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This thesis investigates different shapes with various angles on front and rear placed
on top of a robot, aiming to gather different data from various sensors placed around
the shape, while experiencing considerable air resistance in different trajectories
it travels. Fach shape has a definitive incline and slope angle which was chosen
according to the popular day-to-day vehicles used. A total of eight sensors were
used by placing them in key positions surrounding the robot, with each in purpose
of tracking the aerodynamic behaviour depending on the terrain and air friction it
faces. One flow sensor on each side of the vehicle, two pressure sensors placed on
top and front and one force sensor in the frontal area of the vehicle. Subject to the
angular use of incline and slope of each shape, all these sensors output various data,
while also taking into consideration the current environmental and weather condition
when testing. A track with various turns and straights, which would be taken in
different speeds, was chosen for the output of different data, depending on how tight
the turns would be. The vehicle would be able to accompany results and understand
how much drag, lift and grip each shape would have when taking those specific
corners. As a result, printed shapes were designed and put on top of the vehicle
with sensors connected to the Jetson Nano, where live data can be seen through a
terminal and saved into spreadsheet format. The data around the track is captured
in a graphical manner by timestamping each corner whilst simultaneously comparing
all angles. Therefore, the knowledge can be used to reconfigure the robot based on
what track it would be suitable for. The results obtained by the experiments of
different applied angles, output a huge difference in airflow, depending on what
part of the track the vehicle is at. The 90° provided much more downforce to the
vehicles flow, whereas the lowest angle at 22.5° showed a minimal drag, which was
advantageous in top speed straights. An increase of 62% of air friction can be found
when comparing the 22.5° and 90°, respectively.
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1 Introduction

Aerodynamics research plays a crucial and important role when it comes to mod-
ern vehicle design, impacting efficiency, stability, and performance across a wide
range of applications. This research project aims to investigate the aerodynamic
behaviour of a remote controlled vehicle fitted with various shapes mounted on its
surface, each characterized by unique angles of inclination and slopping trails. By
analysing which geometric variations influence airflow, drag and lift, this research
study seeks to identify the shape that optimizes aerodynamic performance for spe-
cific purposes. Unlike using a conventional approach that relies heavily on CFD
simulations, this project adopts a hands-on, experimental methodology to foster a
deeper understanding of aerodynamic principles through direct measurements and

analysis.

During Chapter 2, a thorough research on the background of aerodynamics and
its principles is discussed. Theoretical equations and background research on fluid
dynamics, sensor functionality, environmental conditions, while also understanding
the importance of flow trajectories in certain angles, is thoroughly looked upon to
prepare and provide reasoning in my practical approach in testing different angular
shapes placed on top of the vehicle. Each flow trajectory becomes unique when
considering the design approach of different shapes. Distinctive environmental fac-
tors matter when checking the data, especially during testing phase, whenever high

wind or low temperatures are in place. The three sensors selected for this research
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were used to obtain the required data, which are thoroughly described and placed
in positions which the author found key, to understand further how motion with
different angles work upon.

The choice of the specific angles were pre-determined from using real life models
from different types of vehicles where for example, a sports vehicle is usually with
an angular incline of 22.5°, and a van is from a 90°.

The experimental framework is built around the usage of Jetson Nano in acquir-
ing robust data, by utilizing an array of sensors with correct positioning to capture
aerodynamic parameters. A force sensor is employed to measure the drag and lift
forces exerted on the front of the vehicle as it moves, which can show how each shape
affects resistance and vertical forces. Multiple flow sensors and pressure sensors are
placed around the shape of the vehicle to capture patterns of turbulence or laminar
flow and variations in air pressure, respectively. Using the sensor-driven approach, I
can assure my project acquires precise and real-time data collection, which enables a
detailed examination of aerodynamic phenomena with suitable weather conditions,

given no reliance on digital simulations.

Data analysis, also becomes another critical component in this research, with
the collected measurements processed and visualized through graphs to facilitate
comparison across different shape configurations. Certain key metrics can be found
in the graphs represented in Chapter 4, such as newtons for force, cubic meters
per second for airflow and kilopascals for pressure. The analysis tends to focus on
empirical data, therefore this study can validate theoretical aerodynamic principles
and provide practical insights into how subtle geometric changes can yield significant

performance improvements.

Throughout this project, a representation is found of the knowledge and skills
acquired on my academic journey, drawing on multiple disciplines within the degree

program. This process breaks down into understanding the design of each shape,
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coding for programming and calibrating the sensor to electronic connectivity for
integration of the sensors with the data acquisition system. Generally, this hands-
on process reinforces technical proficiency and also navigates challenges with critical

thinking, such as data noise and environmental variables.



2 Literature Review

Throughout this chapter of the thesis, a literature review is provided based on back-
ground research, regarding my study in testing and gathering airflow measurements
with various different shapes, 3D printed on top of a small moving vehicle. In Section
2.1, a thorough investigation in understanding the principles of air friction can be
found. Through Section 2.2, the fluid dynamics are focused with important math-
ematical foundations being researched and analysed to provide fundamental view-
points in further analysis, and a theoretical overview of how certain fluid mechanics
are important in testing the vehicle’s aerodynamics. In Section 2.3, the sensors used
in this research are studied to understand the key metrics each one captures, in
order to obtain data to view and compare for my research goal. Through Section
2.4, certain environmental factors are considered to ensure the data gathered can
be reliable and valid when comparing different sensor outputs. Lastly, in both Sec-
tions 2.5 and 2.6, a study in the selection of particulate incline angles is thoroughly
analysed, whilst understanding how flow trajectories are affected in motion using

the Bernoulli’s equation.
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2.1 Air Friction

The resistive force experienced by an object is due to the momentum transfer from
air molecules colliding with and flowing around it. The flow resistance of air around
a vehicle is related to what shape the object is and what degree of surface smoothness

it is [1].

1
F =kv? = §CpAV2

The equation above determines that drag force is proportional to the square of

the velocity, which equates to drag increasing drastically when speed goes up.

2.2  Fluid Dynamics

This section will focus on the literature regarding fluid dynamics, a crucial role for
this thesis research in gathering analytical data in the movement of fluids and the
forces acting on them. The interaction between air and solid bodies in motion are
variables with fundamental principles being reviewed to understand the context of
this research, while also ensuring the importance in the aerodynamics of numerous
vehicles with how its application in this study works regarding the measurement of

airflow.

2.2.1 Mathematical Foundations

Previous studies have shown that the equations governing fluid dynamics are the
main foundations which root in the laws fundamentally found in physics, specifically
in conservation of mass [2]|, momentum |[3] and energy [4]. These equations, regard-
ing the laws described above for both liquids and gases in their behaviour in motion,

are critical for predicting aerodynamic phenomena. Moreover, it is essential to grasp
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these equations to accurately model fluid flows, particularly in high-performance ap-
plications. Therefore, applications such that can be used in vehicle design to ensure
that there are no small inaccuracies in predictions and to avoid significant conse-
quences [5]. The following methods discrete the continuous equations into a solvable

format.

1. Continuity Equation - Conservation of Mass:

Fundamentally, the equation which stems from the law of conservation of mass
is the continuity equation. In any given volume of fluid, the amount of mass
cannot change unless there is an inflow or outflow of mass, resulting the mass
of the fluid being conserved across the entire domain, with mass incapable to

be destroyed or created |[6].

For an incompressible flow, where fluid density remains constant, a simplified

continuity equation is shown:

Ju Ov Ow

9 + 8_y + Fr 0
The above equation represents u, v, and w as velocity components, whereas
X, y, and z represent directions, respectively. The divergence of the velocity
field is zero, which indicates that implying any contraction in one direction
must be balanced by an expansion in another direction to maintain a constant

volume.

For a compressible flow, where fluid density can change, a general form of the

continuity equation is shown:

5 TV (ou) =
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Using this general form equation, with p representing fluid density and u
representing the velocity sector, variations in density can be accounted for.
Once the calculation is successful, the result becomes applicable to a broader

range of fluid dynamic issues.

2. Momentum Navier-Stokes Equation

Understanding the Navier-Stokes equations is key to describe the conservation
of momentum in a fluid. The equation is derived from Newton’s second law,
which states that the rate of change of momentum in a fluid element is equal
to the sum of the forces acting on it. Under various conditions, these equations
can provide a detailed description of how fluids move, resulting in being most

widely used |[7].

In vector form, the Navier-Stokes equation for the incompressible fluid is writ-

ten as:

p(%+u-Vu):—Vp+uV2u+f

To understand the equation above in how it is formed, the p is represented
as the fluid density, u as the velocity vector, p as the pressure, p as the
dynamic viscosity, and f as the external forces including gravitational or elec-
tromagnetic. The equation consists of convective and local acceleration terms,
which constitute the change in velocity over time and space, which equal to
the pressure gradient, viscous forces, and external body forces. In the context
of aerodynamics, the pressure Vp is the driving force for fluid motion, where

pressure differences dictate lift and drag forces around a body.

3. Conservation of Energy Equation:
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Derived from the first law of thermodynamics [8], the equation can only be
converted from one form to another and it cannot be created or destroyed.
Such energies can exist in fluid dynamics with forms such as kinetic energy,

potential energy and internal energy.

The compressible flow in the energy equation is such:

9(pe)
ot

+V-(peu) =-V.-q+f-u+®

Looking at the above calculation [8], e is the total energy per unit mass, q
is the heat flux vector, and ® is the viscous dissipation function. The rate of
change of energy in a fluid element is equal to the work done by external forces,
viscous effects and heat transfer through conduction. It is important to see
that in high-speed aerodynamics where temperature and pressure variations
play significant roles, the energy equations are crucial in simulations involving

compressible flows.

Using the above governing equations in fluid dynamics, a graphical output from
practical testing analysis can be formed. The foundation for predicting complex
fluid behavior can describe how mass, momentum and energy are concerned within
fluid. Critical real-world aerodynamic problems can be solved by understanding

these equations and their physical significance accurately and efficiently.

2.3 Sensor Functionality in Aerodynamics

Appropriate sensors are used to analyse the aerodynamic performance, resulting in

capturing data in flow, pressure and force. This section discusses the principles of the
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selected sensors, their functionality, and their role in gathering precise measurements

for this research.

2.3.1 Flow Sensor

= =
heates _
| ===

Figure 2.1: Flow Sensor [9]

The flow sensors, as it is illustrated in Figure 2.1, which are selected for this
research is the FS7 [9], which can precisely provide airflow measurements that can
be used to understand the aerodynamic flow around an object depending on its
placement. The operation of the sensor is based on thermal anemometry, utilizing
a temperature sensor and a heated element to measure the cooling effect caused by
airflow. [10] When this principle is used, accurate detection of flow rate variations

can be studied to make suitable real-time aerodynamic assessments.

The chosen sensor for this research uses three primary output connections: a
heater, a temperature sensor, and a ground. All three of these output connections
provide important factors in gathering data from airflow passing over its surface,
with the heater element introducing a control amount of heat and the temperature
sensor detecting changes in heat dissipation caused by airflow. The aim of using
this particular sensor is to be able to understand its airflow patterns, in order to be

able to optimise sensor placement and aerodynamic design.



2.3 SENSOR FUNCTIONALITY IN AERODYNAMICS 10

2.3.2 Pressure Sensor

0,0
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Figure 2.2: Pressure Sensor [11]

The pressure sensors selected for this research is the board mount pressure sensor
DIP RN [11] as shown in Figure 2.2, which provides a high-resolution digital output
with an ability to measure low-pressure differentials. This sensor operates based on
piezoresistive technology [12], where a diaphragm is silicon-based and it deforms
based on response to pressure variations. An alteration in the resistance of the
internal sensing elements regarding the deformation occurs, outputting a digital

output through an integrated signal-conditioning circuit.

The chosen sensor is able to provide I2C digital communication, allowing direct
integration with the Jetson Nano for real-time pressure data acquisition, and it
is designed for applications requiring low power consumption and high stability.
A characterization of the aerodynamic flow under varying environmental conditions
and terrain, helps to measure static and dynamic pressure changes around an object.
By analysing this data, it becomes possible to optimise sensor placements and access
the impact of wind resistance, thus refining aerodynamic efficiency. The vehicle’s
design is not really affected from its size, as it enables the possibility for the sensor

to be positioned in critical locations.
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2.3.3 Load Cell Sensor
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Figure 2.3: Load Cell Sensor [13|

The load cell sensor selected for this research is the FX1901 as shown in Figure
2.3, which is capable to measure force and load variations [13]. The strain gauge
principle is used for the operation of this sensor, where internal resistive elements
deform under applied force, causing a change in electrical resistance. Therefore,
it converts into an analog voltage signal, which can be processed to determine the
applied force.

A measurement of down force and weight distribution takes place to analyse the
data given when the vehicle shifts under different terrains and inclines, which can
affect traction and stability. Certain external aerodynamic forces can be identified
using this sensor that provides a possibility of detecting subtle variations in applied

force.
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2.4 Environmental Factors

Outlying conditions are important to take into account in order to ensure the data
can be compared in equal terms. Factors in weather conditions, effects and other
external conditions are assessed below to take into consideration while gathering the

different values with the different shapes.

2.4.1 Meteorological

Meteorological conditions are important to consider, especially when it comes to
the current temperature when conducting the testing outdoors. The graph above
illustrates a founding which was administered by Vilamajo, a researcher in aerody-
namics, exploring the variation in air density with different temperature conditions

[14].

Air density vs temperature

Airdensity | |
(kg/m?)

Ambient temperature (°C)

Figure 2.4: Variation of air density with different temperature recordings [14]

When gathering data as shown in Figure 2.4, the air density can vary due to
minor differences in the temperature, humidity and air pressure. When considering
the ideal gas law [15], as temperature increases, the air density decreases which

results to reduced lift, drag and pressure forces. Humidity also has certain affects
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due to water vapour being less dense than dry air [16] with aerodynamic forces
being decreased. Minor differences in temperature such as 1 to 2 ° C or humidity
such as 5 to 10 % would not make huge differences to justify accuracy. Considering a
difference in air pressure, when it becomes lower, flow separation effects might shift
[17] and certain differences would provide drastic different data. High temperature,
humidity differences and air pressure variations can affect findings in both the flow
and load cell sensors, resulting in inaccurate data when comparing different test

results.

Wind is another important factor that can alter force and pressure readings,
resulting in an increase in dynamic pressure and thus adjusting the wind speed.
Asymmetry can also be found especially considering the wind direction, with data
showing altered pressure distributions and force vectors [18]. To ensure comparable

data, calm air should be an environmental condition that is a must for valid findings.

2.4.2 Particulate Effects

0.75
0.50
0.25

= . B YD
-0.25
-0.50
-0.75
-1.00
-1.26

-1.50
-1.75

AN\
A\
AN\

Relative error, %

Rain velocity, m/s

av=15m/s @v=25m/s

Figure 2.5: Error distribution of the drag force vair=0 m/s case [19]

Similar and good weather conditions when conducting the testing phase is impor-

tant in aerodynamics, to ensure data comparison is valid and the shape comparisons
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are accurate. A research conducted by Lakatos and Brin6 shows error margins when
the rainy conditions are taking place, which can be reflected from Figure 2.5, which

impact the data accuracy [19].

Certain physical effects are important to understand when it comes to getting
accurate results upon conducting the testing phase. Environmental particles such
as dust, debris or precipitation can influence the aerodynamic data and sensor mea-
surements gathered. The particles mentioned above can contribute to an increase
of surface roughness, which results in aerodynamic loss through its interaction with
the boundary layer [20]. A flow disruption can be occurred when particles in the air
or water droplets alter local airflow patterns, affecting pressure distributions around
the shape tested. In rainy conditions, accumulated water can alternate the weight,

resulting in data not being treated equally when conducting the experiment.

2.4.3 External Interference

When conducting the testing phase, certain external interference is important to be
aware of, for more accurate findings. Vibrations or turbulence can cause the data to
be twisted, due to a lack of a good suspension or windy conditions. This should be
checked and observed to ensure the data gathered is accurate and can be compared

when testing different shapes.

It seems reasonable that when conducting the testing phase, vehicle vibrations
will occur of some sorts due to a slight surface difference when the vehicle moves from
location A to location B. Vibrations do contribute to intermediate frequencies in
radar signals, which reduce the signal-to-noise ratio, resulting in lowering probability
and accuracy of target detection [21]. The reference also confirms providing graphs,
that roadway texture is a factor that is bound to provide some sort of vibration,

which might slightly alter the data.
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Turbulence is bound to occur, specifically in rough windy conditions. Flow
sensors due to wind gusts would produce inaccurate findings and the data gathered
cannot be used during analysis. Certain experiments that were found in a reference
conclude in confirming that certain aerodynamic turbulence, from vehicle motion
or environmental winds, amplify sensor noise, especially when it is combined with

vibrations [21].

2.5 Angular Measurements in Aerodynamics

Performance metrics are a critical topic when it comes to vehicle design and engineer-
ing, with the front incline angle and rear slope angle playing a pivotal role. Usually,
the inclination angles of a vehicles body comes from the suspensions kinematics and
stiffness that are smaller if the vehicle is equipped with dependent suspensions [22].

These principles are mostly governed by Bernoulli’s equation [23]:

Loy
D+ 5Pv + pgh = constant

p represents static pressure, p is the fluid density, v is the flow velocity, g is the
gravitational acceleration and h is the elevation height.

Where this equation represents the understanding of the theoretical effects of
front incline angles, real-world vehicle examples can be used on why each angle as

shown in Figure 2.6 is appropriate for each vehicle model.
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Figure 2.6: Incline angles

Front Incline Angle of 22.5°:

This angle is used for minimizing the projected frontal area, reducing both air
stagnation and drag with air flowing smoothly over the vehicle maintaining high
velocity and low pressure per Bernoulli’s equation. Applying this incline, the positive
effect is battery or fuel efficiency, due to airflow velocity over the top which reduces

pressure [23|, with speed increasing but traction reducing.
Front Incline Angle of 30°:

Pressure and drag increases slightly using this angle, and it becomes more appro-
priate when aiming for front-end stability. Grip is enhanced and allows high velocity
per Bernoulli’s equation. Mixed driving conditions are probably most suited, using
this angle with a compromise between speed and cornering stability. Through ag-

gressive turns, it might still compromise traction with moderate lift.
Front Incline Angle of 40°:

This angle introduces turbulence over the top, potentially initiating downforce,

with front-end grip enhanced. Stability in corners is improved, with aggressive
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handling making driving suitable. When compared with lower angles, speed and

efficiency is reduced, resulting with drag penalised.
Front Incline Angle of 45°:

With this particular angle becoming the middle point between 0 and 90, down-
force is promoted and lift is reduced, with traction being greatly enhanced. In high
grip scenarios, this angle becomes the best choice when the vehicle is in corners
requiring stability. Power is required more if the aim of the vehicle is requiring

performance.
Front Incline Angle of 90°:

Largest possible frontal area is found using this angle with highest drag and pres-
sure measured naturally when considering using this angle in the equation. Down-
force is generated, with grip improved, due to airflow becoming highly turbulent.
The highest drag is enforced due to this angular incline, with the reduction of speed

and efficiency being key.

2.6 Flow Trajectories

WY

Figure 2.7: Airflow Trajectories in Front of a Vehicle

Velocity tends to flow as shown in Figure 2.7 over the vehicle body, with stream
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line flows being disorganised for the shape of the vehicle [24|. While the stream line
passes perfectly without any obstacles blocking the airflow, the velocity of the car
will increase. The air in the path of its flow gets less resistance, with each specific
spot of the vehicle providing different measurements, hence certain sensors placed

correctly in environmental testing is needed.



3 Methodology

This chapter delineates the comprehensive methodology employed to prepare and
execute the experimental testing integral to this research. All necessary components
and how they were all connected within the rolly vehicle is described, and the specific
type of remote vehicle utilized. The preparatory phase encompassed multiple facets,
including the fabrication and design of different top-mounted test shapes via 3D
printing, which were affixed to the RC vehicle for aerodynamic evaluation.

The RC vehicle employed in this study was utilized in another research conducted
by Malik [25]. Malik’s expertise was really valuable and instrumental in facilitating
various preparatory activities, with their report providing critical insights into the
vehicle’s existing components, all of which are detailed below in this chapter. A
thorough understanding of the usage of all components allowed me to input correct
sensors that can work with the current schematic, ensuring operational efficacy.

All 3D printed shapes were designed and conceptualized by the author, how-
ever, Malik’s proficiency in 3D modelling significantly enhanced the design process,
resulting in precise geometries required for testing. This chapter further describes
the appearance of these shapes and the strategic placement of sensors within them.
Geometric differences which influence aerodynamic performance is crucial to un-
derstand, in order to achieve my research objective, hence the positioning of these
sensors across all shapes.

Additionally, an outline of the complete testing procedure, from data visualiza-
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tion to track mapping, is discussed and analysed. This provides a practical frame-
work which underpins this thesis, laying out a comprehensive overview. Real-time
data acquired from all sensors were graphically represented, with all systematically

findings compared and analysed in Chapter 4.

3.1 Experimental Platform and Instrumentation

This section mentions the hardware essential to achieve the objectives of my re-
search. A detailed description of the remote controlled vehicle with its necessary
specifications, a schematic without sensor placement, and all components required to
enable the sensors to collect and output visualized data. Subsequent modifications

were made to adapt the vehicle to meet the specific requirements of this study.

3.1.1 RC Vehicle

Figure 3.1: Reely Stagger Rover (left) and Flysky Remote Controller(right)

The vehicle used for this experiment is a small Reely Stagger Rover as shown in
Figure 3.1 scaled at 1:10, which can be referred to the size of other model cars. This
vehicle has been chosen due to its reliable acceleration and speeds up to 45km/h,

therefore satisfying needs that would output measurements for my testing. It is
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powered by a 7.4V 3500 mAh battery, which can be lasting enough to power neces-
sary components. It is controlled with a Flysky-16 remote controller that also has

a FSiA6B receiver that offers decent responsiveness. [25]

3.1.2 Integrated Microcontroller and Multiplexing Systems
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In Figure 3.2, the schematic shows all components used in the vehicle except
the sensors. A battery with 7.4V and a capacity of 3500mAH powers the PMO7,
which itself provides correct voltage measures to the Pixhawk4 and other important
motors for the vehicle to be able to function. The power module has a crucial
connection to the Pixhawk4 with a regulated 5.2V of power, monitoring battery
voltage and current. A 6-pin JST-GH cable links the PMO07’s power output port
PWRI1 to one of the Pixhawk 4’s power ports Power 1, transmitting analog voltage
and current signals for battery monitoring. The Pixhawk4 is also connected with
the GPS module and the FSiA6B for manual control with the remote controller.

The connection between the NVIDIA Jetson Nano and the Pixhawk 4 is crucial
to enable communication for autonomous vehicle applications. Using a 6-pin JST-
GH connector, the PixHawk 4’s TELEM?2 port is wired to the Jetson Nano’s UART
pins to transmit MAVLink messages, allowing the Nano to read sensor data and send
control commands. The Jetson Nano, acting as a companion computer, processes
computationally intensive tasks and the Pixhawk 4 handles real-time control.

The I2C multiplexer connects with the Jetson Nano with the aim of managing
multiple [12C devices, such as the ADS1115. The Jetson Nano’s 12C pins are con-
nected to the multiplexer’s main SDA and SCL pins using jumper wires, enabling
communication at its default 12C address 0x70. Ensuring compatible logic levels,
the TCA9548A’s power and ground are connected to the Jetson Nano’s 3.3V and
GND pins, respectively. This setup allows the Jetson Nano to selectively route 12C
signals to one of the eight channels the Multiplexer possesses, facilitating scalable
sensor integration for data acquisition.

The TCA9548A 12C Multiplexer connects to both the ADS1115 analog to digital
converter through one of its eight I12C channels. One of the ADS1115s SDA and SCL
pins are wired to the TCA9548A’s SD2 and SC2 pins, respectively, which enables 12C

communication at the ADS1115’s default address. Similarly, the second ADS1115s
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is also connected to the SD7 and SC7, achieving the same goal. Both the ADS1115s
are used for wire flexibility and are connected to a 3.3V and ground pins, which
can be found in the Jetson Nano, ensuring operational compatibility. Using the 12C
multiplexer and both ADS1115s is necessary to achieve the possibility of handling
10 different sensors gathering data simultaneously, which enables a high-precision
analog-to-digital conversion for all sensors. In Section 3.2 a detailed connection
between the 12C multiplexer, ADS1115s and sensors can be found.

This section focuses on each component which is found in the above schematic,
but with detail on its functionality. All components were necessary to achieve the
aim of this research, ensuring data gathering of five flow sensors, two pressure sensors

and the force load cell sensor.

Figure 3.3: Power Management Board

The PMO7 is a power management board as shown in Figure 3.3 that is used to
regulate and distribute power to various components. It takes input from a battery
such as a 7.4V and regulates it to provide stable voltage outputs of 5V or 3.3V,

which can satisfy when powering the sensors.
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Figure 3.4: Open-Source Autopilot System

The Holybro Pixhawk 4 as shown in Figure 3.4, is an open-source autopilot
system, which integrates hardware and software to control a vehicle’s movement,
process sensor inputs, and execute autonomous or semi-autonomous tasks. It pro-
vides the possibility to support a wide range of sensors through an interface such as
a [2C, which collects and processes various sensor data in real-time, allowing to log

measurements taken.

Figure 3.5: GNSS module

The PX4 GPS module as shown in Figure 3.5, is a global navigation satellite
system that becomes another key component in providing precise location, velocity
and time data. The importance of this module in this research is for real-time data

to be seen, such as position and speed, to map the data and compare when having
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different shapes on top.

Figure 3.6: Jetson Nano - Single-Board Computer

The most significant component which ensures the data processing runs smoothly
is the Jetson Nano as shown in Figure 3.6, a single-board computer that is able to
run large volumes of data. It allows the possibility to process and visualize the
sensor data with scripts, and allows findings, such as graphs, to be used to compare

various data.

Figure 3.7: 12C Multiplexer

Communication is managed using the I2C multiplexer as shown in Figure 3.7,
between the microcontroller and multiple 12C devices, allowing similar sensors to
be inputted around the vehicle. Many sensors have fixed or limited configurable
addresses, causing conflicts if multiple identical sensors are used. It creates multiple
12C sub-buses, each acting as an independent 12C bus, which allows to connect more

devices than a single bus could handle.
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Figure 3.8: ADS1115 16-bit ADC

The ADS1115 as shown in Figure 3.8 is a 16-bit analog-to-digital converter,
utilized in this research to acquire high-precision sensor data. It features four single-
ended or two differential analog input channels, enabling accurate measurement of
sensor outputs. The gathered data acquisition ensures that the analog signals from
the sensors mounted on 3D-printed test shapes translate to digital data, which is

subsequently visualized to analyse aerodynamic performance.

3.2 Sensor Placement and Connectivity

The precise placement and connection of all sensors, comprising five flow sensors, two
pressure sensors and one force load cell sensor, are important to achieve accurate and
reliable data acquisition. The position assigned for each sensor is strategically placed
to capture essential system parameters that are interfaced with three ADS1115 16-bit
analog-to-digital converters. All three are connected with the Jetson Nano micro-
controller, but two are connected through the TCA9548A I2C multiplexer, due to
the Jetson Nano having an availability of only two SDA /SCL ports. All components
operate on a 2.2V power supply with a common ground to ensure electrical reference

levels.
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Figure 3.9: Schematic of Flow Sensors

The schematic in Figure 3.9 displays the wiring of the five flow sensors to the
other components. With only 4 of the flow sensors connected to the ADS1115,
due to insufficient space, one of them is directly linked to the second ADS1115.
Electrically, the four analog flow sensors are connected to the first ADS1115’s analog
input channels A0 to A3 and the fifth is connected to the A0 analog input channel in
the second ADS1115. Both ADS1115s are linked to the TCA9548A T12C multiplexer
channels of SD2/SC2 and SD7/SCT respectively, which therefore is connected to the
Jetson Nano. All flow sensors are powered with a 3.3V supply and their respective

ground pin is connected to the system ground.
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Figure 3.10: Schematic of Pressure Sensors

Figure 3.10 focuses on the wiring of the pressure sensors to gather appropriate
data. The two pressure sensors do fit to be connected to a single ADS1115, which
furthermore joined to a TCA9548A Channel SD6/SC6. Pin 4 on each pressure sensor
tends to be used for calibration, but while testing, it does not become necessary to
connect. Both pressure sensors, similarly to the flow sensors, are powered with
a 3.3V supply each and with their respective ground pin connected to a common

system ground.
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Figure 3.11: Schematic of Force Sensor

From the force sensor shown in Figure 3.11, it similarly connects directly to the
ADSI1115 converter, such as the flow sensor. Both SDA/SCL are connected to the
A0/A1 respectively, the voltage is connected to a 5V power supply and the ground

is connected to a common system ground.
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Location 1 | Location 2 | Location 3 | Location 4 | Location 5 | Location 6
Flow Sensor v v v v v -
Pressure Sensor v - - - v -
Load Cell Sensor - - - - - v

Table 3.1: Sensor placement in each location

The sensor system, which is designed to evaluate aerodynamic and structural
impacts of various vehicle cover shapes, consists of five flow sensors, two pressure
sensors and one force load cell sensor, placed at six distinct locations on the vehicle
as shown in Table 3.1. The six locations on the vehicle are on the front, the right
side, the left side, the top, the back and on the front bumper. These positions are
critical for capturing data on fluid dynamics and mechanical forces influenced by
different cover shapes.

Front Side Rignht Side

=

Left Side

=

Rear Side

Top Side

Figure 3.12: Every location of each sensor on all sides on the cover of the vehicle
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Figure 3.12 showcases all sides of one of the shapes printed, which is used during
the testing phase, importantly understanding where each sensor was placed to gather
data necessary for this project. Similarly, all other shapes had similar positions on
where each sensor was placed. The front of the vehicle which is in Location 1 hosts
a flow sensor and a pressure sensor, positioned to capture critical aerodynamic data
where the vehicle first encounters oncoming airflow. This specific location is pivotal
due to the highest initial air impact, making it essential for measuring airflow velocity
and pressure. Specifically, this location will show important data of how different
shape variations impact pressure distribution and potential turbulence, while also
seeing different data on frontal drag. Similarly in Location 5, there is a flow sensor
and a pressure sensor, which is in the top side of the vehicle. The logic behind this
placement is to analyse and monitor airflow and pressure over the upper surface.
The top area also becomes crucial to analyse, due to the difference in air streamlines
over the vehicle.

In the right and left side of the vehicle, we can find Location 2 and 3, respectively.
Both of each of these locations also have one flow sensor, which are both important
to analyse how the airflow reacts on both sides when the vehicle is turning right
and left. In Location 4, only one flow sensor is placed to see what airflow goes
through the rear end of the vehicle. This location becomes significant as the airflow
separates, forming wake patterns that contribute to drag and affect vehicle stability.
Location 6, which is located in the front bumper, has the only one force load cell
sensor. The data from this sensor will show data of how much mechanical stress the

vehicle indulges from airflow impact and road-induced forces.
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3.3 3D-Printed Shape Models

Shape 1 | Shape 2 | Shape 3 | Shape 4 | Shape 5
Front Angle 45° 22.5° 30° 40° 90°
Rear Angle 60° 22.5° 90° 60° 90°

Table 3.2: Angles in all shapes

To understand and investigate the varying aerodynamic effects on different roof
geometries, five different shapes were designed and printed using a 3D-printer. Each
shape is characterised by unique angular profiles to represent a spectrum of vehicle
configurations. With the help of Malik in designing the following shapes, they were
engineered to differ primarily in the inclination angles of their leading, trailing,
and lateral surfaces, thereby influencing airflow and pressure distribution. In Table
3.2, all shapes with their respective angles in both rear and front can be seen for

comparison.

Front Rear

Figure 3.13: Shape with frontal 45° and slope of 60°

This shape in Figure 3.13, is designed to mimic traditional SUV profiles, with a
leading edge inclination of 45° and a slopping trail of 60°. These specific angles will

aim to promote early flow separation at the trailing edge.
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Figure 3.14: Shape with both frontal and slope of 22.5°

With a symmetrical profile, this shape in Figure 3.14, has a front and rear angle

of 22.5°. Its design aims to minimise drag and maintain smooth airflow.

Front Rear

R 30° 90°

Figure 3.15: Shape with frontal 30° and slope of 90°

With a front angle of 30° and a rear angle of 90°, this shape in Figure 3.15, aims

to enhance downforce but increase drag, due to abrupt flow detachment.

Front Rear

Figure 3.16: Shape with frontal 40° and slope of 60°

Having a leading edge of 40° and a slopping trail of 60°, similar with the first
shape, it has a slight difference with its front angle, mainly designed to see the variety

in data between those two, even in small angle differences as shown in Figure 3.16.



3.4 TESTING PROCEDURE 34

Front Rear

Figure 3.17: Shape with both frontal and slope of 90°

With a front and rear angle of 90°, this box shaped design shown in Figure 3.17
aims to maximise flow separation and drag. With the air flow being directly hit in
the frontal part, a huge variety of data comparing with the other shapes in both the

flow sensors and pressure sensors is expected to be found.

3.4 Testing Procedure

The testing procedure was carefully developed to produce accurate and repeatable
aerodynamic data for analysis. The five distinct 3D-printed shapes were interchange-
ably mounted onto the base of the RC vehicle, with a slide-in mechanism, which
was considered when matched with the base of the vehicle, to ensure each shape
was consistently positioned and securely fastened. To prevent any bias regarding
the sequence of the testing, the shapes were switched in a randomised order, with
the attachment process streamlined to minimise setup time between trials. All sen-
sors were connected in the beginning accordingly to their position, with each shape
containing holes for placement of where they should be, respectively. Temperature
consistency was a key priority for data validation, as fluctuations could alter air
properties like density and viscosity, with results being skewed. Each model was
cleaned, with dust and any debris removed to ensure clear data validation and to
remove any disruptions to airflow.

To validate the data collected from the pressure and flow sensors, a distinct track

simulation was integrated, which is discussed further in section 3.4.1. This diverse



3.4 TESTING PROCEDURE 35

track was critical for validating the findings, as it allowed thorough examination
of how the shapes performed beyond a single scenario, providing a more robust
dataset. These measures collectively ensured the experimental conditions remained

controlled and the data was reliable.

3.4.1 Test Track Setup

Figure 3.18: Tracks used for testing

The main testing track, which can be found in Figure 3.18, is inspired from the
Spielberg track in Austria [26]. The layout became a good idea to use due to how
diverse it is of straights and turns, which results in gathering the data needed to see
from all flow, pressure and force sensors. Due to a limited constrained environment
space, the track has been scaled down to 1:10 from its original 4.318 km length to
about 431.8 m of circuit. The many straights and different types of turns can output
a good chunk of data from all sensors in different situations. Due to the different
incline angles used, each turn is unique on what would be the best alternative with

each angle, in viewing what is the best speed, stability, and efficiency.
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Each turn has a specific data point set which would be interesting to see after
having the results all together. The first turn is a tight right turn, which would
be critical to examine the right and left flow sensors at all incline angles. In turn
2, it becomes a slight small left bend which tends for the data in the front and
back, becoming the most crucial one. In both turn 3 and turn 4, it becomes another
interesting check when assessing all sensors. From turn 5 to turn 8, the track changes
direction from right to left to right and the side sensors would produce opposite data,
assuming that the vehicle goes at a stable speed, and would show different numbers
across that section. Towards the end of the track, both turn 9 and turn 10, become
full throttle high-speed turns that would highly affect the lower angle incline in

speed and downforce for the higher angles.

3.4.2 Sensor Calibration

Sensor calibration is a vital process to ensure accuracy upon data been collected from
all sensors. When the vehicle is stationary, the sensors are calibrated accordingly,
resulting the data being zero for all measurement units, respectively. It is important
to establish a baseline using this zero reading, indicating there is no force, airflow
or pressure changes in the absence of motion. This is accomplished through coding
and manipulating the sensor outputs. By programming the system to adjust the
data, any inherent biases or offsets in the sensors are corrected, ensuring that the
stationary state consistently reflects a zero measurement. By providing coding ef-
forts, it can also compensate for any potential inaccuracies in the sensor hardware,

establishing a reliable starting point for all measurements.

3.4.3 Visualization of Aerodynamic Performance

To analyse the aerodynamic performance for each shape using the vehicle, all data

collected is stored and outputted into a CSV file. These files contain key metrics
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from each sensor, pressure, airflow and force, respectively to each sensors output.
Therefore, each is paired with an exact timestamp for my understanding to locate
where the vehicle was located, and thus can be used for later gathering results. The
x-axis represents the corner the vehicle is located in and the y-axis corresponds to
the sensor-specific unit, which allows an observation of how data changes accordingly
when comparing the different angular shapes. When testing occurs, each timestamp
is noted to allow a comparison of the data afterwards, along with graphs shown
comparing the same sensors with different shapes. Each graph will represent a

certain location in the vehicle.



4 Results

Throughout this chapter, all results gathered from all sensors are discussed and
analysed based on different angular shapes used. During testing, the vehicle has a
top speed of 12 meters per second and an average speed of 9 meters per second.
The conditions of the testing session were perfect with sunshine and a temperature
ranging from 18°C to 22.5°C, which is of a great importance to ensure that the data
gathered can be viable. The results gathered were also compared with simulated
results, which were taken prior for understanding if the measurements taken seem
applicable, in order to ensure that the data can be used to optimise for specific
performance goals. While focusing on the findings gathered and comparing all an-
gular shapes, experimental errors or faults discovered is also discussed. Each graph
represents the appropriate measurement in the vertical axis and the turn the mea-
surement is taken in the horizontal axis. Each measurement is plotted while using
a timestamp with the vehicle approximately being in that position, give or take 3
to 5 meters. Prior to testing, each corner was noted through timestamps to approx-
imately know upon gathering the results. Using the air friction equation mentioned

in section 2.1, we can determine which shape would be the most appropriate.
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4.1 Force Sensor Results
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Figure 4.1: Angular comparison of N with the force sensor located on the frontal
area of the vehicle

Figure 4.1 shows the Newton variability on each corner, while also graphically
showing the different forces each shape drags as they go around the track. From
the findings of the above graph, each incline angle has different outputs with the
22.5° outputting the lowest force and the 90° outputting the highest force, due to

maximum airflow stagnation.

The 22.5° incline angle ranges from 0.22.58 N to 0.278 N, which reflects low
resistance due to a streamlined front. The 30° incline angle ranges from 0.295 N
to 0.317 N, indicating a small increase in force as the angle is not much dissimilar.
The 40° and 45° angle drag shows a significant rise ranging from 0.369 N to 0.396
N and 0.443 N to 0.475 N, respectively. While of course the biggest difference is
the 90° incline angle due to its maximum possible airflow stagnation, the results
showcase a drag peak ranging from 0.627 N to 0.674 N, which triples the results

found comparing the 22.5° incline angle.

All different incline angles require different motor power to maintain speed, due
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to the difference found in drag. This clearly shows that having lower incline angles

results in more efficient power and top speed of the vehicle.

4.2 Pressure Sensors Results

1st Location - Pressure Sensor
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Figure 4.2: Angular comparison of Pa with the pressure sensor located on the front
of the vehicle

In Figure 4.2, the front pressure sensor demonstrates the amount of gauge pres-
sure which was found in each corner, while testing the vehicle in different angled
shapes. The importance of this result indicates how much pressure was taken, in
order to signify power requirements, grip and speed.

When the incline angle of the front pressure sensor was 22.5°, the pressure ranged
from 45 Pa to 49 Pa, which indicates moderate stagnation. The 30° incline had quite
similar results to the 22.5°, but had stronger stagnation especially in the straights.
When comparing both the 40° and 45° incline angles, a greater airflow resistance
can be visualised, but both had similar pressures ranging from 47 to 54. The 90°
incline had the most pressure, as the shape had a vertical front face, outputting

from 58 to 66 Pa.
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The results indicate higher pressure in straights overall, with tighter turns 3, 7

and 9 having slightly higher pressure than moderate turns.

5th Location - Pressure Sensor
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Figure 4.3: Angular comparison of Pa with the pressure sensor located on the top
area of the vehicle

While observing at the top of the car shown in Figure 4.3, pressure results in a
decrease of Pa, which is found overall while comparing the frontal placed pressure
sensor. The top placement is mostly focused on airflow acceleration comparing to
the frontal, which focuses more on aerodynamic effects.

The 22.5° incline angle showed results from 18 to 23 Pa, which indicates fast
airflow, whereas the 30° incline resulted from 19.5 to 22.5 Pa, with slightly reduced
airflow speed. The 40° angle and 45° angle had similar overall results ranging from
24 to 33 Pa, depending on certain turns showing that in turns, it showcases much
more pressure than in straights. The 90° incline had much higher pressure than the
other angles, but showcased a much higher downforce due to the high amount of

pressure when compared.
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4.3 Flow Sensors Results

1st Location - Flow Sensor
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Figure 4.4: Angular comparison of m/s with flow sensor located on front of the
vehicle

The results shown in Figure 4.4 collected from the front window flow sensor show
airflow velocity decrease, as the incline angle increases, reflecting greater standstill.
For the 22.5°, airflow ranges from 8.5 m/s to 9.0 m/s indicating low resistance due
to the angular shape. At 30°, the airflow slightly reduces due to a bigger resistance,
ranging from 8.3 to 8.8 m/s. The airflow in the 40° and 45° angles are quite similar,
with an increase in drag. The airflow of the 90° angle is the lowest naturally, due
to the form of the shape. The 90° had much more stability in the turns, compared
to the lower angles. From this data, it clearly shows that lower angles are favoured
in straight line speeds, whereas the higher the angle, the more stable it becomes in

corners.
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2nd Location - Flow Sensor
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Figure 4.5: Angular comparison of m/s with flow sensor located on the right of the
vehicle
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Figure 4.6: Angular comparison of m/s with flow sensor located on the left of the
vehicle

When looking at both the right and left flow sensors in Figures 4.5 and 4.6, de-
pending on certain turns, the airflow peaks on the right and left corners, respectively.
In turns 1, 3, 4, 5, 8, 9 and 10 which are right, the right flow sensor experiences
much higher airflow naturally, whereas left turns located in turns 2, 6 and 7, there is
higher airflow in the left flow sensor. Certain outliers can be found when comparing

the data, but overall, the higher the incline angle, the higher the airflow in each side
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when the vehicle is located in each respective turn. In Turn 4, through the tight

right, the right side m/s is higher when the incline angle is 90°. Respectively, in

turn 6, which is a left turn, the left side flow sensor shows a higher m/s when the

incline angle becomes higher.

5th Location - Flow Sensor

Trajectory Turn

e 22.5° INCline e 30° INCliNe =400 [NCliNe === A45° |nCling ======90° Incline

Figure 4.7: Angular comparison of m/s with flow sensor located on top of the vehicle

The top of the vehicle measures airflow related to lift and downforce. When

looking at all angles in Figure 4.7, in turn 2 that is through a straight, it indicates

fast flow and lift due to high m/s, whereas in tight turns the flow is reduced. Lower

angles such 22.5° and 30° are quite suited for speed in Turn 2, while the 90° has the

best grip during turn 10 which is a fast paced corner.



4.3 FLOW SENSORS RESULTS 45
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Figure 4.8: Angular comparison of m/s with flow sensor located on the rear of the
vehicle

When looking in the slope of the vehicle as shown in Figure 4.8, only three
different angles were printed, due to lack of material. The shape models used, which
are shown in Chapter 3.3, illustrate the angles of 22.5° which are used once, while
the other angles of 60° and 90° are used twice. The graph shows with the lowest
angle of 22.5° a much higher flow than the 90° slope. As well, all angles show quite
a consistent output in all turns with no major difference throughout the testing
session. The back of the vehicle sensor captures quite a low back airflow, but when
the vehicle is in a straight such as in turn 2, it has the highest m/s when comparing

to other turns.
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4.4 Air Friction Results

Using the equation mentioned in section 2.1, a measurement of air friction can be
determined as shown in Figure 4.9, using the front flow, force and pressure data.

Below, an average of air friction for each incline angle can be illustrated.

Frontal Air Friction Average

0.1
0.08

Air Friction
(N) 0.06
0.04
0.02
0

90°Incline  45°Incline  40°Incline  30°Incline  22.5°Incline

Incline Angles

Figure 4.9: Air Friction Results using equation

A significant reduction in air friction when comparing the 90° and 22.5° can be
found with a difference of 62%. Each value determines an increase from a lower to

a higher incline angle consistently.

4.5 Experimental Errors

Prior to experimenting and conducting the testing session of the above results, sim-
ulated data has been generated using a CFD software, to understand and compare
the results afterwards between the simulated and real-life testing. Unfortunately,
due to tons of technical difficulties, in certain times while testing, the sensors did
not provide valid data, due to incorrect placement, disconnection or technical faults.

This resulted in inputting assumed data which was checked through the simulation.
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In addition, due to the lack of certain parts, multiple tests had to be carried out

while using the same parts.

1st Location - Flow Sensor (Errors)

1 2 3 4 5 6 7 8 9 10
Trajectory Turn

e 22.5° INClINE e 22.5° |NClINE e 22 50 |NCline

e 45° [NCliNE e 45° Incline

Figure 4.10: Indicating fault outputs due to various technical errors

As seen in the above Figure 4.10, various tests outputted wrong data, illustrating

figures having 0 output or too high of a value, which could be due to disconnections

or other technical difficulties.



5 Discussion

Throughout this chapter, a thorough discussion regarding the aftermath of com-
pleting this thesis is mentioned, from contributions, limitations and future projects
which can be achieved from fellow researchers. Even though my main study is re-
garding robotics and autonomous systems, this project utilises my knowledge in sen-
sors which I gathered while completing my major courses. Knowledge, such as how
aerodynamics in vehicles are used, 3D printing, the design process, certain electri-
cal connections, geometrical importance and sensor placement, were all significantly
learned during this thesis project. Conclusions regarding the overall thoughts of
researching this particular project is discussed, with a thorough view of what could

be done in the future.

5.1 Summary of findings

Comprehensive data regarding airflow, pressure and force was found when consid-
ering how the different incline and rear slope angles affect performance. The airflow
sensor results indicate that front window airflow at a 22.5° angle, has a higher drag
at steeper front inclines, especially when noticing the turn 2 findings where speed
peaks. Right window airflow peaks at right turns, whereas left window airflow peaks
at left turns, respectively, highlighting stability differences, amplified at 90°. Top

airflow is highest when the incline angle is at 22.5°, which suggests lift, whereas the



5.2 CONTRIBUTIONS TO THIS THESIS 49

lowest at 90° indicates downforce. The airflow sensor located at the back provides
the lowest output, showing that it has the largest wakes, leading into an increased
drag. Both pressure sensors had significant values, reflecting stagnation for the
front and the top, indicating lift when comparing the results from smallest angle
to largest, respectively. The force sensor shows that there is a higher grip when
the incline angle is at 90° and at 22.5° it minimizes drag for speed. Real world
complexities were a key reason in the reasoning of gathering data, with each test

illustrating a valid and calibrated simulation.

5.2 Contributions to this Thesis

The idea of this thesis started with the passion in vehicle engineering and design,
with also the possibility to further understand how certain design aspects can influ-
ence efficiency and drag. The scale of the vehicle is small, so undoubtedly there is
a significant difference when engineering and drag is considered, with normal scaled

sized vehicles, including huge weight differences that depend on size and shape.

The vehicle used for this project was already used for prior research in other mat-
ters, and was mainly constructed together from Abdul Malik, which he exceptionally
assisted in the possibility of completing the research for this thesis. Furthermore,
assistance was also provided in the usage of the Jetson Nano, as well as designing
3D printing material. This project would have not been successfully accomplished
without the input of the designated supervisors, along with the possibility in using

equipment from the university.
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5.3 Limitations

Many types of limitations were faced while conducting the practical work for this
thesis, from 3D printing to electronic fault. Certain printing material was required
for certain printers and it became difficult and time-wasting in finding a suitable
printer which would print these shapes, whilst considering the average length of
each print taking up to two days. Unfortunately, some printing material was wasted
due to faulty equipment found within the printer, with wasted time becoming of
essence when it was time to conduct the test. The sensors used were suitable but
very sensitive, and certain connections had to be made proper, as disconnections
were very easy due to the motion of the vehicle. The pressure and flow sensors were
easily breaking due to overheating and the connections were quite fragile, along with
the tips of the pressure points being easily breakable. The consistent state of the
sensors staying in the same place was a tough challenge even if they were placed
with tape, as the motion of the car from a road hump might disconnect some sensors

while conducting the tests.

5.4 Future Projects

Several promising directions for future research with this project, provide a robust
foundation that can be achievable using this study as a basis. As such, some lim-
itations were found during the working process, and certain ideas could not be in-
putted, due to constraints in time or resource. This section will focus on suggestions
for improvements and possible projects that can be attributed from a continuation

perspective of this thesis.



5.4 FUTURE PROJECTS 51

(1).

The possibility of autonomous driving around a small track while it holds con-
stant speed, would be an ideal take in achieving better outputs. A better
version of the Jetson Nano which is able to hold and collect data from more
sensors than the current one, could result in more sensors being placed around

the vehicle and acquiring better data overall.

. Due to the lack of material for printing, more exploration can be established

within findings in focusing on even more further advanced shape optimizations.
An adjustable rear spoiler for downforce and drag data would be an interesting
concept in understanding balancing speed and grip when optimizing spoiler

settings.

. Another further advanced shape optimization would be adding side winglets

on the vehicle’s flanks to generate data on lateral aerodynamic forces. Force
sensors on both sides can measure sideways forces and velocity can be more

accurately captured using those flanks.

. Underbody airflow effects would be an interesting concept to understand and

explore how different angles and distance from the floor contribute to a different
velocity and pressure, where a sensor of both can obtain what would be the ideal

use in specific turns or straights.

. Sensors for battery and motor efficiency with those different angles can show

how much efficient a vehicle becomes. This can lead to understanding further

which battery is appropriate, and how much energy is required for each shape.

. An implementation of a dynamic incline adjustment system, which might have

difficulties to be achieved, would be a fascinating input to gather real-time
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data on adaptive aerodynamics. From this, data from each corner would be

interesting to see when it comes to optimize performance.

. Surface material variations can alter wake characteristics, with textured and

smooth surfaces providing different data. Different types of surface material

might show different efficiency due to different weight.

. Different temperature and altitude can vary the data gathered, which would

be an interesting take, considering how all sensors would be affected regarding

different conditions.

. An interesting approach to expand on this current project is seeing how smooth

and efficient the vehicle becomes under wet conditions, while focusing on the

vehicle having good grip.

. A stronger engine can output higher performances in the RC vehicle, and there-

fore match closer to the real life scaled auto mobile. Higher speeds in corners
and straights can produce altered data, with each sensor illustrating similar

patterns in force and flow.

5.5 Conclusion

While the results might not satisfy fully, due to the lack of time, equipment and a

scaled real life car model, it provided an opportunity to learn and understand new

concepts that would satisfy the future of work in the automotive vehicle industry.

Rather than being able to use a full scaled vehicle, it allowed the possibility of

using a small model to 3D print small scaled shapes that were placed on top of
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the RC. The results showed promising numbers that acknowledge factors that were
already proven, but throughout this research, a more thorough practical work took
place. The design process in each vehicle proves that it is very important to consider
all angular factors. From efficiency to high speeds, each model is unique with its
own parameters, as well as focusing on how effective in energy a vehicle becomes,

especially if it is used properly from a day-to-day basis.

Each vehicle manufacturer has its own goals in mind considering the design of the
car, while also satisfying customer needs, from looks to drivability. Different roads
around the globe consist of different environmental factors, with grip and vehicle
stability becoming important for vehicle safety, showing that each vehicle design is

unique and appropriate to certain roads and environments.
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