displacement
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Fig 50: Stress

The second Part (Fig 46) is automated design done on Fusion 360.We designed the three hard-
points/constraints, and the software connects them, with various ways. This product will be 3d printed

from steel and will weigh about 139 gr and if it is printed by aluminum it will weight 60 gr.
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Fig 51:Automated Rocker Arm

5.7 Front and Rear Suspension during Development
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Fig 52:Suspension assembly
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6.Conclusion

In conclusion, the team was very satisfied with the job done both on chassis and suspension system of
the car. The driver’s output was that the car was safe to push, was stable during handling and cornering
and had no problems with oversteer/understeer. Although all drivers complained about easy rolling of
the car due to low stiffness (1188 Nm/deg). We satisfied most of the goals we have set for the suspen-
sion, Ride frequency of 2 Hz, Motion ratio 0.5-0.6 and camber angles. Some things we need to consider
for the next car are the integration between the chassis and the suspension components, more accu-
racy on the inhouse manufacture, considering adding anti roll bars for both front and rear suspension.
The design can be improved by adding an antiroll bar, making the suspension a bit stiffer, better packing
and removing excess weight from various components. Moreover, this thesis covers the early steps of
developing a suspension system using CAD tools, and Matlab. In order to design a better system, the
team later use software such as Altair Inspire which can simulate the front and the rear suspension of

the car at racing conditions. (Acceleration, skidpad ,etc).

Someone who wants to understand in deep the whole development process should read the thesis of
Spyros Karakostas in which Spyros analyzing geometries | designed at IPG and performed dynamic sim-
ulations there and then can have a fully view of how we can go from Cad and simple design-calculations

to design a whole model of the car on IPG with the correct suspension setup.
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APPENDIX

Front and rear suspension from various cars
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