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"If you surrendered to the air, you could ride it." -Toni Morrison

Ever since we were kids, we all had this dream to roam freely. With the development of technology motorbikes came, which
allowed us to freely wander the land and jetskis to roam the oceans, but there is an aerial equivalent missing. Therefore,
the goal of this project is to develop an aerial equivalent of a high-performance motorbike, capable of vertical take-off and
landing.

The design has a few requirements attached to it. One of these, as just mentioned, is that the vehicle should be capable
of vertical take-off and land (VTOL). Apart from VTOL, the hover-bike should sustain flight for 1 hour and fly over 100 km,
both at an airspeed of at least 100 km/h. At the same time, the hover-bike should provide high levels of thrill and fun, which
comes in terms of quick turns and high loads. In terms of safety, there should be a system that allows for a safe descent and
landing from 3000 ft in case of emergency. All of these requirements should be met within a total mass constraint of 500 kg,
of which 100 kg is reserved for the pilot with gear.

The Scorpeon The answer to this dream is the , which is a vehicle in a tri-copter layout with three ducted contra-
rotating propellers with wings attached to the ducts. This vehicle can be used in two different configurations, one focusing
on transportation with high range and endurance, which can be seen in Figure 16.2a. The other configuration aiming at
providing high thrill levels and high manoeuvrability, which is shown in Figure 16.2b. In order to provide the best of both
modes, being able to transport it in a regular size and making the vehicle appealing it was decided to attach the wings to
detachable ducts around the rotors. As the wings will only aid in providing lift and are not used for manoeuvrability, these
will be fixed in their most efficient position for cruise-flight.

(a)
(b)

Figure 1: Isometric views of the Scorpeon in (a) transportation mode and (b) thrill mode.

Market analysis Before the detailed analysis a market analysis for was performed. Its purpose is to predict the best
way to enter the market and to make sure the product will bridge the gap in the hover-bike market. First the market needs
were analysed to see where this gap is. Nowadays there is no small, relatively cheap personal vehicle that can take-off/land
anywhere, that can achieve high velocities and is easy to fly. This is where the steps in.
Several target audiences were defined, those include young people who seek for adrenaline who will buy the hover-bike for
the thrills and experience. This group will bring credibility to the machine and safety concerns to rest. Then we have the rich
middle-aged adult, this audience will prefer to use the transportation mode over the high acceleration in thrill mode. After
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the has gained some more confidence in the market the everyday person looking for faster transport will become
a target audience as well.
Furthermore, a quick look into the market volume has been performed. Existing markets that were used to give an estimate
of the market volume are: expensive luxury cars, motorcycles and light and single engine helicopters.
Lastly, the competition is been addressed, does not have many competitors which are made for thrills and expe-
rience. The closest competitors are mainly designed for transportation, therefore the hover-bike will add something new to
the table.

Trade-off summary Before was born an extensive concept design was performed. Four totally different concepts
were chosen and analysed to see which concept would have the best performance, and meet the most requirements. When
all aspects were analysed a trade-off has been performed, then these separate trade-offs were brought together and put in
one large trade-off table. This trade-off table gives a nice overview which concept has the best overall performance. The
colours of the trade-off table are explained in the colour scheme. As can be seen concept 4 outperforms the other concepts,
because it performs really well on performance and the fun factor. Concept 4 performs satisfactory on safety, cost, transport
and sustainability. Concept 2 scores the least, because it scores poor or satisfactory on most categories except airspeed and
user friendliness. Concept 1 and 3 score in between concept 2 and 4.

Table 1: Colour scores

Score 0 1 2 3 4
Colour Does not meet requirements Poor Satisfactory Good Excellent

Table 2: Trade-off summary table

Performance Fun Factor Sustainability

Air Speed
Longitudinal
Acceleration

Control
User
Friendliness

Appearance
Safety Cost Transport Carbon

Footprint
Noise

Total

Weight 8% 16% 16% 16% 5% 10% 10% 5% 7% 7% 100%
Concept 1 2 3 3 3 2 3 3 4 1 2 2.71
Concept 2 3 1 2 4 2 2 1 1 1 1 1.95
Concept 3 2 2 3 2 2 4 2 3 3 1 2.41
Concept 4 4 3 4 4 4 2 2 2 3 2 3.13

Hover-bike concept development In previous phases of designing the hover-bike a trade-off has been performed. In this
trade-off four totally different concepts were analysed and compared to each other. From this analysis a winning concept
resulted which made use of a blended wing body and three tilt-able propellers. With this concept the preliminary design
phase began, where this design was analysed and iterated. There have been a few design iteration before was
born, first instead of using tilt-able rotors the wings were made tilt-able and the propellers fixed. Tilt-able rotors were wiped
of the table because it would drive the structural mass high so the weight requirement could never be met.

With the new design which has tilt-able wings, a new problem was found. The advantage of the wings was not sufficient
enough to meet the range and endurance requirements. This could be solved by using bigger batteries but then the weight
requirement can never be met. A solution to this problem was found by making the wings fixed and attaching them on the
ducts. However this design change greatly increases the weight and moments of inertia of the hover-bike, which decreases
the manoeuvrability of the hover-bike. This is against the definition of the hover-bike, which was all about the thrills and
experience. To solve this problem the wings together with the ducts were made detachable, therefore the hover-bike has
two configurations which were already mentioned before, the thrill mode and the transportation mode. This design was
chosen as the final preliminary design on which all further analysis is focused.

Figure 2: Visualisation of the iterations made

Design preparation The relationships between subsystems and subgroups have to be specified to make the design progress
smoothly. For this purpose, the N2 chart is made to specify the inputs and outputs between subgroups. On the other hand,
relationships between subsystems are clarified in hardware and software block diagram. Moreover, the data flow will be
shown in data handling block diagram and communication flow diagram.
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An N2 chart has been made in the third phase. In the fourth phase, a specific concept is chosen so the N2 chart can be made
more concept specific. The subgroups in N2 chart include aerodynamics, power & propulsion, control & human machine
interface (HMI), structure, and safety system.
In addition to an N2 chart, figures of system communication are made. In hardware block diagram, power system and
control system are two central systems. Power system transmits electrical power to all other systems, while control system
either gives out control signals to carry out instructions or sends data to HMI or for communication. As input, the control
system takes data from sensors, pilot control and communication system. Similar to hardware block diagram, the software
block diagram shows data flow at a top level. The data flow is split into three stages, which are input, process and output.
Another diagram is the data handling block diagram, which is also similar to hardware block diagram. The most straightfor-
ward difference is that power system and communication system are removed in data handling block diagram. The central
module consists only control system but control system is introduced in more detail. The lift device and safety blocks are
also simplified. The last one is the communication flow diagram, which shows in more detail the interaction between pilot,
hover-bike and the environment.

Aerodynamic design The design of the wing starts with selecting the airfoil. Several airfoils are compared in a trade-off
table. Finally, the airfoil chosen is Selig S406 due to its high lift-to-drag ratio and low minimum drag coefficient. After the
airfoil is chosen, a series of wing parameters will be identified. The span is constraint by the length of trailer and the half
span is determined to be 3.0m. For the aspect ratio, the iteration method is used, where aspect ratio is set at first and root
chord is adjusted to approach the cruise speed. After iteration, the cruise speed is determined to be 105km/h, which will
also lead to a portion of 60% of lift that is provided by wing. A taper ratio of 0.45 is chosen to approximate an elliptical lift
distribution in order to reduce the induced drag. Dihedral is decided to be zero due to it will make the vehicle too stable and
even produce Dutch roll. The incidence angle is set according to the pitch of hover-bike so that when the hover-bike pitches
during cruise, the wing is at the right angle of attack. Since the drag depends on the incidence angle and the incidence angle
depends on the thrust needed which is equivalent to drag, an iterative process will be used to determine the incidence an-
gle. Lastly, miscellaneous wing devices will be determined. High-lift devices will not be used because of the VTOL feature.
Turbulators can increase the applicable angle of attack, but this is not helpful so turbulators will also be discarded. Finally,
only the aft-swept wing tip will be applied to reduce induced drag.
The rotor size and operation state are estimated and determined by the power subgroup. More details of rotors will be
analysed by aerodynamics. First the airfoils for rotor are selected. The criteria include the maximum lift coefficient CLmax

to generate sufficient lift, lift-to-drag ratio CL/CD to be efficient, drag divergence number MDD to postpone or avoid shock
wave and wave drag, moment coefficient Cm to decrease load on control system and twist in blade. Since JAVAprop is
planned to be used, all airfoils in JAVAprop will be looked at. Besides, some other airfoils in literature of modern design will
also be included. Finally, the MH series airfoils are chosen for most of the blade for lift and efficiency, and ILH308 is applied
at tip in order to have a high drag divergence number.
Afterwards, the blade element method is introduced and used directly. BEM assumes the blade to consist of multiple small
elements that can be treated as airfoil to calculate lift and drag. BEM shall be applied under the conditions that the disk
loading is not too high, and the 3D effects are small, and the number of blades are small, and Compressible flow effects are
small and mostly two-dimensional. The calculation using blade element method gives a power that is four times larger than
what is estimated before, and is verified to be inaccurate.
Afterwards, more analysis is done through JAVAprop. The power required is estimated to be a few percent larger than the
power available when the designed maximum thrust is generated. JAVAprop is verified and validated to be quite accurate,
but the estimated power can be larger than the actual value, probably because a much lower lift-to-drag ratio is used. The
power that is available will remain constant, but it should be noticed that the power available is at a margin, which may
need further power estimation.
As to geometry parameters, the rotation speed is iterated to obtain the most efficient point with a constant thrust that needs
to be generated. The blade angle is decided from the optimum point to be 20° at 75% of blade. An average chord length
of 0.1m will be sufficient. The spinner diameter is decided to be 0.05m, although the analysis shows it does not have large
influence on the result as long as it is small enough. From the JAVAprop analysis, the duct can have a positive result, but the
influence is not large. Since the aerodynamics effect is limited, the size can be determined by other subgroups that will have
more insight into duct design.
After the wing and rotor are designed, their interference will be discussed. First the duct effect will be introduced. In the
case of no duct, the high pressure on the bottom of the wing counteracts the pressure of the rotor and the flow next to the
wing root will be disturbed. In addition, the flow on the top of the wing will also be disturbed by the low pressure above the
rotor. If a duct is installed, the flow over the wing will be blocked from the rotor and disturbance will be reduced. Apart from
the block effect, a duct also has stabilising effect. Afterwards, the wing twist will be discussed. Due to the downwash effect
of rotor at the wing root, the wing twist can be applied so that wing is at the designed angle of attack. The distributions of
induced velocity and pressure by the rotor can be used to determined the wing twist. The vehicle aerodynamic character-
istics will also be discussed, which mainly covers the total drag. The total drag consists of body drag, wing drag and rotor
drag, which will be calculated with a set of equations.

Power and propulsive design In the power and propulsive design three things had to be designed. The department had
the responsibility to give the propeller diameter, the electric engine choice and the battery design. Next to these designs an
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analysis was performed on the use of ducted and contra rotating propellers on the final design.
First the analyses on the effects of uses ducts and contra rotating propellers were analysed, since this would influence the
rotor diameter. In the analysis for ducted propellers it was found that the propellers could have efficiency gains of 29%.
This would be beneficial for the energy usage of the hover-bike and, therefore, would increase the range and endurance.
This efficiency increase, however, only implies when the air stream is orthogonal to the rotor area. The efficiency increase
decreases when the flow becomes more and more parallel to rotor area. Next to ducts contra rotating propellers have been
analysed to find the efficiency increase. It was found that the efficiency can improve up to 17%.
After, these analyses the rotor size was to be determined. To be able to come with the most optimum size for the rotor area,
the influence of the rotor size on the total mass was evaluated. Changing the rotor size would influence the weight of the
propeller, the engine, the battery, the structure, the duct and the miscellaneous. The most optimum propeller diameter was
found at the place of minimum mass. This resulted in a propeller diameter of 1.6 m.

From the propeller diameter the required power required to fly the hover-bike was calculated. For this the actuator disk
theory was applied. After the calculations were performed the max power that should be provided to the propellers form
the engine is 282 kW, divided over six engines. This means that a single electrical engine should be capable to provide at
maximum 47 kW. The engines that will be used for the hover-bike are brushless engines, they will be capable providing
a maximum power output of 50 kW. The total weight of both the engines and the electronic speed control (ESC) will be
42.6 kg.
After the engines have been determined, the a power and energy requirement for the battery pack could be determined.
With the power requirement a initial design for the layout of the battery pack could be determined. After this initial design
was made the battery size was increase such that it would made the energy requirement. This resulted in a final design
which makes use of 2920 Panasonic B 20700 battery cells. Which will be arranged such that 40 cells will be in string (in
series) and it will have 73 strings placed in parallel. The battery pack will consist out of two battery packs both weighting
about 92 kg.

Structural design The first step when designing the structure of the hover-bike is to identify the size and mass constraints.
With a normal drivers license one is allowed to tow a trailer with a total mass of 750 kilograms, this includes the payload on
the trailer. Because the hover-bike has to be transported over public roads, the maximal allowable width is determined by
the width of car lanes, which is around 2.6 meter. Finally the maximum allowable length for the hover-bike is determined
by the maximum length of the trailer, which is 4.2 meters. After the designing was done the maximum width without the
wings became 2.42 meters, with the wing attached the width became 10.41 meters
Next the materials were selected for the structure. Materials were selected based on a few criteria. The criteria were strength,
stiffness, mass and cost. Several materials were ruled out immediately due to there poor stiffness or high cost. Therefore
only metals and composites were considered as a potential material for the structure. Eventually an aluminium alloy 6061T6
was chosen as the material for the structure. Aluminium was chosen due to its low density and high strength. Furthermore
aluminium 6061T6 has superior weldablity capability. The material chosen for the landing gear is aluminium 7075, because
this alloy has better stiffness.
When the constraints and materials are chosen the structure can be designed. It was chosen to use finite element method
(FEM) to analyse the structure. FEM allows for faster iterations and more accurate results, because hand calculations iterate
much slower and are less accurate. When high stress concentrations are found in the structure then these stress concentra-
tions will be mitigated either by increasing the beam thickness or by adding trusses. Finally it is important to optimise the
design for the lightest weight possible. There are several load cases that were considered when calculating the stresses in
the structure:

• Maximum lift caused by the propellers
• Maximum lift caused by the wing during cruise
• Maximum impact during hard landing
• Maximum stress when parachute is being deployed

After the structure has been designed the centre of gravity and moment of inertia of the structure were determined. Because
the two parameters greatly influence the performance of the hover-bike. The moment of inertia was calculated using CAD
software, due to the high complexity of the structure.
Several iterations took place during the design of the structure.

• The first reorganised the frame into an upper frame and lower frame.
• The second iteration changed the position of the rear rotor and the beams were changed to thinner hollow beams.
• The third iteration added a landing gear, curved rotor guard beams and the inner diameter of the beams were varied.
• The fourth iteration implemented bent beams, brackets for corners and optimise the inner diameter of the beams.

After these iterations the weight for the structure became 58.8 kilograms.

Control and Manoeuvrability design The hover-bike will have two different mission profiles. These profiles are the trans-
portation profile and the thrill profile. As the name of the profiles already suggest, the transportation profile will mainly be
used for efficient transportation between point A and B. Therefore, the transportation profile will be characterised by low
accelerations and efficient use of subsystems, in order to meet the range an endurance requirements. Furthermore the ease
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in control of the hover-bike be increased by assisted altitude control. The second profile is the thrill profile. In the thrill pro-
file all the limits of the hover-bike will be neared. Flight in the thrill profile consists out of high load manoeuvres in addition
to full control by the pilot of the hover-bike. In Figure 3 and Figure 4 the mission profiles are visualised.

Figure 3: Transportation mission profile, the green phase indicates eco-modus is enabled.

Figure 4: Thrill mission profile, the red phases indicate sport-modus is enabled.

Before control design could begin first the equations of motions (EOM) had to be derived. First the EOM have been rewritten
for calculating the accelerations. Also the EOM for calculating the angular accelerations have been derived. Using M atl ab a
simulation of the hover-bike was generated. In the control layout a number of proportional integrated derivative controllers
(PID) were used. The PID loop is a control feedback loop mechanism which restores the actual state to the desired reference
state in a optimum manner.
An exemplary flight case is given in figure 5 which shows data divided over multiple graphs. This particular flight simulation
from the beginning starts accelerating to an altitude of 5 m. After 6 seconds the maximum pitch angle is applied resulting
in a longitudinal acceleration. The graphs in the first row demonstrate the response delay of the electric motors. The first
graph 5a demonstrates the real response for total thrust in blue while the second graph indicates the delay in pitch torque.
The maximum thrust that is applicable is as previously mentioned 7500 N , which can be observed at about 7.5 s where
to thrust is maximised. Another aspect worth noting is the initial decrease in altitude after the pitch angle is maximised.
Due to a torque the total thrust generated is not enough to keep the hover-bike at the same altitude resulting in an altitude
decrease of a meter. The final graph shows the pitch angle which is set at 0.78 rad at 6 seconds.
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(a) Total thrust. (b) Pitch torque.

(c) Distance covered for x and z (d) Pitch angle.

Figure 5: Sample test simulation

Human-machine interface
The human machine interface was divided into "Fundamental controls", "In-flight information", "Secondary controls", and
finally "Vehicle options interface and customisation". The control of the bike is achieved solely through differential thrust,
which means that analogous to a drone there are only four possible forces that can be exerted on the vehicle: τx ,τy , τz and
Z. Note that a body reference frame is used,where τx ,τy , τz are angular accelerations around x, y, z respectively and Z is
a linear acceleration along z. Through these four forces, position, velocity, acceleration and attitude are achieved. There
are therefore four possible "fundamental" inputs for the main control of the Hover-bike. Since the pilot needs to be able
to support the accelerations on his body without creating bio-dynamic feed-through, the controls must support him in x, y
and z. The joybar does this very effectively by using newly designed ball and socket joint joysticks.
In-flight information is important to supply the pilot with information about the system. The data that he is given in-flight
is divided into two categories: "crucial information" and "optional information". While the crucial information must be
displayed at all times, the pilot can choose from a bank of optional information to be displayed next to the crucial informa-
tion. There is some data that must still be accessible to the pilot despite the screen failing. Battery status, km available on
battery, and vertical height are redundantly displayed above the main (and only) screen.
Secondary controls are used to choose options on the screen, or access fast function on the bike. There is a mechanical
handle to deploy parachute, which allows for rapid deployment that is not affected by any software issue. There are also two
toggle switches and two three-position switches used to activate, autopilot, immediate self-land and two customised inputs
respectively. To interact with the options in the screen, there is a knob that can be pushed sideways and forward/backwards
and has a button on top. This knob is the equivalent of a mouse or track-pad for a computer. The full system setting can be
accessed before or after flight to customise to the user’s taste. A big variety of things can be changed ranging from
maximum bank/pitch angles or acceleration to the way the data is displayed in the cockpit. The Human machine interface
can be seen in Figure 10.4.
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(a) Isometric view of the joybar (b) Cockpit as seen from the pilot

RAM RAM is an acronym that stands for reliability, availability and maintainability which is an analysis that has been per-
formed in order to predict failure modes and their consequences on the hover-bike and pilot. Moreover, these analysis are
done to check the functionality of the hover-bike under certain conditions.
Reliability is defined as the probability of the hover-bike to perform a certain function under given conditions within a spe-
cific time. Due to the being in an early stage of design, real-life numbers are not available. Therefore, reference
from other vehicles have been used in the analysis. Using reliability values of study done by NASA over small aircraft, a reli-
ability of 98% has been found. This represents a six hour mission reliability. However, in the case of the hover-bike it will be
an innovative form of flying with risks that might not be accounted for which might lowers the reliability for the hover-bike.
Availability is a measure of how much time the system can be operational assuming optimum performance. It is found
that the availability for transportation mode is 0.25 and for thrill mode is 0.1 using transportation time of 45 minutes as an
average value.

Safety To estimate the safety of the hover-bike several aspects were looked into. The redundancy of the design, the safety
aspects of the parachute, safety aspect of human error and the passive safety. Redundancy means that if on part fails, the
other parts can quickly take over and allow the pilot to get to safety. For example if one of the engines fail the other five
have to produce all the thrust and keep the hover-bike controllable. Then in the main time the pilot can land and get to
safety. The parachute can only be deployed when the hover-bike is high enough above the ground. That is because the
parachute needs time to fully open and deploy before the hover-bike hits the ground. Human error is another concern
for safety. Human error can be reduced by building in safety nets into the design, such as a FLARM system. An airborne
collision avoidance system warns the pilot when other vehicles in the air are getting too close to the hover-bike. This way
collisions in mid-air can be reduced. Passive safety systems are there to reduce the impact when something goes wrong.
For example the battery has a shell to shield the pilot, If the battery catches fire or explodes then the pilot is protected from
harmful material.

Risk During the design process of the hover-bike the risks have been assessed and mitigated. To do so a fault tree analysis
(FTA) has been performed. A FTA is a top-down approach for analysing reliability from systems level into component level,
organising the component in terms of failure relationships. Moreover, the fault tree is structured by starting on the top cell
with the final event that can occur, then going down the tree the cells will represent system failure that must occur to result
into the higher event to occur. After all the risks at the the lowest level were analysed, they have been mitigated to reduce
the overall risk of the hover-bike.

Sustainability Sustainability is rapidly gaining more and more attention from companies. Sustainability covers three main
aspects; social, environmental and economic sustainability. Despite a hover-bike not being a the most sustainable transport
vehicle, sustainability methods have been implemented to improve its sustainability. First the social sustainability has been
analysed. In the analysis the following aspects have been taken into account; employment rate, employee satisfactions,
customer satisfaction, legislation, noise an maintenance. These aspects can have big impact on society and, therefore, are
of great importance to be analysed.
Concerning environmental sustainability, four main things have been taken into account in the design of the . The
first thing is recyclability. One of the requirements for the design of the hover-bike was that at least 50% should be recyclable.
Expecting batteries to be recyclable in the near future and taking into account that the aluminium frame is recyclable, this
requirement is met. Secondly is the production pollution. In order to limit the production pollution, a lean manufacturing
production is used in order to decrease the amount of wast material. As third is the carbon footprint. Despite the produc-
tion of batteries having a penalty in terms of CO2 emission, on the long term the carbon footprint is less comparable to
combustion engines. As last the noise pollution is analysed. To reduce the noise pollution, designated flying zones will be
assigned in rural areas at least 700 m from building and civilians in order to be able to take-off and land without disturbing
the civilians.
The last aspect of sustainability is the economic sustainability. Economical sustainability is crucial to ensure a longer lifes-
pan for the company’s survival in the market. As mentioned before lean manufacturing will be used. This will not only be
beneficial for the environmental sustainability, but it will also reduce the production cost. Next to lean manufacturing also
other aspects have been evaluated. These aspects are the investors, maintenance en the end of life disposal.

Scorpeon design outline Now that all analyses are done a complete picture of will be given, which includes char-
acteristics, operations, production plan and recommendations.
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Figure 7: Electrical layout of the hover-bike (Green line = power from ESC to electric motors, purple line = power from subsystem-battery to lights)

In this figure the electrical layout of the hover-bike is given. All the subsystems are in the front together with the parachute.
The electric motors are fed from the main battery via the electronic speed controllers (ESC).

In the table below Table 3 you can find all subsystems characteristics of .

Table 3: Overview of subsystem details of the hover-bike concept.

Subsystem Aspect Value Subsystem Aspect Value

Wing

Half wing span 3.2 m
Rotor

Diameter 1.6 m
Aspect ratio 10.4 Contra-rotor gap 0.16 m

Total surface area 8.7 m2 Airfoil distribution
(root-to-chord)

MH126-MH112-
MH114-MH120

Quarter chord
sweep

0°
Power

Number of engines 6

Taper ratio 0.45 Maximum power
output

300 kW

Root-tip twist 28° (washin) Battery voltage 148 V
Geometric angle 37°

Body structure
Width 2.4 m

Airfoil Selig S4061 Length 3.4 m
Height 0.6 m

There are three design budgets made for the hover-bike. There is the cost budget, the mass budget and the power budget.
In Figure 8a the cost budget is given and in Figure 8b the mass budget is given. The mass budget summarises the weight of
each component into one chart. The mass budget is given for the transportation mode
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(a) (b)

Figure 8: Pie charts displaying (a) the cost distribution in euros and (b) the mass distribution in kilograms. In both charts, the value of each component is
given in the brackets after the component name.

In Table 4 a power budget is given. This mainly consist out of the power for the miscellaneous. It can be seen that the power
for the miscellaneous is negligible compared power required for the engines. Also, since lower voltage levels are needed for
the miscellaneous a separate battery pack will be used.

Table 4: Subsystem power distribution.

Subsystem Power [W]
LCD screen 4.5
Lights 35.0
Flight data recorder (black box) 5.0
Safety ecu 5.0
FLARM 0.72
Joystick 4.5
Flight controller 8.0
Transmitter/receiver 5.9
Total miscellaneous 68.6
Electric engines 282,000

In Table 5 the cost budget is presented. As can be seen the cost budget is build up out of material cost, manufacturing cost,
operational cost and the selling price. The material cost and manufacturing cost together form the cost of the prototype at
a combined price of €80000. The selling price is determined by a profit margin of 12.5%. The operational cost is the cost of
ownership for 1 year and is pretty low compared with the other costs.

Table 5: Overview of the cost analysis

Price
Material cost €51610

Manufacturing cost €28180
Selling price €90000

All these subsystems combined determine the performance of , performance parameters in both the transporta-
tion mode and thrill mode are shown in the corresponding table below (Table 6).

Aspect Transportation mode Thrill mode
Speed 29.7 m/s 55 m/s

Acceleration 8 m/s2 12 m/s2

Range 105 km 32 km
Endurance 60 min 9.8 min

Table 6: Performance characteristics transportation mode

Operations and logistics Before the user of can fly the hover-bike it needs to be properly checked first. The first
check is a general visual one. The pilot shall see if the hover-bike does not have any obvious damage, such as dents and
cracks. The second check is denoted as a "pre-operational checklist". This is comparable to a pre-check before driving a car.
The pilot will check if there are any warning lights/signs active, if there is enough power left and if the sensors are working
properly. If there are any issues that the driver can not fix by him/herself, he/she is directed to the maintenance section. If
everything is working properly is ready to fly.
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The maintenance starts when the customer calls the maintenance centre to describe what problems he is facing. The main-
tenance centre will try to assist the customer if the problem can be fixed without the need of professional help. However,
in case of a critical failure or a problem that needs to be checked by a professional, the customer will have to transport the
hover-bike to the maintenance centre to perform the maintenance procedures.
For manufacturing of the structural tubes the drawn tube process is used in order to form metal tubes from aluminium
T6061 metal rods. Aluminium T6061 can be manufactured using the mentioned process due to its high formability property.
For the duct and wing assembly, composite materials were chosen. The reason for this is the high strength to weight ratio
for these materials. This allows the wing and duct assembly to be made very lightweight. For the production process of the
ducts and wings, the hand lay up technique was chosen. Hand lay up allows for the manufacturing of complex shapes and
curves with higher dimensions.
The assembly will be analysed during the mass production phase as at that time is were assembly is the most crucial. After
analysing it was found that line production is more optimal for the hover-bike due to its benefits: simple planning, minimal
transport, good progress indicator as delays would be clear in the line and lastly maximum routine work per crew.
Quality control and assurance is a main step and measure that needs to be considered for the hover-bike. During this
process, every part is checked before and after each stage to make sure that every part is within the high standards and
expectations set by the company. In addition, for quality control every hover-bike presented will be tested for performance
and tested for critical situations.

will have a headquarters which is defined as the group of 10 engineers that designed the hover-bike. The aspects
that are provided by the headquarters:

• Software updates to hover-bikes.
• Training for aviation service centres in order to become licensed hover-bike mechanics.
• Manuals to the aviation service centre.
• Training to get the the hover-bike licence. This is done by a weekend training in which the basics will be taught to

operate the hover-bike.
• Warranty of 1000 flight hours or 5 years (which one expires first).

Furthermore, hover-bikes must undergo a yearly mandatory check, similar to cars, which will be done at aviation service
centres.



Contents

Executive overview i

1 Introduction 1

2 Market analysis 2
2.1 Market needs . . . . . . . . . . . . . . . . . . 2
2.2 Target market . . . . . . . . . . . . . . . . . . 2
2.3 Market volume . . . . . . . . . . . . . . . . . 2
2.4 Competition . . . . . . . . . . . . . . . . . . 3
2.5 Barriers to entry. . . . . . . . . . . . . . . . . 3

2.5.1 Government regulation . . . . . . . . . 4
2.5.2 Public trust. . . . . . . . . . . . . . . . 4

2.6 Overall overview . . . . . . . . . . . . . . . . 5

3 Mission analysis 6
3.1 Mission Profile . . . . . . . . . . . . . . . . . 6
3.2 Functional analysis . . . . . . . . . . . . . . . 6

3.2.1 Functional flow diagram of hover-bike . . 7
3.2.2 Functional breakdown structure . . . . . 9

3.3 Requirements and Constraints . . . . . . . . . 11

4 Hover-bike concept development 13
4.1 Design concept generation . . . . . . . . . . . 13
4.2 Trade-off . . . . . . . . . . . . . . . . . . . . 13
4.3 Improved winning concept . . . . . . . . . . . 14
4.4 Final design iteration . . . . . . . . . . . . . . 15
4.5 Versatile Scorpeon concept . . . . . . . . . . . 16

5 Preparation 17
5.1 Subsystem interactions . . . . . . . . . . . . . 17
5.2 System communication . . . . . . . . . . . . . 17

5.2.1 Hardware block diagram . . . . . . . . . 18
5.2.2 Software block diagram . . . . . . . . . 18
5.2.3 Data handling block diagram . . . . . . 19
5.2.4 Communication flow diagram . . . . . . 20

6 Aerodynamics analysis 21
6.1 Method . . . . . . . . . . . . . . . . . . . . . 21

6.1.1 Wing Design . . . . . . . . . . . . . . . 21
6.1.2 Rotor design . . . . . . . . . . . . . . . 25
6.1.3 Interference between wing and rotor . . 30
6.1.4 Body design and vehicle aerodynamic

characteristics . . . . . . . . . . . . . . 32
6.1.5 Theory and assumptions by XFLR5 . . . 34

6.2 Iterations . . . . . . . . . . . . . . . . . . . . 34
6.2.1 Wing design . . . . . . . . . . . . . . . 34
6.2.2 Rotor design . . . . . . . . . . . . . . . 34
6.2.3 Interference between wing and rotor . . 35
6.2.4 Body design and vehicle aerodynamic

characteristics . . . . . . . . . . . . . . 35
6.3 Results . . . . . . . . . . . . . . . . . . . . . 35

6.3.1 Wing design . . . . . . . . . . . . . . . 35
6.3.2 Rotor design . . . . . . . . . . . . . . . 36
6.3.3 Wing-propeller interference . . . . . . . 37
6.3.4 Skin design. . . . . . . . . . . . . . . . 37
6.3.5 Complete vehicle characteristics . . . . . 37

6.4 Verification & Validation of aerodynamic anal-
ysis tools . . . . . . . . . . . . . . . . . . . . 39

6.5 Sensitivity analysis . . . . . . . . . . . . . . . 40

7 Power and propulsion 43
7.1 Method . . . . . . . . . . . . . . . . . . . . . 43

7.1.1 Propeller sizing . . . . . . . . . . . . . 43
7.1.2 Motors . . . . . . . . . . . . . . . . . . 44
7.1.3 Power estimation . . . . . . . . . . . . 44
7.1.4 Power distribution . . . . . . . . . . . . 46
7.1.5 Battery pack . . . . . . . . . . . . . . . 46

7.2 Iterations . . . . . . . . . . . . . . . . . . . . 48
7.2.1 Rotor sizing . . . . . . . . . . . . . . . 48
7.2.2 Power estimation . . . . . . . . . . . . 48
7.2.3 Battery . . . . . . . . . . . . . . . . . . 48

7.3 Results . . . . . . . . . . . . . . . . . . . . . 49
7.3.1 Propeller sizing . . . . . . . . . . . . . 49
7.3.2 Motors . . . . . . . . . . . . . . . . . . 50
7.3.3 Power estimation . . . . . . . . . . . . 50
7.3.4 Power distribution . . . . . . . . . . . . 52
7.3.5 Battery pack . . . . . . . . . . . . . . . 53

7.4 Verification and Validation . . . . . . . . . . . 54
7.4.1 Method verification . . . . . . . . . . . 54
7.4.2 Method validation . . . . . . . . . . . . 54
7.4.3 Verification of the battery size . . . . . . 56
7.4.4 Validation of the battery size . . . . . . . 56

7.5 Requirements compliance . . . . . . . . . . . 56
7.5.1 Range and Endurance . . . . . . . . . . 56
7.5.2 Service ceiling . . . . . . . . . . . . . . 56

7.6 Sensitivity analysis . . . . . . . . . . . . . . . 57

8 Structure 59
8.1 Methods . . . . . . . . . . . . . . . . . . . . 59

8.1.1 Geometry constrains and design . . . . . 59
8.1.2 Material selection . . . . . . . . . . . . 59
8.1.3 Structural analysis . . . . . . . . . . . . 61
8.1.4 Mass budget . . . . . . . . . . . . . . . 62
8.1.5 Moment of inertia and centre of gravity . 62

8.2 Iterations . . . . . . . . . . . . . . . . . . . . 63
8.2.1 Geometry constraints and design . . . . 63
8.2.2 Structural analysis . . . . . . . . . . . . 64
8.2.3 Mass budget . . . . . . . . . . . . . . . 64

8.3 Results . . . . . . . . . . . . . . . . . . . . . 66
8.3.1 Geometry constrains and design . . . . . 66
8.3.2 Field of view . . . . . . . . . . . . . . . 66
8.3.3 Material selection . . . . . . . . . . . . 67
8.3.4 Structural analysis . . . . . . . . . . . . 68
8.3.5 Mass budget . . . . . . . . . . . . . . . 70
8.3.6 Moment of inertia and centre of gravity . 70

8.4 Verification and Validation . . . . . . . . . . . 72
8.4.1 Validation of finite element software . . . 72
8.4.2 Validation of the moment of inertia val-

ues and centre of gravity . . . . . . . . . 72

9 Control & Manoeuvrability 73
9.1 Method & Approach. . . . . . . . . . . . . . . 73

9.1.1 Workflow. . . . . . . . . . . . . . . . . 73
9.1.2 Reference Axis . . . . . . . . . . . . . . 73
9.1.3 Primary Assumptions . . . . . . . . . . 73
9.1.4 Secondary Assumptions . . . . . . . . . 74

9.2 Control Design . . . . . . . . . . . . . . . . . 74
9.2.1 Modelling the hover-bike . . . . . . . . 74

xi



CONTENTS xii

9.2.2 Angular control . . . . . . . . . . . . . 76
9.2.3 Altitude control . . . . . . . . . . . . . 77
9.2.4 Input. . . . . . . . . . . . . . . . . . . 77
9.2.5 Hover-bike properties . . . . . . . . . . 77

9.3 Results . . . . . . . . . . . . . . . . . . . . . 77
9.3.1 Requirements . . . . . . . . . . . . . . 77
9.3.2 Thrill and Transportation Mode . . . . . 79

9.4 Verification & Validation . . . . . . . . . . . . 81
9.5 Sensitivity Analysis . . . . . . . . . . . . . . . 81

10 Human-Machine-Interface 84
10.1 Fundamental Controls . . . . . . . . . . . . . 84

10.1.1 Final design: joybar and pedals . . . . . 85
10.2 In-flight information . . . . . . . . . . . . . . 86
10.3 Secondary controls . . . . . . . . . . . . . . . 87
10.4 Vehicle options interface and customisation . . 88

11 RAM 89
11.1 Reliability . . . . . . . . . . . . . . . . . . . . 89

11.1.1 Complex system reliability . . . . . . . . 90
11.2 Availability . . . . . . . . . . . . . . . . . . . 90
11.3 Maintainability . . . . . . . . . . . . . . . . . 91

12 Safety 92
12.1 Dead-man zone analysis . . . . . . . . . . . . 92

12.1.1 Landing gear . . . . . . . . . . . . . . . 92
12.1.2 Redundancy . . . . . . . . . . . . . . . 92
12.1.3 Parachute . . . . . . . . . . . . . . . . 93
12.1.4 Overview. . . . . . . . . . . . . . . . . 93

12.2 Human error . . . . . . . . . . . . . . . . . . 94
12.3 Passive safety . . . . . . . . . . . . . . . . . . 94

13 Technical risk assessment 95
13.1 Fault tree analysis . . . . . . . . . . . . . . . . 95
13.2 Risk identification, assessment & mitigations . . 95

13.2.1 Power system . . . . . . . . . . . . . . 95
13.2.2 Propulsion system . . . . . . . . . . . . 97

13.2.3 Structures . . . . . . . . . . . . . . . . 98
13.2.4 Human-Machine interface, Machine-

Human interface and communication . . 99
13.3 Technical risk maps . . . . . . . . . . . . . . . 100

14 Cost Analysis 101
14.1 Material cost . . . . . . . . . . . . . . . . . . 101
14.2 Manufacturing cost . . . . . . . . . . . . . . . 102
14.3 Operational cost . . . . . . . . . . . . . . . . 103
14.4 Total cost overview . . . . . . . . . . . . . . . 104

15 Sustainability development strategy 105
15.1 Social sustainability . . . . . . . . . . . . . . . 105
15.2 Environmental sustainability . . . . . . . . . . 106
15.3 Economical sustainability. . . . . . . . . . . . 106

16 Scorpeon design outline 108
16.1 Scorpeon characteristics . . . . . . . . . . . . 108

16.1.1 Vehicle layout . . . . . . . . . . . . . . 108
16.1.2 Subsystem details . . . . . . . . . . . . 109
16.1.3 Budget resource allocation . . . . . . . . 109
16.1.4 Performance characteristics . . . . . . . 110

16.2 Operations and Logistics . . . . . . . . . . . . 110
16.2.1 Flight operations . . . . . . . . . . . . . 110
16.2.2 Maintenance plan . . . . . . . . . . . . 111

16.3 Production plan. . . . . . . . . . . . . . . . . 112
16.3.1 Production . . . . . . . . . . . . . . . . 113
16.3.2 Assembly. . . . . . . . . . . . . . . . . 114
16.3.3 Quality control and assurance . . . . . . 115
16.3.4 Headquarters . . . . . . . . . . . . . . 116
16.3.5 Regulations . . . . . . . . . . . . . . . 116

16.4 Requirement compliancy . . . . . . . . . . . . 117
16.5 Recommendations . . . . . . . . . . . . . . . 119

17 Post DSE activities 120

A Reference data propeller sizing 125



List of symbols

Quantity Description Unit
a Lift-curve slope [-]

A Collective rotor disk

area

[m2]

b Wing span [m]

c Chord length []

cblade Blade chord length [m]

cwing Wing chord length [m]

CCell Battery cell capacity [Ah]

CD Drag coefficient [-]

CD,0 Zero-lift drag

coefficient

[-]

(CD S)S Equivalent flat plate

area

[m2]

CL Lift coefficient [-]

C58L,b Body lift coefficient [-]

CL,max Maximum lift

coefficient

[-]

Cm Moment coefficient [-]

Cm,0 Zero lift pitch moment

coefficient

[-]

cmac Moment coefficient

about aerodynamic

centre

[-]

d Distance between

centre of gravity and

centre of twist

[m]

dcg Distance to centre of

gravity

[m]

dr Blade element width [m]

dT Thrust of one blade

element

[N]

dQ Torque of one blade

element

[N]

D Aerodynamic drag [N]

D.L. Disk loading [kg/m2]

DProp Propeller diameter [m]

e Distance between

centre of lift and centre

of twist

[m]

eeff Effective oswald

efficiency factor

[-]

E Young’s modulus [Pa]

EBatt Total available battery

energy

[Wh]

fUsable Permissible battery

pack depth of discharge

[-]

F.M. Figure of merit [-]

g Gravitational

acceleration

[m/s2]
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1
Introduction

There are three modes of transportation, namely water, land and air transport. Over water, cargo ships are used for freight
transport, ferries are used for public transport, boats are used for regular multi-person transport and jet skis are used for
a single/double-seated thrill ride. Over land, trucks are used for freight transport, busses are used for public transport,
cars are used for regular multi-person transport and motorcycle are used for a single/double-seated thrill ride. Through air,
cargo aircraft are used for freight transport, commercial aircraft are used for public transport, private jets and helicopters are
used for regular multi-person aircraft, but nothing concrete exists for a single/double-seated aerial thrill ride yet. In other
words: A hover-bike, a motorcycle for the air, that can deliver at least similar performance, thrills and freedom as a high
performance motorcycle, must be designed to outperform existing designs. This gives rise to the need for a motorcycle for
the air, that can deliver at least similar performance, thrills and freedom as a high performance motorcycle, must be designed
to outperform existing designs.
This need is filled by the design of a hover-bike, capable of vertical take-off and landing. A hover-bike is defined as an aerial
vehicle with six degrees of freedom that is engine powered, capable of vertical take-off and landing and providing non-enclosed
seating for up to two people. Although this specific hover-bike need described above is focused on providing thrills, other
hover-bike designs could theoretically be used for different purposes, similar to how motorcycles are used by the police and
jet skis can be used for on-sea rescue operations. Therefore, this project also paves the road for future companies or starters
to design their own hover-bike concept driven by different needs, such as rescue operations.

By using system engineering tools and the engineering knowledge gained during the bachelor of Aerospace Engineering
at TU delft, a group of ten students has been working for ten weeks to design a hover-bike. The purpose of this report is
to document the result of the preliminary design solution that satisfies the need of a motorcycle for the air. The design
solution is a vehicle in a tilt-copter layout with three ducted contra-rotating rotors with wings attached to the ducts, dubbed
the .

This report starts of with the market analysis in chapter 2, which has been performed to see where the hover-bike could enter
the market. Then a mission analysis is done in chapter 3 where the mission profile, functional analysis and requirements
and constrains are discussed. After that the hover-bike concept development is done in chapter 4, here it is explained how
the has come to life. Before the engineering could start some preparation activities has been done and are shown
in chapter 5. Next the analyses of the final iterated concept is performed which includes aerodynamics (Equation 7.1.1),
power and propulsion (chapter 7), structures (??) and control (chapter 9) which also includes the human machine interface
in chapter 10. Furthermore the reliability, availability and maintainability is discussed in chapter 11, additionally safety and
risk analysis can be seen in chapter 12 and chapter 13 correspondingly. As last the cost and sustainability of the design are
assessed in chapter 14 and chapter 15. To end the report the complete picture of is shown in chapter 16, where
characteristics, operations and logistics, a production plan, requirements compliance and recommendations are shown.
This report is the final version of the final report. The final report describes the progress during the fourth phase of this DSE
project: Design of a hover-bike. This fourth phase focuses on the analysis of the preliminary design, following up on the
chosen concept during the conceptual concept. The change record of this report is depicted in Table 1.1.

Table 1.1: Change record of final report.

Version Date Affected pages Brief description of changes of final report
1.2 29th June 2018 all

1



2
Market analysis

The main purpose of this chapter is to know what is expected of , and predict as accurately as possible the best
way to successfully enter the market. This includes understanding the main interests of the customers and their concerns,
which will not only shape the requirements, but also point towards the best marketing methods. attempts to be
the jet-ski or motor-bike equivalent of the air, and to make sure it is able to bridges this gap, a closer analysis of the market
has to be made. The hover-bike team must therefore analyse the current market, and predict how its product (
) will perform. To do this, the market need will first be clarified, the target market will then be identified and the market
value will be calculated. Later on, the product will be compared to that of competitors before finishing by discussing some
barriers to entry that the team might encounter. Given that the start up is in the Netherlands, the market analysed will be
within the Netherlands.

2.1. Market needs
Throughout time, most people have at least once in their life wished they could fly, and around 160 years ago, we achieved
what was thought to be impossible. Nowadays anybody can buy a plane ticket and "fly", but it is not them who control
the craft through the air; the freedom of flying is only accessible to a small amount of people. To begin, a pilot’s licence is
needed, which requires years of training, and even after this is achieved, a conventional ultralight-aircraft is too big to feel
like the flying that we had dreamed off. This is where a hover-bike steps in: a small, relatively cheap personal vehicle that
can take-off/land anywhere, that can achieve high velocities, and is easy to fly. The market needs a machine that lets people
achieve their dream of flight without going though too much of a hassle. In the same sector, there is also a need for a small
VTOL aircraft which can not only be used to remove the congestion in the ever-increasing road traffic, but also for operation
like rescue missions. However, even-though can be used as a mean of transport, the design of will stay
focused on the "fun aspect" and freedom of flying.

2.2. Target market
Knowing the target market is crucial for the design and marketing of the hover-bike. Three types of potential customers
have been identified:
Thrill seekers
These thrill seeking customers are generally young adults and they are the ones who will push the to its technical
limits. The first group of buyers will most likely be in this category, as they have less safety concerns and will hesitate less
before hopping on the vehicle. It is them who will bring credibility to the machine and safety concerns to rest.
Less adventurous curious adults
After watching social media posts of the aforementioned thrill seekers, Curious adults who enjoy adventure (but are not too
courageous) will start gaining confidence in the safety of and will likely be the second group to start buying hover-
bikes. While the previous group are expected to use the thrill mode a lot more than the transportation mode, this group is
expected to start using this bike for transportation more and more as they don’t use the full extent of what the thrill mode
can bring. This second group will give a lot more confidence to the everyday person of the functionality of the hover-bike as
means of transport as well.
The everyday person looking for faster congestion-free transport
By the time the everyday person starts buying this hover-bike, its production price will likely have gone down and its safety
concerns put to rest. This group is harder to attract and since they are so far into the future, they will not be used as exten-
sively as the first two groups to design the hover-bike.
From this three main groups, the team has decided that it is acceptable if the vehicle does not target the everyday
person as it would make the Hover-bike’s design to focus more on transportation and less in thrills. There are enough
customers in the first two groups and not everybody can be satisfied.

2.3. Market volume
To have a good idea of the demand that the product will have, it is important to estimate the market volume. This is normally
done by simply looking at the already established market. However, there is no true existing market for such vehicle so it
must be estimated by looking at vehicles that share functions/price with the . The potential market size will be
estimated using a top down approach which consist in starting with a global number and reducing it pro-rata. The markets
that are analysed in this estimation are:
Expensive luxury/sports cars as as they share the adrenaline pumping objectives while still not being indispensable. Addi-

2



2.4. Competition 3

tionally,people who can afford these expensive cars can also afford a hover-bike.
Motorcycles, especially sports bikes, as they tend to be owned by moto enthusiasts who are in for a thrill, and would not
loose a chance to experience the . This group is also more likely to buy a hover-bike than any other kind of VTOL
aircraft.
Light & Single engine helicopters, as their pilots have in some way, affinity with flying, so a part of this group will also be
interested in buying a hover-bike.
In table 2.1 an estimate of the market value of the three different markets is given. Aiming to have a significant percentage
of the market as a start-up is not realistic, as expensive cars or helicopters can easily exceed 1million euros, which is already
ten times the allowed prototype price of the Hover-bike. However, the team should aim to supply at least 50% of
all the personal aerial vehicles in the Netherlands.

Table 2.1: Market value overview

Market Global Market value [×109 € ] 1

Expensive luxury/sports cars 408 2

Motorcycles 75.6 3

Light & Single engine helicopters 62.94

In the first years that the hover-bikes are produced and sold, the market still has to grow to its full extend as the machine
gains credibility. This growth can take a couple of years before it stabilises and is strongly affected by government regu-
lations. Any estimation of such market would therefore be very unrealistic. This is why the best option for the team is to
pre-sell a set number of prototypes before producing them which not only gives funding for further development, but also
guarantees that the vehicle is sold before it is even produced.

2.4. Competition
Taking a closer look at the competition is helpful to assess their product’s advantages and disadvantages over ours. Simply
put, if our hover-bike brings nothing special to the table compared to the competitors, it will not strive in the market. All
vertical takeoff and landing (VTOL) aircraft that are in development or already in the market will be considered competition
because the customers have these as substitutes to fly in the air. In Table 2.2 different competitors are shown with their
corresponding performances.
The first visible aspect is that most of these competitors focus on personal transport and not on entertainment. There are
therefore generally more seats, on a more comfortable control-less cabin. These designs are aimed at the customer being a
passenger, not a pilot. This is one of the areas where the can stand out, as it is designed for the passenger to be the
pilot, and enjoy handling this vehicle through the skies.
Most of the performance parameters are bested by other vehicles in terms of range, which further highlights that there
is a gap in the market; there is no VTOL aircraft designed to feel the adrenaline pumping through the veins. This might
explain why information about accelerations on different axes are not gievn for any other competitor, which makes it hard
to compare how the ’s aggressive manoeuvres. This further reaffirms that the team must aim at designing
a fun vehicle.
The team participated in a Lunch lecture given by the Lilium jet company, which aims to provide fast, affordable and hassle-
free transport. Despite having a different target market, there are a lot of engineering challenges that might also
experience like transitioning to cruise from hovering flight or optimising the body to create the best lift to drag ratio. All en-
gineering divisions took note of the different design approaches used. One of the most important aspects the team learned
is how flying regulations kill the functionality and even whole concept of some designs. For instance, nowadays, a heli-
copter, or any other craft of relatively the same size have big restrictions on where they can take-off and land, mainly due to
noise. This would make a craft like Lilium useless. Having a company like this before is very beneficial as we will
not have to spend time and money to make the authorities adjust to the new electric aircraft era.

2.5. Barriers to entry
The potential problems that could prevent the to succeed in the market should be identified to find solutions. This
task is specially challenging for new products as there is no example of past mistakes to learn on and predicting something
that has never happened is more complicated. The main two clear problems that may affect the demand of the vehicle are
different government regulation and aspects that may affect consumer trust. All these will be discussed individually.

1URL: https://www.statista.com/statistics/412794/euro-to-u-s-dollar-annual-average-exchange-rate/ [cited 1 May 2018]
2URL: https://www.statista.com/statistics/281574/size-of-the-luxury-car-market/ [cited 1 May 2018]
3URL: https://www.persistencemarketresearch.com/market-research/motorcycle-market.asp [cited 1 May 2018]
4URL:http://www.airbus.com/content/dam/corporate-topics/publications/backgrounders/Global-Helicopter-Forecast-2017.pdf

[cited 9 May 2018]
5URL:http://aerofex.com/ [cited 1 May 2018]
6URL: http://www.ehang.com/ehang184 [cited 9 May 2018]
7URL: https://lilium.com/ [cited 9 May 2018]

https://www.statista.com/statistics/412794/euro-to-u-s-dollar-annual-average-exchange-rate/
https://www.statista.com/statistics/281574/size-of-the-luxury-car-market/
https://www.persistencemarketresearch.com/market-research/motorcycle-market.asp
http://www.airbus.com/content/dam/corporate-topics/publications/backgrounders/Global-Helicopter-Forecast-2017.pdf
http://aerofex.com/
http://www.ehang.com/ehang184
https://lilium.com/
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Table 2.2: Performance properties of different personal aerial vehicles

Competitor
range endurance Seats Top Speed
[km] [min] [km/h]

100 60 1 100

Aerofex5 90 75 1-2 72

Vahana 80-120 21 1 225

Cora 100 33 2 180

Joby Aviation 240 48 4 300

Ehang 1846 41.7 25 2 100

Lilium7 300 60 5 300

City Airbus 30-50 24 4-6 100

Volocopter 27 16 2 100

2.5.1. Government regulation
Noise regulations could be a potential harm for practicality. If the hover-bike emits a lot of noise, there will be regulations
that state where you can fly it, which would make it’s use purely recreational. For instance, going to work on a motorcycle
might be the reason to wake up in the morning (the only fun thing in the day). However, if the hover-bike can not be flown in
the city, then it must first be transported to a site where it’s use is allowed, which might demotivate anyone to even buy the
product. Additionally, moving to a noise friendly area implies transporting the machine, which takes us to the next point.
Transportation regulations should be closely monitored as it might constraint the design. For instance, a person with a
normal car Driver’s licence should be able to transport the flying bike or else the number of potential customers could
decrease even further. The previous constraint means you can only use single-joint trailers where the combined mass of the
car + trailer should not exceed 3500kg and should be less than 2.40m wide 8, which again gives constraints to the design.
Privacy regulations are naturally not in place for hover-bikes yet. However, given how easy it would be to spy on your
neighbours with this machine, regulations similar to that of drones could be expected. These include minimum time under
a specific altitude, or even a ban on flying in populated areas.
Safety regulations could also discourage the potential customers. If this technology becomes widely implemented govern-
ments might demand for lower top speeds, lower manoeuvrability or limit thrilling performance in any way. That would
again mean that to seek more thrills you have to go to a special area just like a race track for road illegal sports cars.
Piloting regulations could be one of the biggest demand killer. If a government finds the hover-bike potentially dangerous
to fly around other people, it might impose a certain age requirement accompanied by a license or a mandatory training.
Once again, this would make customers need to move the hover-bike to an area with no bystanders. Clearly the main
consequence of various regulations would be the need to transport the bike to safer areas. The design for an efficient method
of transportation should therefore be considered.

2.5.2. Public trust
safest concerns are rational. It is not reasonable to expect the public to trust a fast machine soaring to the air while being
between very fast moving propellers. It is therefore recommended to do public tests of failures that the public might be
scared of. For instance, show that if a propeller brakes mid-flight, it will not reach the pilot’s compartment and the
will land safely.
Practicality might be the deciding factor of potential customers who do not have money to spare. If they do such con-
siderable investment, they must be confident that they will actually use it. A solution to this, could be events in which
demonstration of the different operational aspects including flying, to reaffirm the user-friendliness of .

8URL:https://auto-en-vervoer.infonu.nl/transport/10162-verkeer-auto-afmetingen-lading-aanhangwagen.html[cited 09 may 2018]

https://auto-en-vervoer.infonu.nl/transport/10162-verkeer-auto-afmetingen-lading-aanhangwagen.html
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2.6. Overall overview
This analysis has helped the team to know with certitude that it is the exciting thrills that will set apart from the
other competitors. It is therefore acceptable if some endurance or range characteristics are sacrificed at the expense of a
more enjoyable, agile Hover-bike. It has also been clear that such vehicle will have a sceptical public at first, but by offering
demonstration and test flights, people will start getting enticed by the vehicle. The team must not think that all is lost if
demand for such bike is not as high as expected. Finally, it has been clear that there are a lot of regulations that would highly
restrict the use of the vehicle. Thankfully, Lilium will pave the way to a future more comprehensible of new generation
electric aircraft and do so without being competition as they have a different target market.



3
Mission analysis

In order to generate a hover-bike design which will comply with all the requirements and constraints, a missions analysis
has to be performed. First is the flight profiles of the hover-bike are given. This is done in section 3.1 Next a functional
analysis is performed. For the functional analysis, a functional flow diagram and a functional breakdown are used. These
can be found in section 3.2. After that, the requirements and the constraints are given in section 3.3

3.1. Mission Profile
The mission profile gives an overview of the flight profiles of the . For the , two different mission profiles
can be distinguished, namely a transportation profile and thrill profile. The transportation mission profile is characterised
by low accelerations and efficient use of subsystems in order to fly as far and long as possible. For this reason, the
will use ducts with wings attached to increase range and endurance characteristics. Further properties of the transportation
profile include assisted manoeuvring and control by the flight controller and autopilot as well as direct altitude selection
instead of full control of descent and ascent rates. The transportation is especially linked to the Eco-mode as shown in figure
16.4 and displayed in green in figure 3.1. The thrill mission profile is defined by a flight phase operating at the near limits of
the hover-bike. Proportionally high-performance manoeuvres will be practised, meaning the limits at subsystem level will
be near. In this condition, the wings and ducts are taken off from the hover-bike, making the vehicle more manoeuvrable.
Flight in the thrill profile contains high load manoeuvres in addition to full control of the pilot of the hover-bike. As a result
of full controllability by the pilot, a certain skill level is necessary. This flight profile can be linked to the sports mode as
shown in Figure 16.4. The colour linked to sports mode is red as shown in Figure 3.2. Apart from the sports mode, the
hover-bike also have a standard mode that can be used in the thrill profile, which is characterised by the pilot controlling
the direct attitude angles, simplifying pilot controls.

Figure 3.1: Transportation mission profile, the green phase indicates Eco-mode is enabled.

Figure 3.2: Thrill mission profile, the red phases indicate sport-mode is enabled.

3.2. Functional analysis
Before it is possible to design the hover-bike, it is necessary to determine what it should actually do. Or in more profes-
sional terms, the functions that the hover-bike must execute should be worked out. In this case, two tools will be used to
accomplish this, a functional flow diagram (FFD) and a functional breakdown structure (FBS). The FFD focuses more on the
relations between each function, while the FBS is more focused on the hierarchical structure of the functions.
The FFD for the hover-bike is depicted in subsection 3.2.1. In this section, extra information is also provided about the
flow diagram in general and some functions are more clearly explained in words. Then, in subsection 3.2.2, the functional

6
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breakdown structure is provided. This structure contains the same elements as the FFD and they only differ in structure.
Therefore, there is no extra information provided on some functions as is done for the FFD.

3.2.1. Functional flow diagram of hover-bike
The FFD for the hover-bike is given in Figure 3.3. This diagram starts with the five highest level of operations functions that
can be identified. These consist of start-up procedure, flying off the hover-bike, checking for failure, initiating safety modes
and end-of-flight procedure of the hover-bike. These main functions are then broken down into another sub-level. At this
stage of the design, most focus lies on the operational functions of the hover-bike. In the next couple of lines, some of the
functions are explained in more detail.
Operate the hover-bike The operation of the hover-bike is the most important function at this stage of the design. These
functions actually determine most of the characteristics of the vehicle. The operations are split into 5 main components.
First the start-up procedure where the hover-bike functions are provided to support the pilot , authorisation method, etc.
Secondly comes the main operation phase of the hover-bike which is flying it in hover and cruise situation which includes
the transition phase which is going from hovering into cruise. After that comes the failure checking part which is a passive
monitoring system that checks for failures and warns pilot in case of failure. Following that, its the initiating safety modes in
case of critical failures where the pilot initiates the safety mode to start landing. Finally comes the end-of-flight procedure
which is a procedure that is valid for an electric vehicle.
As a final comment on the FFD, it is already decided that the hover-bike will allow for an automated or manual take-off and
landing. It is up to the driver to choose how he/she will take-off or land. The modes during manoeuvre will influence the
handling of the vehicle. Possible mode options can be found in subsection 16.2.1.

Figure 3.3: Part 1 of the functional flow diagram for the hover-bike. In this diagram red = 1st level, yellow = 2nd level, 3rd = green
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Figure 3.4: Part 2 of the functional flow diagram for the hover-bike. In this diagram red = 1st level, yellow = 2nd level, 3rd = green



3.2. Functional analysis 9

3.2.2. Functional breakdown structure
The FBS diagrams are given in Figure 3.5 & 3.6 it represents the functions that the hover-bike must achieve in a form of
an AND tree. The FBS is mainly inspired by the generated FFD given in subsection 3.2.1 with the main focus given to the
operational functions of the hover-bike presented in a hierarchical order.

Figure 3.5: Part 1 of the functional Breakdown Structure for the hover-bike. In this diagram red = 1st level, yellow = 2nd level, 3rd = green
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Figure 3.6: Part 2 of the functional Breakdown Structure for the hover-bike. In this diagram red = 1st level, yellow = 2nd level, 3rd = green
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3.3. Requirements and Constraints
In this section, the functional requirements and the constraint for the hover-bike are given. First, an overview of the func-
tional requirements and constrains are given.
The functional requirements are broken down into performance requirements and operational requirements. Performance
requirements can be split up into several measures like: the performance measures contributing to the thrill and experi-
ence of riding a bike and general technical performance standards regarding common mechanical aspects of comparable
vehicles. Requirements expressing the fun and excitement of piloting the hover-bike initially are the maximum speed, ac-
celeration and turning rates in the longitudinal, lateral and vertical direction as can be seen in Table 3.1.
While the functional requirements describe what the system shall do, constraints are real-world limits or boundaries which
will limit the design of the hover-bike. These constraints are mainly derived from stakeholders such as the government,
environmental agencies or general public. The constraints are broken down into several sections; engineering constraints,
cost constraints, law and regulation, safety constraints, schedule constraints and sustainability constraints. An overview of
the constraints are given in Table 3.2.
Driving requirements are displayed in orange in Table 3.1 and Table 3.2. A driving requirement is defined as a requirement
which is either user-defined or derived, which will drive the design of the hover-bike more than other requirements. Po-
tential killer requirements are displayed in red in Table 3.1 and Table 3.2. A killer requirement is defined as a requirement
which will drive the design of the hover-bike to an unacceptable extent.

Table 3.1: Functional Requirements

ID Requirements

Technical Performance

HB-FR-ST-01 The hover-bike shall be movable in 6 degrees of freedom.
HB-FR-ST-02 The hover-bike shall have a minimum range of 100 km while maintaining a 100 km/h speed.
HB-FR-ST-03 The service ceiling shall be at least 3000 ft above sea-level
HB-FR–ST-04 The hover-bike shall be able to fly for at least 1 hour while maintaining a 100 km/h speed.
HB-FR-ST-05 The hover-bike shall be able to vertically take-off and land.
HB-FR-S-06 The hover-bike shall be statically stable and dynamically damped.
HB-FR-S-07 The hover-bike shall have a maximum pitch angle of 45 degrees.
HB-FR-S-08 The hover-bike shall be able to operate in an atmospheric temperature range of 0 to 40 degrees Celsius.

Experience

HB-FR-S-09 The longitudinal acceleration shall be at least 8.3 m/s2.
HB-FR-S-10 The vertical acceleration shall be at least 1.7 m/s2.
HB-FR-S-11 The longitudinal speed shall be at least 150 m/s.
HB-FR-S-12 The Hover-bike shall be able to take turns with at least 1.7 G.

Operational Requirements

HB-FR-ST-13 The hover-bike shall be able to safely bring down the pilot from FL030 in case of emergency.
HB-FR-ST-14 The hover-bike shall transmit its position with a transponder.
HB-FR-ST-15 The hover-bike shall be able to be handled by a single person at any time.
HB-FR-ST-16 The hover-bike shall possess a radio for communication.
HB-FR-S-17 The hover-bike shall be equipped with a system that monitors the operational state of

the hover-bike.
HB-FR-ST-18 Handling qualities shall be such that 6 hours of training is sufficient to safely operate the hover-bike.
HB-FR-ST-19 The hover-bike shall be equipped with instruments showing the operational state of the hover-bike.
HB-FR-ST-20 The turn around time of the hover-bike shall be less than 30 hours.
HB-FR-ST-21 The start-up procedure of the hover-bike shall take less than 3 minutes.
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Table 3.2: Constraints

ID Constraints

Engineering Constraints

HB-CS-ST-01 The maximum take-off weight of the hover-bike shall be 500 kg.
HB-CS-ST-02 The maximum payload weight of the hover-bike shall be 100 kg.
HB-CS-ST-03a The hover-bike shall fit in a trailer of width 2.6 m.
HB-CS-ST-03b The hover-bike shall fit in a trailer of height 4 m.
HB-CS-ST-03c The hover-bike shall fit in a trailer of length 4.2 M.
HB-CS-ST-04 The hover-bike shall have a front vertical viewing angle of at least 15 degrees.
HB-CS-ST-05 The hover-bike shall have a side vertical viewing angle of at least 45 degrees.
HB-CS-ST-06 The hover-bike shall be able to take off from a site with diameter or length and width of 12 m[16].

Cost Constraints

HB-CS-ST-07 The production costs of a prototype shall be at most €100,000.
Law and Regulation Constraints

HB-CS-ST-08 The pilot has should have a Recreational Pilot License.
Safety Constraints

HB-CS-S-09a The hover-bike shall be able to withstand bird strikes.
HB-CS-S-09b The driver shall be shielded against hazardous components.
HB-CS-S-10 The hover-bike shall have a safety rate of at most 1 fatality for every 200.000 flight hours.
HB-CS-S-11 Vital components of the hover-bike shall be "safe-life" for the operational life of the vehicle.
HB-CS-S-12 The hover-bike shall be equipped with a black-box.
HB-CS-ST-13 The pilot shall have a clear 360 degrees view.
HB-CS-ST-14 The hover-bike shall be equipped with navigation lights.
HB-CS-ST-15 The pilot shall be warned when approaching restricted airspace.
HB-CS-ST-16 The pilot shall be able to safely exit the hover-bike in case of emergency.

Schedule Constrains

HB-CS-ST-17 The first prototype of the hover-bike shall be build before 2022.
HB-CS-ST-18 The design phase of the hover-bike shall be finished before 2020.

Sustainability Constraints

HB-CS-ST-19 At least 50% of the materials used for the production of the hover-bike shall be recyclable.
HB-CS-ST-20 At the end of life 50% of the operative empty mass of the hover-bike shall be able

to be disassembled, disposed of and recycled.
HB-CS-ST-21 The hover-bike shall have a minimum operational life of 3000 flight cycles.



4
Hover-bike concept development

This chapter shows the progress of how the final concept of the hover-bike, the , came to its final design. The
hover-bike concept development started with generating a variety of concepts. After that a trade-off was made where a
winner came out of the generated concepts. Next the trade-off criteria where the "losing" concepts scored higher than the
winning concept were looked at, too analyse if these strong point could be implemented in the winning concept in order
to improve it. Finally, the process of how the improved winning concept of the trade-off became the is explained
followed by a render of the final design.

4.1. Design concept generation
The generation of the concepts was such that the concepts covered a wide variety of design options. The design of the
concepts started by looking at the aspects in which the concepts would differ from each other. These criteria were the
thrust, power, control, handling, structure, landing gear and safety system. Looking at these criteria, four concepts were
generated which looked as shown in Figure 4.1 and a summary of the concepts can be seen in Table 4.1.

(a) Concept 1: Four propellers
driven by a single engine.

(b) Concept 2: Jets, propellers and
wings.

(c) Concept 3: Ducted
counter-rotating fans.

(d) Concept 4: Blended wing body
with propellers.

Figure 4.1: The four subfigures each show a sketch of a concept for a hover-bike design.

Table 4.1: Design concepts overview

Concept 1 Concept 2 Concept 3 Concept 4

Thrust Propellers
Propellers, Wings,
Jet engine

Propellers Propellers, Wings

Power Chemical Hybrid Electric Electric

Control Pitch control
MDOF control surface,
Vanes

Differential thrust
Control surface,
Differential thrust, thrust vectoring

Handling Wheel and buttons Handlebar Joysticks Handlebar, Pedals
Structure Truss, Metal Monocoque Truss, Composite Monocoque
Landing gear Floaters Retractable pylons Skids Retractable wheels
Failure Autorotation, Airbags Gliding, Parachute Redundancy Gliding Parachute

4.2. Trade-off
To make an unbiased decision which concept has the best hover-bike characteristics and will be further worked out in the
the detailed design, a trade-off has been performed. The trade-off was done by first determining the trade-off criteria. After
the trade-off criteria were determined each were assigned a certain weight which showed the importance of each trade-off
criteria. The trade-off criteria and their assigned weights can be seen in Table 4.2.

Table 4.2: Trade-off table

Performance Fun factor
Safety Costs Transport

Sustainability
Criteria Air speed Acceleration Control User friendliness Appearance Carbon footprint Noise
Weight 8% 16% 16% 16% 5% 10% 10% 5% 7% 7%

13
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The trade-off was performed by each department analysing their assigned trade-off criteria for each concept. For example,
the control department did the control analysis on all four concepts, and the performance department analysed all the
performance characteristics (air speed, acceleration). Based on these analyses every concept is ranked in each trade-off
criteria as shown in Table 4.3.

Table 4.3: Colour scores

Score 0 1 2 3 4
Colour Does not meet requirements Poor Satisfactory Good Excellent

And eventually the trade-off was performed as objectively as possible. The only exception to this was the "appearance"
criteria, which is subjective on its own. So the way this was ranked was by letting every team member rate each concept
again from 1 to 4 and then averaging out the scores. The results of the entire trade-off are summed up in Table 4.4.

Table 4.4: Trade-off summary table

Performance Fun Factor Sustainability

Air Speed
Longitudinal
Acceleration

Control
User
Friendliness

Appearance
Safety Cost Transport Carbon

Footprint
Noise

Total

Weight 8% 16% 16% 16% 5% 10% 10% 5% 7% 7% 100%
Concept 1 2 3 3 3 2 3 3 4 1 2 2.71
Concept 2 3 1 2 4 2 2 1 1 1 1 1.95
Concept 3 2 2 3 2 2 4 2 3 3 1 2.41
Concept 4 4 3 4 4 4 2 2 2 3 2 3.13

As can be seen the Table 4.4, the concept with the highest total score is concept 4 (Figure 4.1d). Concept 4 outperformed the
other concepts in airspeed, control and appearance criteria. Furthermore, concept 4 scored below average in safety, cost,
transport and noise criteria.

4.3. Improved winning concept
The next step was to dive deeper in concept 4 and see if the design could be improved by re-evaluating all of the trade-
off criteria. This meant that even tough concept 4 scored excellent on a criteria, this did not imply that there wouldn’t be
changes made that will affect, or even lower that criteria. For example, if the safety could increased from a 2 to a 4 (on a scale
from 1 to 4), but if that specific change would lower the airspeed to a 3, this design change would be possible and favourable
to apply. Changes to concept 4 are mainly done by looking at the design choices which stood out in the trade-off from
the other concepts, and implementing these into concept 4, in order to design the preliminary final design. The following
changes were implemented in the design in order to improve concept 4.

• The rotors are fixed instead of tilt-able
Having a tilt-able rotor means that the structure has to be strong enough to move the rotors during flight. This stronger
structure automatically makes the structure heavier. Analysing the concepts, it was calculated that the forward thrust
provided by the concepts with fixed rotors was sufficient without pitching the hover-bike into too large and uncom-
fortable angles. Due to this, eventually it is decided that the fixed rotors are preferred over a tilt-able rotors.

• Separate wings are used instead of a blended wing body

In concept 4, other than for providing thrust when flying, the tilt-able rotors were also used for stability using thrust-
vectoring. Fixing the propellers creates a new problem in the stability analysis which was previously solved by thrust-
vectoring. This problem arises from the fact that during forward flight, the wings start generating lift, and because the
wings are not located in the centre of gravity, a moment is created by this lift. Also, observing the wings in concept 4 it
is expected that the effective wing area between the 2 front propellers is less than expected due to the pilot’s position
behind the wing disturbing the flow. Furthermore, the 2 smaller wings on the side of the pilot are not contributing as
preferred due to its geometry as the airflow bends due to the pressure difference above and below the wing, which can
be seen in Figure 4.2.
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Figure 4.2: Wingflow underneath the side wing in concept 4

Taking into account these disadvantages of the wing shape and position of concept 4, and the new stability problem
when fixing the propellers, eventually it is chosen to replace the main front wing by 2 larger wings between the pro-
pellers, as can be seen in Figure 4.3. This design change mitigates the moment that the front wing of concept 4 created
and makes more use of the available wing area between the front and the back propellers. To ensure that the wing
will be at an optimal angle of attack during all flight phases, it is assumed that the updated wings contain a movable
mechanism (further wing properties and dimensions shall be determined in the next phase in more detail).

• Motor redundancy and a parachute are used as safety system
In the safety analysis, it was analysed that gliding for concept 4 was not feasible. Since the design uses 6 independent
electric motors, redundancy is an important safety system. In case of a single motor failure, the hover bike will still
be able to provide enough thrust to land safely with the remaining motors. Furthermore a parachute safety system is
incorporated. This will be the primary safety feature when flying at altitudes of 400 feet and above.

After implementing these changes the final design looked as shown in Figure 4.3, where the wing is located in between the
front and back rotors.

Figure 4.3: Preliminary Final Design

4.4. Final design iteration
After the midterm the final concept was looked into further detail and the subsystems were sized and designed. During this
process all members communicated using the N2 chart and continued to iterate the hover-bike. During the iteration it was
soon found out that the current design became too heavy if the range and endurance requirements wanted to be met. The
maximum take-off weight was 500 kg and the mass budget was as follows:

Table 4.5: Mass budget after first iteration.

Part Propeller Structure Duct Motor &
Controller

Miscellaneous Wing Safety System Battery Total

Mass (kg) 25 80 25 35 30 65 25 140 500
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The battery weight was determined by subtracting the weight of every part except the battery from the maximum take-off
weight (500kg) and the remaining mass was assigned for the battery. By doing this, it was observed that the battery was too
small to reach the range and endurance requirements. After facing this problem and discussing the possible solution, first it
was decided to see how much the hover-bike mass (except battery) could be lowered in order to carry a larger battery. Every
group member was assigned to a part of the hover-bike and tried to iterate more, to analyse if the weight of that particular
part could be lowered. After this intensive analysis and iteration a new mass budget was created:

Table 4.6: Mass budget after second iteration.

Part Propeller Structure Duct Motor &
Controller

Miscellaneous Wing Safety System Battery Total

Mass (kg) 20 70 20 42.6 26 30 14.4 178 500

Comparing Table 4.5 and Table 4.6 one can see that most parts decreased in mass. The only part that turned out to be higher
than the first iteration was the "motor + controller" mass. The mass left for the battery in the second iteration was 178 kg
which was sufficient to meet the range and endurance requirements. Although the range and endurance requirements were
met, in the second iteration this was done at the expense of the manoeuvrability of the hover-bike. The wings had a high
aspect ratio and the structure could handle lessened loads.

4.5. Versatile Scorpeon concept
Eventually it was decided that in order to meet both range and endurance requirements, yet maintaining good manoeuvra-
bility performance, the wing were decided to be made detachable and fixed and due to the hover-bike’s shape it is called
" ". Depending on the flight profile (transportation mode or thrill mode) one can choose to to use the hover-bike
with or without wings. Due to the wings, the loads on the structure are higher so the hover-bike is designed for the "with
wing" configuration. This way the hover-bike will be able to be used in both flight profiles and the hover-bike will be slightly
over-designed in for the "no wings" manoeuvring flight profile.
Making the wings fixed also created another freedom, namely the location of the wings. The wings were in the previous
iteration located between the front and back propellers. Further analysis on the wings showed that the disturbance of the
propellers on the wing was quite significant, which led to reduced lift production from the wing, and more wing location
options were considered and compared. Consulting with the power and propulsion department of the aerospace faculty of
the TU Delft1, it was determined that wings on the ducts are preferable over wings between the propellers, due to cleaner
airflow over the wings Equation 7.1.1. Additionally, the wings are fixed to an angle where it has the highest lift over drag at
cruise speed.

Figure 4.4: Artist impression of the Scorpeon concept.

1For privacy reasons the names of the professors are not included.



5
Preparation

Before the design process starts, subsystems and subgroups shall be identified and allocated to ensure a smooth design
progress. The relations between subsystems and subgroups have to be specified to simplify and improve the communica-
tion with in each group. In order to ensure this smooth progress, certain tools were used for design preparation discussed
in the sections below.

5.1. Subsystem interactions
In the design phase of the Hover-bike , an interference chart was made to identify the links between subsystems, and facil-
itate the crucial communication between the different designing parties. Now that a specific concept was chosen, a more
concept specific N chart is made. Since this subsystem interactions chart’s purpose is to help the group enforce a proper
communication, the division of its functional blocks matches the different engineering divisions in the hover-bike design
group, which are shown in Figure 6.16.

Figure 5.1: Subsystem interaction chart of the hover-bike.

Aerodynamics encompasses the wing and body design. The team in charge of this group (the aerodynamics team) will in-
vestigate the propeller-wing interaction. The aerodynamic characteristics which are forwarded to the power and propulsion
and control group are lift, drag and thrust coefficients.
Power & propulsion treats the power supply (batteries), power distribution and propulsion. For propulsion, the team will
choose an adequate electric motor and propeller to deliver the required thrust magnitude and response.
Vehicle control has two crucial subgroups which were joined together and can now be seen as one big group with all their
respective outputs and inputs. These two functional blocks were put together because they interact very closely with each-
other, which makes it more efficient if only one team works on them. The two subgroups are flight control and human-
machine interface. The flight control section is about all the electronics (sensors included) and software used for the stabil-
isation and control of the vehicle. The human-machine interface is about all the pilot displays and controls.
Structures Structure is the backbone of hover-bike. It supports the other subsystems and makes sure all possible load
cases are supported. The landing gear is also included in this functional block. The structure subsystem is designed by the
structures group.
Safety system The safety system encircles the safety monitoring software/hardware, safety harness/seat belt, parachute and
anything else of which the purpose is solely assuring safety.

5.2. System communication
In this chapter the hover-bike systems will be explained by means of hardware and software diagrams, data handling block
diagram and the communication flow diagram. All these diagrams are meant to help understand the vehicle better and to
show how different subsystems are related.
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5.2.1. Hardware block diagram
Hardware block diagram shows the general subsystems included in the hover-bike. It is a good overview of the total system.
In Figure 5.2 subsystems are shown in blocks which are connected with arrows which show the relations between them. The
hardware is divided into several groups: human-machine interface, communication, power, control, safety, lift devices and
operational sensors. In Figure 3.3 power system and control system are two central systems. Power system transmits electri-
cal power to all other systems, while control system either gives out control signals to carry out instructions or sends data to
user interface or for communication. As input, the control system takes data from sensors and communication system and
pilot control. The reason that control system takes sensor data is to help to transform the pilot inputs to subsystem-level
commands.

Figure 5.2: Hardware block diagram

5.2.2. Software block diagram
Just as the hardware block diagram, the software block diagram gives a general overview of the software included in the
system. This software is needed to let the the hardware properly function. It is a top level diagram still, since the software
details is not yet developed and identified. The diagram is split into inputs, processes and outputs to show the interaction
between the different subsystems.



5.2. System communication 19

Figure 5.3: Software block diagram

5.2.3. Data handling block diagram
The data handling block diagram is similar to hardware block diagram, shown in Figure 5.4. The central module is still
the control system, but power system and communication system have been removed. Due to no power system in data
handling block diagram, there are no arrows of electrical power transmission and only data flow, which is consistent with
the content of data handling. On the aspect of detail, the human-machine interface block does not change, but safety and
lift device blocks are simplified and control and operational systems are detailed. To be more specific about operational
block, there are only sensors in the operational system block so no input goes into the operational system. As to the control
block, the main structure remains the same, with both data from various sensors and control from pilot the input and
control instructions or vehicle state the output, but it is introduced in more detail.

Figure 5.4: Data handling block diagram
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5.2.4. Communication flow diagram
The communication flow diagram shows the interaction between the pilot, the hover-bike and the outside world. Via
human-machine interface the pilot can control the hover-bike and give specific inputs. Feedback to the pilot is given by
the machine human interface. Furthermore, sensory input will determine the pilot’s actions since he will experience roll
rates, accelerations and changing scenery while operating the vehicle. The hover-bike will regularly receive software updates
and updated maps from the headquarters. The pilot can also contact the headquarters to send status reports and
resolve any problem quickly and effectively, should they arise. Furthermore the pilot has the ability to contact air traffic
control or other aircraft via the on-board very-high-frequency antenna and radio.

Figure 5.5: Communication flow diagram



6
Aerodynamics analysis

Considering that the will be flying, the aerodynamics of the design are of vital importance. The design will have
two different layouts, one for the economic mode with wings attached and one for the thrill mode without wings. As this is
the only difference between the two vehicle arrangements, the body and propellers must be designed to be most efficient
in both scenarios. The first step in the aerodynamic design is to analyse the wings and rotors separately. The next step is to
determine the interference between the wing and the rotor,. Then, the analysis on the aerodynamics of the body is modelled
and lastly, the aerodynamic characteristics of the complete hover-bike are determined.
Like the other technical analysis chapters, this chapter starts of by outlining the methods in section 6.1, after which the
iterations of the design and how these affect aerodynamics are delineated in section 6.2. The results are then summarised
in section 6.3. In section 6.4 the verification & validation of the software and calculations are provided. Lastly, an analysis
on the sensitivity of the outcome is performed and the results are shown in section 6.5.

6.1. Method
6.1.1. Wing Design
The first step in the design of the wings was to determine the driving parameters of the wing. A wing for a commercial
transport aircraft which flies around mach of 0.8, such as the Boeing 7471, has a wing with sweep, high aspect ratio and an
airfoil that minimises drag. On the other hand, an aerobatic aircraft, such as the Extra 300L.2, uses a wing with no sweep, a
moderate aspect ratio and an airfoil with a high stall angle to delay separation The main purpose of the wing on the hover-
bike is to extend its range and endurance. Therefore, the key parameter of the wing is that the drag should be minimised,
while the lift should be maximised.
When designing the wing, the airfoil was selected first. From there on, the 3-dimensional planform of the wing was deter-
mined which includes other devices, such as wingtips or turbulators. Lastly, the results of the aerodynamic characteristics
are delineated in section 6.3. The wing analysis is mainly performed with the software XFLR5 version 6.42, of which the
applied theory and assumptions are summarised at the end of this section subsection 6.1.5.

Wing airfoil design method
As said above, the driving wing parameter is to minimise drag and maximise lift. In other words, this means that the chosen
airfoil should have a high lift-to-drag ratio. However, this is not the only parameter that drives the airfoil choice. Preferably,
the airfoil also has a low minimum drag coefficient, a small moment and a higher thickness-to-chord ratio to decrease wing
weight. As the wing is fixed during flight and is only designed to aid in the lift production, the stall characteristics were
deemed irrelevant for this wing.
Extensive studies exist that present accurate methods and techniques to manually design airfoils for the most optimal con-
ditions.[66] However, these methods are rather extensive and due to time constraints, such design approach is not suitable.
A better approach was to use an already existing, well-known airfoil. For this approach, a selection of airfoils has been made,
namely:

• Selig S3024
• Selig S4061

• NACA 63-012A
• NACA 63-412

• Eppler E392
• Wortmann FX63-137

These airfoils have mostly been chosen based on their high lift-to-drag ratio. The Selig series have been applied to small
model sailplane and are, therefore, designed to operate at low Reynolds numbers, namely below 500000. [57] The NACA
6-series has been designed with the purpose of maximising laminar flow over the airfoil. [60] Of these, the NACA 63-412 was
chosen for its high lift-to-drag ratio, while the second one was picked for its symmetry. Lastly, the Eppler E392 was chosen,
as it is a well-known sailpane airfoil [57] and the Wortmann FX63-137 was included for its high maximum lift coefficient,
combined with its high lift-to-drag ratio. The coordinates of these airfoils were obtained from airfoiltools.com.
In the next paragraphs, the analysis of the driving parameters for the airfoils are outlined in more detail. This is mainly done
using the XFLR5 software.
Lift-to-drag ratio As the wings for the hover-bike should be as efficient as possible, the lift-to-drag ratio is considered as the
key parameter for the design of the wing and, therefore, of the airfoil too. The graph depicting the lift-to-drag ratios of the
six airfoils is shown in Figure 6.1a.

1URL:https://www.boeing.com/resources/boeingdotcom/commercial/airports/acaps/747_123sp.pdf[cited 27 June 2018]
2URL:https://www.extraaircraft.com/docs/tech-manuals/MM300L/300L_MM_20090631.pdf[cited 27 June 2018]
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Aerodynamic moment Secondly, a zero aerodynamic moment to is most preferable in this case. The front and rear wing
will be roughly equal in size and, as such, the centre of lift, which is then in the middle of the two wings, is located near the
centre of gravity. An aerodynamic moment will then require more power from the rotors to keep the hover-bike level. The
aerodynamic moments of the six airfoils can be seen in Figure 6.1b.
Drag bucket size Then, the size of the drag bucket is also taken into consideration. The wing will not be at the exact same
angle of attack during cruise flight, as the hover-bike will shake slightly due to small disturbances. If the airfoil has a bigger
drag bucket, the oscillations will not significantly affect the drag on the airfoil, which is desirable. The drag bucket can be
best observed in the lift coefficient versus drag coefficient graph, Figure 6.1c.
Thickness-to-chord ratio Another factor that can be of big importance is the thickness-to-chord ratio. Since there is only
30 kg assigned to the wings, minimising the wing weight is of high importance. A thicker airfoil can aid in this, so thicker
airfoils were favoured. The thicknesses of each airfoil is summarised in Table 6.1, along with other airfoil characteristics.
Lastly, for the sake of completeness, the lift slope of the airfoils is also provided in Figure 6.1d. This curve depicts the general
trend and it could be used to determine the lift slope, the maximum lift coefficient and the stall angle of attack.

(a) (b)

(c) (d)

Figure 6.1: These four subfigures contain the polars (a) Cl /Cd versus α, (b) Cm versus α, (c) Cl versus Cd and (d) Cl versus α. The S3024 is depicted in
yellow, the S4061 in blue, the NACA 63-012A in pink, the NACA 63412 in green, the E392 in black and, lastly, the FX63-137 is shown in red.

Table 6.1: Geometric characteristics of the six investigated airfoils.

S3024 S4061 NACA 63-012A NACA 63-412 E392 FX63-137
Max thickness-to-

chord % (at chord %)
9.85

(31.32)
9.63

(29.29)
11.99

(35.36)
12.00

(34.33)
10.15

(32.33)
13.72

(30.28)
Max camber %

(at chord %)
3.52

(42.43)
3.91

(43.43)
0

(NAP)
2.2

(50.50)
3.84

(42.43)
5.97

(54.53)

3D Wing design
After the airfoil was chosen, the wing planform could be established. The wing planform was as described above, designed
to minimise drag in cruise flight. 3D wing characteristics that can be altered for this purpose are for instance the aspect
and taper ratio. Furthermore, wing twist is generally added to control the stalling behaviour of the wings, something taper
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can also be used for. Finally, other devices, such as winglets and turbulators are also considered. This analysis is performed
mainly with the use of the 3D wing design and analysis tool of XFLR5.
The characteristics that were first identified are the wing span and the aspect ratio. From there, the wing surface area was
determined. Further analysis was done on the sweep and taper of the wings. After that, a twist was added and wing dihedral
was also considered.

Wing Span The span of the wing can be directly determined from the constraints. The hover-bike should be able to be
transported in a regular sized trailer. For this purpose, it was decided to make the ducts with the wings detachable. The
maximum combined length of the wing with the duct is then constrained to the maximum length of a trailer. This length
is 4.2 m, and including 10 cm of margin on both size and the length of half a duct (where the wing is attached to), which is
0.8 m, 3.2 m is left for the wings. To include some margins for the wingtips too, a half span of 3.0 m was chosen. A schematic
of this wing-duct configuration is depicted in Figure 6.2.

Figure 6.2: Schematic of the half-duct wing combination with length dimensions.

Aspect ratio Next, the aspect ratio of the wing is determined. Increasing the aspect ratio lowers the induced drag, but it
has a significant impact on the wing weight. To find the aspect ratio, an iterative process was used. As the drag decreases
with increasing aspect ratio, the cruise speed will increase. From the requirements it can be seen that the cruise speed
(speed at maximum endurance and maximum range) should be at least 100 km

h . Using XFLR5, a 3D wing model was created
with a certain starting aspect ratio and, therefore, root chord too. After that, the sweep, taper, twist and dihedral, as will be
explained later, were applied. Then, the drag-velocity curve was created with XFLR5, from which the minimum drag and the
corresponding airspeed were determined. If the corresponding airspeed was below 100 km

h , the root chord was increased.
If it was deemed too high, the root chord was decreased, thereby changing the aspect ratio. After the root chord/aspect
ratio was changed, the sweep, taper, twist and dihedral were readjusted and the new drag-velocity curve was created. This
iterative process is visualised in a flowchart in Figure 6.3.

Figure 6.3: Flowchart depicting the iterative design process for the wing design.

Sweep Wing sweep affects many performance characteristics. Firstly, wing sweep is applied to decrease the local velocity
over an airfoil to avoid formation of shock waves, yet this is only necessary when the vehicle would fly at airspeeds close
to Mach 1. As the hover-bike will fly at maximum airspeeds between Mach 0.1 and 0.2, adding wing sweep is needless.
A second effect of wing sweep is on the stability, as a swept wing has a natural dihedral effect. This stability can also be
obtained with adding dihedral, which is about 10 times more effective, according to Raymer[30]. Finally, sweep can also be
added to move the aerodynamic centre either backwards or forwards. Considering that the hover-bike uses a double wing
configuration, and the centre of gravity of the vehicle is closer to the front, the centre of lift will be behind this, therefore
ensuring longitudinal stability. Adding wing sweep to move the aerodynamic centre more back is thus needless.
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Taper Wing taper affects the distribution of lift along the span of the wing. As proven by the Prandtl wing theory, an elliptical
lift distribution minimises the induced drag. However, building an elliptical wing is difficult and costly. Another option to
obtain an elliptical lift distribution is by adding taper to the wings. Another benefit of adding taper is, the local lift coefficient
on the outboard wing is decreased. By having a higher lift coefficient on the inboard wing, stall will occur there first. This is
preferred over outboard stall, as outboard stall on one wing creates a large rolling moment. According to Raymer (2012) [30],
"a taper ratio of 0.45 completely eliminates those effects for an unswept wing, and produces a lift distribution very close to
the elliptical ideal. This results in an drag due to lift that is only 1% higher than the ideal, elliptical wing." The spanwise lift
distributions for different taper ratios and for an elliptical wing is shown in Figure 6.4. Because of these reasons, a taper ratio
of 0.45 was chosen for this wing.

Figure 6.4: Effect of taper on lift distribution over the span of the wing.[30]

Twist Wing twist is normally added to control the stalling behaviour of the wings. By adding a small degree of washout,
the tips of the wings are put at a lower angle preventing tip stall. This is a similar design solution to why taper is added to
prevent tip stall [30]. As is described in subsection 6.1.3, there will be more twisted added to account for the induced velocity
generated by the rotor. As this twist is relatively large, it was decided not to add more twist to prevent tip stall.
Additionally, aeroelasticity can pose difficulties in the design of the wing twist. Due to aerodynamic loads the wing can twist
more during flight, lowering the drag performances as the wing does not fly at the optimal angle. In the worst case, it is even
possible for the wing twist to keep growing during flight, which eventually leads to failing of the wing. This is an example
phenomenon of static aeroelastic instability also known as "divergence" [21]. Explicit models exist that determine the dy-
namic pressure for uniform unswept wings at which divergence occurs. The divergence pressure and torsional distribution
are given by Equation 6.1 & 6.2, respectively. In these equations, αr is determined from Equation 6.3, while λ is calculated
with Equation 6.4. The dimensions of the wing are defined as shown in Figure 6.5.
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Dihedral By adding dihedral to a wing, it will tend to roll the vehicle level when banked. This disturbance to roll is artificially
restored by changing the thrust output from the rotors. Adding too much dihedral can then even be unwanted, as the vehicle
becomes too stable and the hover-bike becomes difficult to roll. Excessive dihedral effect even produces Dutch roll [30]. For
these reasons, it was decided to not add dihedral to the wings.

Incidence angle Lastly, wings can also be put at a certain incidence angle. The incidence angle is chosen such that when the
hover-bike flies in cruise, the wing is at the correct angle of attack. Since the hover-bike pitches as a whole, the wings will
also pitch with it. The actual magnitude of pitch is determined by the ratio of the forward thrust and the upward thrust that
the rotors need to deliver. The upward thrust depends on the ratio of the lift produced by the wings versus the lift provided
by the rotors. The forward thrust is dependent on the drag of the hover-bike at cruise. As this drag also depends on the
wing geometry and thus the incidence angle, the optimal incidence angle is determined by means of an iterative process.
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(a)

(b)

Figure 6.5: Schematics depicting (a) the uniform unswept clamped-free lifting surface model and (b) the cross section of the spanwise uniform lift surface
model with dimensions.[21]

Firstly, an incidence angle is assumed from the values obtained in the conceptual design phase. Secondly, the drag at cruise
speed is determined and from this, the pitch of the hover-bike at cruise is determined. The incidence angle is then updated
accordingly and the drag is redetermined. This is then continued until the two values converge.

Miscellaneous wing devices Lastly, extra wing devices are also considered to improve the wing’s performance characteris-
tics. An example is high-lift devices in the forms of slats and flaps. These devices increase the maximum lift coefficient of
the wing by increasing camber and wing surface area. Yet devices are only helpful when the wing needs to produce more
lift at lower velocities than generally required during cruise, which is mainly during the take-off and landing phases. The
hover-bike will not operate in such flight conditions, as it takes off and lands vertically with the use of its rotors. Therefore,
flaps and slats are not considered to be helpful for this wing.
Secondly, wing tip devices can be very beneficial in decreasing the induced drag of the wing. Many types of wing tips are
already analysed in great detail, which leaves a wide range of options to choose from. Apart from the wing tip shape, the
level of forward or aft-sweep, also influences the decrease in induced drag. According to Raymer [30], an aft-swept wing tip
tends to have a lower drag, at the cost of increased wing torsional loads. A trade-off between desired drag gains and wing
weight is required to determine the most suitable wing tip.
Lastly, turbulators were also analysed for their usefulness. However, these were quickly discarded. Turbulators induces
transition, turning laminar flow into turbulent flow. This delays separation of the flow, which reduces the separation drag
of the airfoil, but, on the other hand, turbulent flow has a higher skin friction drag. Turbulators are also used to increase the
stall angle of attack, since turbulent flow is less prone to separation than laminar flow, yet this is not a need for the wings
on the hover-bike. The effect of turbulators on the lift performance was analysed using XFLR5, but there was no increase in
performance observed and as such turbulators were not added to the wings.

6.1.2. Rotor design
The rotor size has been estimated by assuming a thrust coefficient and using the designed thrust. Afterwards, more de-
tails will be designed so that more accurate thrust and power can be obtained. If necessary, some iterations will be made.
First, the airfoil for the rotor will be chosen. Afterwards, power will be estimated from the thrust input. Other geometry
parameters will be determined by adjusting rotational speed.
Airfoil Requirements To start the design of rotors, the airfoils have to be chosen. To introduce the design process of blade
airfoil of hover-bike, the history of blade airfoil will be introduced. Before 1960s, the old practice was just to use NACA0012
airfoil or its improved types for blades. The reason is that old helicopters were not so fast. As a result, the airfoil aerody-
namics are not as important as structure or control. Not until the helicopter speed reached a high level, did aerodynamics
pushes forward new requirements for blade design, resulting that the update for blade airfoil design was attached sufficient
significance. On the other hand, the material used for blade was aluminium in the past, which is difficult to adapt to a com-
plicated blade design. When the material evolved into composite at a later stage, it becomes possible that several different
airfoils are adjusted to one single blade.
It can be concluded by researching that the helicopters in the 1950s had reached a cruise speed of more than 100km/h,
which is one requirement for hover-bike. This means that hover-bike can also just use the NACA0012 airfoil due to a even
lower cruise speed. However, the rotational speed and tip speed of rotors of hover-bike is much higher than normal aircraft
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rotors. It can be estimated that the tip speed of hover-bike rotor is about 280m/s which is almost a Mach number of 0.82.
On the other hand, typical Mach number for the tip speed of a rotor is between 0.5 and 0.6. As a result, despite of a low
cruise number, the tip speed of hover-bike rotor can still reach transonic region and drag divergence requirement has to be
taken into account. More modern airfoils instead of the old airfoil NACA0012 have to be considered.
Before the comparison, the criteria for airfoil of rotor have to be specified. The following criteria can be found in Wojciech
[64]:

1. High value of maximum lift coefficient CLmax at Mach number M = 0.4. The reason is to delay stall on the blade going
backward, as well as to reduce vibrations at high speed.

2. High lift-to-drag ratio CL/CD at Mach number M = 0.6 and at lift coefficient CL = 0.6 ∼ 0.7. The goal is to decrease
power required.

3. High drag divergence number MDD at zero lift coefficient and low drag coefficient in transonic range. This is aimed
at decreasing power and reducing the high speed impulsive noise HSL at high tip speed.

4. Very low pitching moment coefficient Cm0 (Cm0 Ê −0.01) at zero lift coefficient and low Mach number, in order to
decrease loads in the control system and to reduce the blade twist. The Mach number used will be 0.4 according
to Wojciech [64]. The moment is also more favourable to be negative than positive, because a negative moment
coefficient is stable.

It has been introduced that the airfoil can change along the span in contemporary practice. Generally the blade can be
divided into three sections, namely from root to 80% of span, from 80% to 90%, and from 90% to tip. The root airfoil can also
be different from the middle part. For the inner part of blade, the most important criterion is a high CLmax . For the outer
part, the crucial criteria are the first three. For the tip, the key requirement would be a high drag divergence number MDD .
The fourth criterion of pitching moment coefficient Cm0 applies for all cases [64].
Airfoil Selection Some types of airfoil are specifically used for propeller or rotor blades, which can be found and chosen
from. In the design of the rotor, one programme called JAVAprop is used. Unfortunately, there are only a few airfoils available
for estimation in JAVAprop. Although it is possible to load other airfoils into JAVAprop, it is quite troublesome and takes quite
some time. Furthermore, it has not been known how the airfoils that are mentioned in literature perform compared to the
airfoils available in JAVAprop. Thus, the airfoils available in JAVAprop will all be compared, and the next step will be to also
compare with other airfoils.
Most airfoils that are available in JAVAfoil can be found in Airfoil Tools3, except for MH-126. Apart from the airfoils men-
tioned above, some other airfoils in Wojciech [64] can also be found in Airfoil Tools 3. The airfoils that cannot be found
for details will be left out. For analysis, airfoil profiles can be downloaded from Airfoil Tools and then loaded into XFLR5
to analyse the performance with respect to the criteria. The only criterion that cannot be analysed in XFLR5 is the drag
divergence number MDD . The data of other three criteria obtained from XFLR5 are shown in Table 6.2.

Table 6.2: Trade-off table for blade airfoil. Each α column corresponds with the column just left to it, indicating the angle of attack at which the
corresponding values are taken. Green boxes means the values of good performance. The three values with brackets in the α4 column means the

corresponding airfoils can not reach a value of CL = 0.

CLmax

(M=0.4,
Re=9.2×105)

α1 [°]

CL/CD

(CL = 0.7,
M=0.6,
Re=1.4×106)

α2 [°]
(CL/CD )max

(M=0.6,
Re=1.4×106)

α3 [°] α1 −α3 [°]

Cm [10−2]
(CL = 0,
M=0.4,
Re=9.2×105)

α4 [°]

Clark Y 1.437 13.5 99.466 1.7826 109.712 3 10.5 -9.93 -3.844
E 193 1.2482 10 124.013 1.462 154.282 4 6 -8.67 -3.409
ARA D 1.6679 10 96.088 -0.602 121.216 1 9 -11 -4.72
MH 126 1.583 29.5 22.26 2.916 22.1 2 27.5 -21.56 (-10)
MH 112 1.8173 14.5 65.744 -2.481 96.58 1 13.5 -20.42 (-6.5)
MH 114 1.8304 13 78.773 -2.513 128.764 1 12 -15.5 (-8.5)
MH 116 1.3685 9.5 113.894 0.271 162.3 2.5 7 -13.23 -4.6924
MH 120 1.1169 10 112.262 2.0768 126.077 3.5 6.5 -7.2 -2.8965
VR 12 1.4829 13 75.738 2.953 90.75 5 8 5.8 -1.3344
VR 13 1.4146 12 79.87 3.035 94.83 5.5 6.5 -0.62 -1.1624
VR 14 1.304 10.5 85.846 3.256 97.855 5.5 5 -0.447 -0.9495
VR 15 1.1658 10 83.478 3.606 93.063 5 5 0.82 -0.3818
OA213 1.5282 11.5 74.21 2.774 79.81 4.5 7 0.05 -1.4584
OA209 1.3482 10.5 81.544 3.715 93.051 6 4.5 -0.025 -0.7328

Each column of α corresponds to the column just left to it. For example, the column of α1 means the angle of attack at
which the CLmax is reached. The green box means favourable values. The CLmax and Cm criteria are straightforward, while
the lift-to-drag criterion needs some explanation. The column of α1 −α3 indicates how far the maximum lift coefficient is

3 url: http://airfoiltools.com/ Cited: 20th June, 2018
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from the maximum lift-to-drag point. The larger this difference is, the closer to maximum lift-to-drag ratio point that the
operational point will be. When there is sufficient margin, the optimum point which is the maximum lift-to-drag point can
be taken. Thus, it is favourable to have columns of (CL/CD )max and α1 −α3 with large values, which is the case for Clark Y,
ARA D, and MH-114. E193 and MH-116 also perform well in lift-to-drag ratio, but E193 may not generate enough thrust due
to a relatively low CLmax . As to the moment coefficient Cm , most of the airfoils are not so small. In particular, the MH series
have a quite large Cm , which can be a drawback. However, considering the performance in generating thrust and being
efficient as well as simplicity, the MH series will be used.
Afterwards, the criterion of drag divergence will be examined. The Reynolds number that will be used at airfoil analysis can
be estimated as

Re = ρVel ement c

µ
(6.5)

where c is chord length of one blade and will be taken as 0.1 m, which value can be referenced to subsection 6.2.2. Vel ement

is relative velocity on blade, either at Mach number of 0.4 or 0.6 according to the criteria. µ is dynamic viscosity of the fluid,
which will be 1.81×10−5 (kg/(m/s)) for air. The resulting Reynolds number will be about 9.2×105 for M = 0.4, and 1.4×106

for M = 0.6.
The results indicate that the MH series are good at generating lift. The maximum lift coefficients CLmax and maximum lift-
to-drag ratios (CL/CD )max of three MH-series airfoils are at the highest level. The maximum lift-to-drag ratio of MH airfoil
makes sense because the maximum lift coefficient is also large for MH airfoil and there is sufficient margin if the airfoil
operates at the optimum lift-to-drag ratio. The only drawback of MH airfoils is the relatively large moment coefficient Cm .
At a later stage where the airfoils are used in JAVAprop, the power is estimated to be quite large, so at this stage the most
efficient airfoils MH series will be chosen for lower power requirement. The fact that the power is estimated to be high can
be seen from Figure 6.7. As to the drag divergence number, MH-120 is only suitable for Mach numbers no more than 0.8
according to the airfoil introduction of JAVAprop website4, while MH-116 is only suitable when the tip does not exceed a
Mach number of 0.6 as introduced by the airfoil introduction page by JAVAprop5, which does not meet the requirement.
Therefore, MH airfoils do not fulfil the MDD requirement and another airfoil will be chosen for tip.
The tip airfoil can be chosen from Figure 6.6 from Wojciech [64], which shows drag divergence Mach number and CLmax of
different airfoils. According to one table in the same report, the difference in Mach number between two vertical lines is 0.2,
and VR-14 is at Ma=0.84. Assuming maximum speed to be 150km/h, the maximum tip speed can reach a Mach number of
( 150

3.6 +280)/340 = 0.95, which means the airfoil with maximum drag divergence number that is available in the figure shall
be used, which is ILH308 with MDD = 0.865.

Figure 6.6: Comparison between several modern blade airfoils for drag divergence Mach number MDD (x axis) and maximum lift coefficient CLmax (y
axis). Difference between two vertical lines is 0.2 and VR-14 is at Ma=0.84 [64].

The functions of MH series airfoils are listed in the online user’s manual of JAVAprop5. For the root part, the MH-126 airfoil
will be used. This airfoil is said to cover a wide range of angle of attack to avoid flow separation. Besides, its large thickness
can withstand the structural load at the root, but it can only be used very close to the hub6. For the inboard region that is

4url: https://www.mh-aerotools.de/airfoils/mh120koo.htm Cited: 22th June, 2018
5url: https://www.mh-aerotools.de/airfoils/javaprop.htm Cited: 21th June, 2018
6url: https://www.mh-aerotools.de/airfoils/mh126koo.htm Cited: 21th June, 2018
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just outward from the root, MH-112 can be used, which covers the typical range of CL . Furthermore, it is introduced that
MH-114 is suitable for the middle. Finally, ILH308 airfoil will be used for tip.
Airfoil Distribution The four airfoils will be arranged in the following way. The root airfoil MH-126 will be applied from the
root to the point where relative flow velocity to the blade is zero during cruise in order to adapt to the reverse flow region.
The distance from the root can be estimated with cruise speed of 100km/h and maximum rotational speed of 3345rpm:

rv0 = Vcr ui se

ωmax
= 100/3.6m/s

3345∗2π/60s−1 = 0.079m (6.6)

Dividing this value by the radius of 0.8m gives a percentage of about 10%. Since the rotational speed used is a maximum,
the real distance from the centre can be larger than this value. Nonetheless, the MH-126 airfoil is not aerodynamically effi-
cient, still a 10% from the root will be taken for MH-126. Afterwards, the sections for MH-112 and MH-114 are determined.
MH-114 has a higher maximum lift-to-drag ratio, which means a larger portion of MH-114 is more favourable for a higher
efficiency. Finally, MH-112 is determined to be from 10% to 30%, and MH-114 will be from 30% until tip airfoil. Estima-
tion about Mach number shall be made to check whether shock wave appears at the boundary between the middle airfoil
MH-114 and tip airfoil MH-120.
The Mach number is estimated to be 0.70 at 85% blade length and 0.66 at 80% blade length, with rotational speed 3350rpm
and acoustic velocity 340m/s. The rotational speed used is a maximum, so the actual rotational speed and Mach number
are mostly lower than this value. The drag divergence number of MH-114 can be estimated using the Korn’s equation in
Peckham [18]:

MDD + CL

10
+ t/c = K (6.7)

where MDD is the drag divergence number for the airfoil to be estimated; CL is lift coefficient; t/c is thickness-chord ratio; K
is a factor which is 0.87 for conventional airfoils and 0.95 for supercritical airfoils. Assuming the operational angle of attack
to be −2°, CL is about 0.80. Thickness t/c can be found on Airfoil Tools7 to be 13.02%. As to the factor K, a value of 0.87 will
be used. Thus, the drag divergence Mach number MDD can be estimated to be 0.66, which is equal to the Mach number at
80% blade length. The Mach number estimated at this 80% blade length does not consider the horizontal inflow velocity,
which will increase the Mach number at this point of a forward blade. On the other hand, the rotational speed can also be
lower than what is used for estimation. In short, the Mach number at 80% blade length can be either larger or smaller than
0.66. Finally, the upper limit for airfoil MH-114 is designed to be 80% blade length from the root, and MH-120 will be from
80% to the tip.
Airfoil Aerodynamic Characteristics After the section proportions of the airfoils are determined, the aerodynamic charac-
teristics have to be known to design the twist angle and to estimate characteristics of the blade. The centre of each section
will be used to estimate the average Mach number and Reynolds number for this section, which will be further used as
an input for airfoil analysis. The aerodynamic characteristics can be estimated in xlfr5. Afterwards, the thrust and power
required for blade and rotor will be estimated using blade element method.
Blade Element Method and Calculation Blade element method is a fundamental method that is used to estimate propeller
or rotor thrust and power and efficiency, apart from actuator disk theory using momentum theory. This theory has four
requirements for application. First, it does not take into account the 3D effects so the 3D effects have to be small. Second,
this model works well for relatively small thrust loading, but it will become increasingly inaccurate when the loading goes up.
Third, the number of blades shall be small to avoid strong interaction due to overlap and thickness. Last, the compressible
effects are minor and the flow is mostly 2D [69]. The assumptions that this theory uses are:

1. The blade is composed of narrow strips or elements that are aerodynamically independent [73].

2. A differential blade element of chord c and width dr, located at a radius r from the rotor axis is considered as an airfoil
section [73], which means the forces on blade elements are only determined by lift and drag coefficients [71].

The lift and drag that an element is subject to will be analysed as airfoil as below. The velocity is assumed to be composed
of tangential rotational velocity ωr and axial velocity at disk V1. Thus, the thrust and torque about the rotation axis of an
element can be expressed as

dT = 1

2
ρV 2

r esul t ant cbl ade (CLcosβ−CD si nβ)dr (6.8)

dQ = 1

2
ρV 2

r esul t ant cbl ade (CD cosβ+CL si nβ)r dr (6.9)

where CL , CD are lift coefficient and drag coefficient respectively, α is the angle of attack of the element, c is chord length
equal to 0.1m. Vr esul t ant is the resultant inflow velocity, which can be expressed as a quadratic sum of the total axial velocity
at disk V1 and rotational speed ωr . The total axial velocity at disk V1 can be expressed as a sum of upstream velocity V∞
and induced velocity upstream of rotor v1. The upstream induced velocity v1 can be derived from the thrust equation in
momentum theory [31]:

7url: http://airfoiltools.com/airfoil/details?airfoil=mh114-il Cited: 23th June, 2018
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Table 6.3: Lift and drag coefficients of four airfoils used for estimation, assuming a constant angle of attack of −2°.

MH-126 MH-112 MH-114 MH-110
CL 0.71 0.96 1.1 0.37
CD [·10−3] 9.6 6.8 6.2 7.7

T = ρ(V∞+ v1)πR2v2 (6.10)

where T is thrust of the rotor disk, ρ is air density, R is radius of rotor, v2 is induced velocity downstream of rotor. The
maximum thrust will be used for T, which is 1.7 times a weight of 500kg. The hover status will be used so V∞ = 0. ρ is
1.229kg/m3 and R is 0.8m. v2 is k times v1 . k is 2 in inviscid flow, but in reality k = 1.6 where viscosity is taken into account.
Substituting the values into Equation 6.10 gives

v1 =
−V∞+

√
V 2∞+ 4T

ρπR2k

2
= 19.76m/s (6.11)

The inflow velocity at disk V1 can then be known to be about 20m/s. The angle of attack will be determined based on this
inflow velocity. Set the angle between the element chord line and rotation plane to be β, then the angle of attack at radius r
can be expressed as

α=β−ar ct an
V1

ωr
(6.12)

α will be assumed to be constant along the blade. By assuming α=−2°, CL , CD will be constant in each airfoil section and
their values can be obtained from XFLR5. Details of ILH308 airfoils cannot be found, so for the tip airfoil the MH-120 will be
used for estimation. The coefficients of the four airfoils used are listed in Table 6.3
Afterwards, the thrust and torque will be calculated by integrating Equation 6.8 and Equation 6.9 from root to tip, and
multiply the integration with the number of blades in order to get the thrust and torque of the whole rotor. The thrust from
integration is only of one rotor. Assuming the thrust of one set of rotors is 1.8 times that of one single rotor, the total thrust
is about 1.8 ·3 = 5.4 times thrust of one single rotor. Finally, the power required can be calculated with

P =Qω (6.13)

Q is torque from Equation 6.9 equal to 1030 N ·m, ω is the rotational velocity of rotor. The thrust of each rotor is estimated
to be 1900 N, and the power required is estimated to be 360 kW, which is unreasonably high compared to the output power
by one single motor to be 50 kW. Multiplying the thrust of single rotor by 5.4, a total thrust of about 10.2×103 N can be
obtained. Using a total weight of 500 kg, an acceleration of 2.1 g can be obtained. This acceleration is higher than designed
but it is still within a reasonable range.
JAVAprop
JAVAprop is a basic software that is used to estimate propeller and rotor thrust, power, efficiency and sizes. JAVAprop also
uses blade element method which has been introduced. The power of one rotor can be estimated by giving inputs as shown
in



6.1. Method 30

Figure 6.7: Inputs and estimated power of hover-bike in JAVAprop. The airfoil is chosen to be MH-126 at root, MH-112 at 1/3 blade length from root,
MH-114 at 2/3 blade length, MH-120 at tip. The intermediate airfoil will be transition airfoil between the airfoils that are set at specific points.

Four sections of airfoil are defined at equal spacing, at 0, 1/3, 2/3 and 1 of the blade length from root respectively. The power
is the most important output. In the validation part, the power estimated is larger than the actual power, so the actual power
can also be lower than estimated by JAVAprop and be lower than the power estimated by basic power estimation. However,
it should be also be noted that the power required tends to exceed the power available. If the "shrouded rotor" box is
ticked, the output power would be lower, but the decrease is not so much, only a few kW. In addition, the airfoil selected are
operating near the optimum lift-to-drag point, so if the operation points deviates, the thrust available will be smaller with
limited power. Also to mention the diameter of spinner, the influence is so small that changes within a moderate range are
not visible in the outputs.

6.1.3. Interference between wing and rotor
The effect of propellers applying thrust parallel to the airflow on the wing flow has been analysed in great detail. However,
there is no proper research done on the effect of a rotor on a wing next to it. This makes the engineering analysis of the
interference between the wing and rotor for the much more difficult. Therefore, the analysis mainly concerns
with determining solutions to minimise the effects that the rotor and wing have on each other. Two design solutions were
considered to minimise the severity of these effects. Firstly, ducts around the rotors are considered to be helpful in separat-
ing the flow over the wing from the flow through the rotors and, secondly, the wings will have extra twist to account for the
induced velocity from the rotors.

Ducts around rotors Placing the wing next to the rotor creates some interference effects. As there is a high pressure on the
bottom of the wing and a low pressure on the top, the air will naturally want to flow from bottom to top. With the propeller
next to it, it is possible for part of the air on the bottom of the wing to travel through the airflow into the propeller towards
the top of the wing. This distorts the airflow that is sucked in through the rotor. Conversely, the rotor will suck in air from
the sides of the rotor as well, including the air that would otherwise flow over the wing. The distorted velocity field also
affects the performances of the wing. This effect is schematically depicted in Figure 6.8. In Figure 6.8a the effect of the
flow travelling from the bottom of the wing to the top through the rotor disk is depicted, while in Figure 6.8b the effect of
the rotor sucking in airflow from the wings is visualised. Finally, it should also be mentioned that there is both a pressure
distributions over the rotor as well as over the wings. Placing these two objects with differing pressure distributions next
to each other will affect the combined distribution. This may cause a pressure gradient affecting performance of both the
rotor and the wing.
By placing ducts around the rotors, the air inflow into the rotors can be separated from the airflow over the wings. This
separation of airflow can help alleviate the effects depicted in Figure 6.8. With a duct present around the rotors, the effects
can possible be allayed, as is schematically depicted in Figure 6.9. By blocking air which flows from the bottom of the wing
to the top, the influence on the airflow through the rotor, while the duct also stops the air over the wing from flowing through
the rotor.
A downside of a duct, however, is its stabilising effect. When hovering, the duct lips will improve the thrust output from
the rotors as is shown in Figure 6.10a. The airflow over the lips is accelerated and, according to Bernoulli’s principle, this
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(a)
(b)

Figure 6.8: Interference effect between rotor and wing without ducts shown in (a) a rear view of the propeller-wing combination and (b) a top view.

(a)
(b)

Figure 6.9: Estimated interference effect between rotor and wing if ducts are present shown in (a) a rear view of the propeller-wing combination and (b) a
top view.

corresponds to a lower pressure over the duct lips. Due to this lower pressure region over the duct, two forces F on the
lips pull the duct up, increasing the lifting capabilities of the rotor. If the same ducted rotor now flies forward, the airflow
will want to level the rotors, visualised in Figure 6.10b. The airflow over the bottom duct lip merges with the incoming free
stream. This combined flow increases the velocity over the bottom lip, which decreases the pressure more than in hover and
also increases the region of low pressure. Contrarily, the flow over the top duct lip collides with the incoming free stream.
This decreases the velocity over the top lip and, thereby, the region of low pressure is decreased. This will create a higher
lifting force on the bottom lip than on the top lip, which creates a moment M that levels the rotor. To counteract this effect,
a solution is needed that negates the differences in these low pressure regions over the lips during forward flight.

(a)

(b)

Figure 6.10: Schematics of the induced forces and moments from the duct during (a) hovering flight and (b) forward flight. The dashed lines with the
minus signs depict regions of lower pressure.

Wing twist The rotors at the wing roots will induce a downward flow velocity. This decreases the angle of attack quite sig-
nificantly and as a result the wings may even generate a downward lift. This decrease in angle of attack is visualised in the
schematic of Figure 6.11. To account for this induced velocity, washin is added, since the induced velocity gets smaller, mov-
ing away from the rotor. By increasing the geometric angle of attack of the wing at the root and slowly decreasing this, the
wing was trimmed to have every wing section experiencing airflow at the design angle of attack, which is the angle of attack
corresponding to the highest lift-to-drag ratio. Contrarily, the effect of high twists on a wing have not been examined in
detail yet and according to Raymer (2012) [30], large amounts of twist should be avoided, because "The more twist required



6.1. Method 32

to produce a good lift distribution at the design lift coefficient, the worse the wing will perform at other lift coefficients".
However, this statement holds for conventional aircraft, while the hover-bike has rotors located at the wing roots, adding a
downward velocity component to the airflow. Something which has not been analysed in detail yet for other designs and it
was, therefore, considered as a promising solution to account for the induced velocity.

(a)
(b)

Figure 6.11: Schematic depicting the effect of induced velocity on the angle of attack experienced by the wing. (a) shows a wing in free stream flow, (b)
shows a wing that experiences an additional downward induced velocity.

The optimal angle of twist at each wing section is thus dependent on the induced velocity, as seen in Figure 6.11b. So to
determine the wing twist, the induced velocity as a function of distance from the rotor had to be determined. This induced
velocity outside the wake of the rotor is found by Mangler and Squire (1953) as shown by Equation 6.14, where the pressure
distribution outside the rotor wake is found with Equation 6.15.[53] In these equations, the rotor is assumed to have an
infinite number of blades or in other words, it’s modelled as a solid disk. Furthermore, the thrust is everywhere normal
to the disk and the small forces in the plane, corresponding to the torque distribution are neglected. Lastly, the induced
velocities are assumed to be small compared to the stream velocity V∞. Lastly, the induced velocity effect of the rotors that
are not attached to the wing section are neglected.

Vi

V∞
= p −p∞

ρV 2∞
(6.14) ∇p = ∂2p

∂x2 + ∂2p

∂y2 = ∂2p

∂r 2 + 1

r

∂p

∂r
+ 1

r 2

∂2p

∂θ2
b

= 0 (6.15)

The Laplace equation for the pressure distribution is then solved in two dimensions using a separation of variables and for
the following conditions, which describe the pressure field outside the rotor disk, but limited to the wing on either side only:

r >= Rrotor (6.16)

θb = π

2
∪ θb = 3π

2
(6.17)

Vi (Rrotor,θb) = u0 (6.18)

p(∞,θb) = p∞ (6.19)

This leads to an induced velocity distribution over the span of the wing, from which the change in angle of attack can be
derived. Based on this distribution, washout is added to the wing.

6.1.4. Body design and vehicle aerodynamic characteristics
Lastly, a skin around the is designed and the aerodynamic characteristics of the complete vehicle need to be
determined. This also includes estimating the drag of the body structure as a function of its angle of attack.
This is accounted for in the parasitic drag, which increases quadratically with the airspeed. The drag of the body had to
be determined for all three flight directions: longitudinal, lateral and vertical. As a first order estimate, this was done by
modelling the structure as a simplified flat plate of a certain shape. The simplified shapes for all three flight directions are
shown in Figure 6.12.

(a)
(b)

(c)

Figure 6.12: The simplified body shapes for (a) longitudinal flight, (b) lateral flight and (c) vertical flight. In this view, the free stream flow approaches from
the top of the images.

From [0], it was found that the lift and drag coefficients for the shapes of Figure 6.12a & 6.12b are given by Equation 6.20 &
6.21, respectively.

CL = (sin(αb)cos(αb))
(
Kp cos(αb)+πsin(αb)

)
(6.20) CD =CD,0 +KdC 2

L (6.21)
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The values for Kb & Kp are provided by [0] as a function of the aspect ratio. The value of CD,0 is also provided by Torres
& Mueller, and it is approximately 0.015 for both shapes. The drag coefficient CD of the flat plate shown in Figure 6.12c is
obtained from NASA to be around 1.288. Then using the standard equation for drag, Equation 6.22, the drag of the body as
a function of angle of attakc and airspeed was determined.

D =CD
1

2
ρV 2S (6.22)

These drag values were, as said above, a first order estimate, given to the other departments to work with. Next follows the
method describing the design of the skin around the body of the vehicle and the method that was adopted to determine the
drag characteristics of the as a whole.
Skin design Apart from the hover-bike structure which takes all the loads, a skin for the hover-bike is necessary to keep
the equipment inside the hover-bike in place, to provide protection and to guide the airflow smoothly over the skin. The
protective skin is between the propellers and the pilot and between the structure bars. The aerodynamic skin is the skin
over the structure that guides the air over the frame.
To determine the drag characteristics of the complete vehicle, the drag of the wing and rotors should be added to the body
drag. The drag of the wing and body were already determined during the mid-term and, as this method was already vali-
dated, the same methodology is applied. The difference now is that the vehicle has a drag built up of both rotor and wing
drag, whereas the drag four concepts in the mid-term was either fully rotor or fully wing drag.
The drag is assumed to be built up of a parasitic drag and an induced drag. For the rotors, the induced drag coefficient was
given as the equivalent flat plate area

∑
(CD S)S . This equivalent flat plate area is then derived from reference aircraft with

the use of Figure 6.13, by assuming a clean helicopter. The induced drag power is determined from Equation 6.23, where
the normalised induced velocity is approximated using Equation 6.24.

Figure 6.13: Equivalent flat plate area as a function of gross weight.

Pi ,rotor = kr W v̄i

√
W

2ρπR2
rotor

(6.23) v̄i =
√

CT
2 ωRrotor

V∞
(6.24)

The drag coefficient corresponding to the parasitic drag of the wings CD,0,wing is determined from the CL versus CD graph of
the wing, generated by XFLR5. The induced drag is obtained through the lift-drag polar given by Equation 6.25. Next, the lift
coefficient CL of the wing is not simply dependent on the vehicle weight, but also on the negative lift generated by the body
of the . The resulting relation for the wing lift coefficient is given by Equation 6.26, where the body lift coefficient
is dependent on αb as shown in Equation 6.20.

CD,wing =CD,0,wing +
C 2

L,wing

πAeeff
(6.25) CL,wing = W

0.5ρV 2∞Swing
+CL,b

Sb

Swing
(6.26)

The oswald efficiency factor is determined based on how close the lift distribution is to the ideal elliptic distribution, which
depends on a number of characteristics, such as the taper ratio. The weight W in Equation 6.23 & 6.26 depends on the
amount of lift generated by the rotors and by the wings. The drag of the body, rotors and wings are then added together
to obtain the drag versus airspeed for the in eco-mode for a certain cruise angle of attack. The drag of the hover-
bike without wings is then obtained by leaving out the drag contribution from the wing, and setting the weight W , such
that the rotors carry all of the take-off weight minus the weight of the wings with duct. The maximum velocity can then be
determined from the drag versus velocity curve of the hover-bike without wings, by taking an angle of attack of 45°, which is
the maximum allowable angle as described in section 12.2.

8URL:https://www.grc.nasa.gov/www/K-12/airplane/shaped.html[cited on 25 June 2018]

https://www.grc.nasa.gov/www/K-12/airplane/shaped.html
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6.1.5. Theory and assumptions by XFLR5
XFLR 5 is a wing analysis tool, which has been freely distributed. There are two main applications that have been used for
this analysis and will, therefore, be explained in detail. Firstly, there is the direct airfoil analysis and, secondly, there is the
wing, plane and body design and analysis application.
For the 2D wing analysis, XFLR5 uses code from XFOIL. These are split into viscous and inviscid analyses. As the hover-
bike operates at relatively low velocities, it experiences low Reynolds numbers, which means that the viscosity can not be
neglected, especially near the airfoil itself where the boundary layer is located. Therefore, all analyses that have been done
in XFLR5 were including viscous flow. For the inviscid flow analysis, a general two-dimensional inviscid airfoil flowfield is
constructed by superposing a freestream flow, a vortex sheet on the airfoil surface and a source sheet on the airfoil surface
and wake. The contours of the airfoil and wake trajectory are discretized into flat panels, where each airfoil panel has a
linear vorticity distribution and the airfoil and wake panels all have a constant source strength. To incorporate the upper
and lower flow airflow meeting at the sharp trailing edge, a Kutta condition is used. Then, in the calculations for inviscid
flow, the source strengths on the airfoil are set to zero.
For the viscous analysis, the source strengths on the airfoil are nonzero. This adds an extra unknown to the system of
equations, which is solved using the boundary layer equations. To determine the location of transition, the growth of the
amplite of the most-amplified Tollmien-Schlichting wave is determined and when this value exceeds e9, transition occurs.
The governing equations are then discretised using two-point central differences with the boundary layer variables located
at the panel node. For more information regarding the 2D wing analysis theory, the reader is directed to [35].

The 3D wing analysis can be performed using the lifting line theory, a vortex lattice or a 3D panel method. Since only
the VLM was used for this analysis, this approach will be explained in more detail. According to the XFLR5 manual: "The
principle of the VLM is to model the perturbation generated by the wing by a sum of vortices distributed of the planform.
The strength of each vortex is calculated to meet the appropriate boundary conditions, i.e. the non penetration conditions
on the surface of the panels." Furthermore, according to [32], "The resolution of the VLM problem requires the inversion of
a square matrix of the size of the number of panels. This inversion is performed by Gauss’ partial pivot method."
The main limitations of the VLM are as follows:

1. VLM results should not be considered around angle of attack values close to stall angles.

2. The VLM assume a small angle of attack. As a consequence, the trailing vortices are not aligned with the free stream
velocity.

6.2. Iterations
Before the final design is obtained, some iteration steps were taken for optimisation. These are spread out over the different
aerodynamic components, namely the wings, rotors and body of the . In subsection 6.2.1, the iterations in the
wing design are described. The iterations on the duct are given in subsection 6.2.3.

6.2.1. Wing design
To design the aspect ratio such that the minimum drag is reached at about a velocity of 100 km

h , the wing planform was iter-
ated as depicted in the flowchart of Figure 6.3. As the wing span was constrained, the aspect ratio could only be increased at
the cost of surface area, which only increased the flight velocity. The chord was the only parameter that could be increased,
which increases the surface area and thereby lowering the flight velocity. The initial result was a flight velocity of around
105 km

h .
After that, it was decided to increase the lift contribution of the wings from 50% to 60% to improve the endurance of the

. The result was that the wing area increased thereby shifting the airspeed corresponding to minimum drag to the
right. This means that the cruise airspeed will be slightly higher than initially designed for, which is considered acceptable.
The cruise airspeed can only be lowered by increasing the chord length, but this only increases the minimum drag at this
point. Furthermore, the wing will be connected to the duct at the root and because of that, the root chord should not
become larger than the duct.

6.2.2. Rotor design
In the calculation of applying blade element method directly and the verification of the calculation, the rotational speed
is always adjusted until the thrust estimated is close to the designed thrust. The power at this rotational speed will be the
power estimated.
To have a more reliable result, JAVAprop is also used for thrust and power estimation. The variable that can be changed in
the inputs is the rotational speed. The diameter of rotor will have a large influence, but it will also influence the geometry
and weight of so the diameter will stay constant. The JAVAprop itself uses iteration method and no redundant
inputs are given so the user will just give inputs and get outputs. The geometry details are output and will change according
to performance input. On the other hand, the changing rotational speed will not influence the thrust input. When the
rotational speed is lowered, the blade angle (angle between chord and rotational plane [69]) β increases, which will lead
to a larger lift coefficient to compensate for the decreasing rotational speed, as well as a lift-to-drag ratio that will increase
first and decrease after the blade angle reaches a certain value. A lower rotational speed will also lead to a higher thrust
coefficient and solidity, leading to an increased length of blade chord length. Although it is also possible that blades with
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constant chord can also provide enough lift with a lower rotational speed if the blade angle increases, the increase may be
due to an optimisation in the blade design of JAVAprop.
By taking smaller rotational speed, the point at which power estimated reaches its minimum can be found. This point can
be considered to be the optimum blade design. For both maximum thrust and cruise situations, this point is figured out. At
this optimum point of maximum thrust, angle β at 75% blade is equal to 18.7° occurring at 1700rpm. At cruise, the optimum
occurs at 1100rpm and at 75% blade β = 21.7°. The values are quite close, indicating a good compatibility. Thus, at 75%
blade a blade angle of 20° can be used. On the other hand, the chord length given can be as long as 0.34m, which is too stout
for air blades. Furthermore, in the process of decreasing rotational speed from estimated value to the optimum point, the
power required does not change much. Thus, the estimated high rotational speed will be used. At the maximum thrust and
the high estimated rotational speed, the maximum chord length is about 0.2m. However, this is at a low blade angle thus
low thrust coefficient and low lift-to-drag ratio, the chord length can be further reduced if the blade angle at optimum is
used.
To estimate the blade chord length in case the blade angle of 20° is used, the thrust is considered to be proportional to chord
length and a linear function of ω2. With the thrust constant, the product of chord length c and ω2 is assumed constant for
estimation. Thus, the chord length can be estimated as 0.34 · ( 1700

3345 )2m = 0.088m. This estimation shows that an average of
0.1m will be sufficient.

6.2.3. Interference between wing and rotor
As explained in subsection 6.1.3, ducts were chosen as a partial solution to the interference effects between the wing and ro-
tor. The ducts, however, had the disadvantage of stabilising themselves when tilted. To account for this levelling, it was first
thought that angling the duct of the hover-bike such that the ducts will favour a certain angle to fly at. This angle would then
be the angle of attack of the during cruise flight. Such a tilted duct would decrease the hover performances, how-
ever, the vehicle is not designed for hover during the eco-mode. Later, it was determined by the Power & Propulsion and the
Structures department that tilting the rotors would be an unfeasible solution, both structurally and in rotor-effectiveness.
This concept was for that reason omitted and a new design solution was thought of, outlined in subsection 6.3.3.

6.2.4. Body design and vehicle aerodynamic characteristics
In the design of the body and the iterations to obtain the optimal cruise flight parameters, the main iterations consisted of
determining the flight angle from the drag at cruise conditions. As can be seen from the N2 chart in section 5.1, the cruise
flight angle is obtained from the Power & Propulsion department. This department requires the minimum drag value at
cruise speed to determine the cruise flight angle, which is an iterative process. The design was started at a flight angle of 20°
and with a wing that generates 60% of the lift. After iterations between the Power & Propulsion department, it was found
that the endurance requirement would not be met in these conditions. As a result, the wing effectiveness was increased to
generate 62% of lift. Then another set of iterations let to a cruise flight angle of 33.1° at which the endurance requirement
was met.

6.3. Results
The results of the aerodynamics analysis are summarised in this section. The results comprise of both design solutions and
performance characteristics. Firstly, the results of the wing design analysis are outlined. Then, the rotor analysis results are
summarised. Then, the solution to the duct design to account for the wing-rotor interference is provided, while lastly, the
aerodynamic characteristics of the are denoted.

6.3.1. Wing design
The airfoils were all ranked from 1 to 6 for certain characteristics. This ranking is shown in Table 6.1. The two airfoils with
the highest lift-to-drag ratio are the Eppler E392 and the Selig S4061. In the end, it was opted to go for the Selig S4061 for its
low minimum drag coefficient.

Table 6.4: Airfoil ranking for different performance characteristics.

S3024 S4061 NACA 63-012A NACA 63-412 E392 FX63-137
Lift-to-drag ratio 4 2 6 5 1 3
Minimum drag

coefficient
1 2 3 5 4 6

Drag bucket size 5 4 2 1 3 6
Thickness-to-chord-

ratio
5 6 3 2 4 1

Maximum Lift
coefficient

5 2 6 4 3 1

Moment coefficient 2 4 1 3 5 6

Then, to determine the necessary twist over the span, Equation 6.14 & 6.15 were solved for the region outside the wake of
the rotor. The resulting induced angle of attack distribution over the span is shown in Figure 6.14a. The twisting of the
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wing due to aerodynamic loading was obtained from Equation 6.2 and the result is plotted in Figure 6.14b. It can be seen
that the angle is very insignificant which can be attributed to the small span of the wing and the small loads that act on it.
Therefore, there was no extra twist added to account for such aeroelastic angular deflections. Furthermore, the velocity at
which divergence of the wings occurs was obtained from Equation 6.1 and this is around 150 m

s , which is well outside the
flight envelope of the .

(a)
(b)

Figure 6.14: Twist distributions (a) to account for induced velocity of the rotor and (b) due to the aeroelastic behaviour of the wings.

The resulting wing is shown in Figure 6.15. The geometric dimensions of the wing are summarised in Table 6.5. As can be
seen from the design, a winglet is added as a wing tip device. As there is a limitation on the span, it was decided to use a
winglet to increase the effective span, as described in [30]. Also, as the design must have an appealing look, wing tips will
improve the appearance, giving it a "faster" look, although this is a rather subjective statement.

Figure 6.15: CATIA render of final half wing

Wing half
span

Aspect
Ratio

Half wing
surface area

Root
chord

Tip
chord

Geometric
angle

Twist (root to
chord)

Winglet
height

3.2 m 10.3 2.18 m2 0.9 m 0.405 m 37° 0.15 m

Table 6.5: Summary of the geometry of the final wing

6.3.2. Rotor design
First the airfoils for rotor are selected. The MH series are used for most of the blade for high thrust and lift-to-drag ratio. For
the tip blade, the ILH308 airfoil is applied in order to have a high drag divergence number on this part. Afterwards, more
analysis is done through JAVAprop. The power required is estimated to be 54−50

50 = 8% larger than the power available when
the designed maximum thrust is generated. JAVAprop is verified and validated to be quite accurate, but the estimated power
can be larger than the actual value probably because a much lower lift-to-drag ratio is used. As to geometry parameters, the
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rotation speed is iterated to obtain the most efficient point with a constant thrust that needs to be generated. The blade
angle is decided from the optimum point to be 20° at 75% of blade. An average chord length of 0.1m will be sufficient. The
spinner diameter is decided to be 0.05m, although the analysis shows it does not have large influence on the result as long
as it is small enough. From the JAVAprop analysis, the duct can have a positive result, but the influence is not large. Since the
aerodynamics effect is limited, the size can be determined by other subgroups that will have more insight into duct design.

6.3.3. Wing-propeller interference
As was explained in subsection 6.1.3, ducts around the rotor can help separate the airflow through the rotor and the airflow
over the wing. The disadvantage of ducts, however, is their stabilising effect, which is caused by a bigger region of low
pressure on the bottom lip of the duct that is turned into the flow and a smaller region of low pressure on the top lip of the
duct. So a proper solution had to be sought to decrease the difference in size of these pressure regions. The simplest solution
was to decrease the radius of the lips. This decreases the effectiveness of the duct, however, a smaller radius means there
is less extra inflow into the duct that will add to the region of low pressure. This decreases the absolute difference in size of
the two low pressure regions. At the same time, the duct will still be effective in splitting the airflow of the rotor and wing.
Furthermore, the ducts minimise the wing tip losses nonetheless, which still improves the ducted rotor performances.

6.3.4. Skin design

Figure 6.16: Skin-design of the hover-bike

6.3.5. Complete vehicle characteristics
The resulting drag of the with wings is plotted versus the airspeed in Figure 6.17a, while the drag polar is depicted
in Figure 6.17b. The drag of the whole vehicle was evaluated with the hover-bike at a body angle of attack of 33.1° (vehicle
pitched downwards), as this is also the cruise speed angle of attack of the body. As can be seen from the graph, the cruise
speed is then about 105 km

h .
Furthermore, the drag of the in thrill mode is shown in Figure 6.18. This figure contains the drag-velocity curve in
both longitudinal direction and in lateral direction. As can be seen, the drag in both directions is as good as equal, which
is expected as the only difference between the two directions lies in the evaluation of the body drag, which depends on
the planform shape depicted in Figure 6.12. As the difference in body drag between longitudinal and lateral flight small,
the resulting total drag in both directions is approximately the same. This drag was evaluated at a body angle of attack of
10° (vehicle pitched downwards). From evaluating the drag curve at a body angle of attack of 45°, it was found that the
maximum speed of the hover-bike is around 200 km/h.
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(a) (b)

Figure 6.17: Drag characteristics of the hover-bike with wings in forward flight. The drag curve is shown in (a), while the drag polar of the wing can be seen
from (b).

(a) (b)

Figure 6.18: The drag versus velocity of the hover-bike in sport mode for (a) longitudinal velocity and (b) lateral velocity.
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6.4. Verification & Validation of aerodynamic analysis tools
To ensure that the calculations model reality with sufficient accuracy, the calculations should be verified and validated. As
the XFLR5 software has been provided by third parties, after thorough checks that the program works properly. Therefore,
XFLR5 is only validated.
Velocity-drag curve The velocity-drag curve is, however, verified. The verification is performed in terms of unit tests.

Action Expected effect on drag Actual effect on drag
Increase altitude Decrease Decrease

Increase wing area Increase Increase
Increase mass Increase Increase

Increase body zero-lift drag Increase Increase

Table 6.6: Effects of changing certain input parameters on the minimum drag.

As can be seen from Table 6.6, all unit tests give the expected results. Next, the tool must be validated too, this is performed in
a similar manner as was done in the mid-term report [42]. The drag of the Fokker 509 and McDonel Douglas Helicopter[63]
were determined with the program, of which the result is shown in Table 6.7. As the program combines a helicopter and air-
craft design, and there is not a well-known existing combi-vehicle, it is seen as sufficient that the program gives sufficiently
accurate results for separate aircraft and helicopters.

Simulated result Actual result Error
Fokker 50 0.024 0.028 16%

McDonel Douglas Helicopter 0.064 0.076 19%

Table 6.7: Validation of method on drag coefficient calculation for aircraft and helicopter.

XFLR5 The validation of XFLR5 is done by looking at previous research. As XFLR5 is designed for sailplanes, it was also
validated with a sailplane. The result is shown in Figure 6.19. As can be seen from the graphs, the zero-lift angle correctly
predicts the zero-lift angle and the VLM method approximates the lift polar as a linear function, which means it is not valid
near stall conditions. Then, the VLM method tends to underestimate the drag, which may be due to the viscosity and can
most likely be attributed to a wrong value for Ncrit, to predict transition. In conclusion, it can be said that XFLR5 represents
the software with enough accuracy and the model is validated.

(a)
(b)

Figure 6.19: Plots of (a) lift polar and (b) drag polar from XFLR5 plotted against measurement points for a sailplane [67]

.

Direct calculation using blade element method Using the VA115 helicopter for verification10, the power estimated is also
much higher than the actual value. Website of VA-115 provides more information than what can be found about most
other helicopters, including the airfoil, rotor diameter, and power, which is helpful for verification. The weight of VA-115
is also quite light instead of being too heavy comparing to hover-bike. This similar weight level can help to avoid possible
discrepancies due to a different weight level.
For the airfoil, it is assumed that the airfoil always operate at an angle of attack 5°, resulting CL of 0.7 and CD of 6.5×10−3

The angular velocity is derived from the tip speed of 150 m/s and rotor radius of 2.25 m. The inflow velocity is taken at

9URL: http://www.flugzeuginfo.net [cited 31 May 2018]
10url: https://www.rotorschmiede.de/va-115/ Cited: 25th June, 2018

http://www.flugzeuginfo.net
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Table 6.8: Lift and drag coefficients of four airfoils used for estimation, assuming a constant angle of attack of 2°.

MH-126 MH-112 MH-114 MH-120
CL 0.87 1.2 1.3 0.63
CD 10−3] 11 7.2 7.0 6.5

hover state and an induced velocity of 9 m/s is calculated using Equation 6.10. A total chord length of 0.375 m is adjusted
in according to the thrust, so that the thrust can be estimated to a reasonable value. Finally, the thrust can be estimated
to be be about the maximum thrust, but the power required would be as high as 305 kW. On the other hand, the power
at maximum performance is 35 kW. The power estimated is more than eight times the actual power, indicating a wrong
estimation for power. To approach a lower power value, another estimation where the airfoil operates at the maximum lift-
to-drag ratio 1.1 and CD of 8.8×10−3 To obtain a comparable thrust level, the total chord length is adjusted to be 0.24 m.
The power is estimated to be 300 kW, which almost does not change compared to the previous estimation using the other
airfoil operation point. Thus, the too high power is not caused by a relatively low lift-to-drag ratio, but due to the problem
in the method.
The same adjustment of choosing the operation point near maximum lift-to-drag ratio point can also be applied to the
hover-bike rotor estimation. The angle of attack is assumed to be constantly 2°, where the lift-to-drag ratio reaches the
maximum for MH-114 which takes half of the blade. The angle of attack is also near the optimum point of other airfoils that
are applied. The lift and drag coefficients are listed in Table 6.8. Finally, the total thrust is estimated to be 14 kN, providing
an acceleration of about 2.8 g using a total weight of 500 kg. The power is 495 kW, which is even larger due to a higher drag.
Thrust is a linear function of ω2, while power is a linear function of ω3 according to Equation 6.8, Equation 6.9, and Equa-
tion 6.13. Thus, by multiplying ω by a factor smaller than one, both thrust and power will be lowered. This factor is denoted
as kω and can be estimated as

kω =
√

Tdesi g n

Test i mate
=

√
1.7

2.8
= 0.78 (6.27)

Using this factor and making adjustments, a thrust that is more reasonable can be obtained. Using a rotational velocity of
2500 rev/min, the thrust of one rotor is estimated to be 1450 N, which can provide about 1.7 times the weight, using the mass
445 kg without wings. The power for this thrust is about 210 kW, which is much lower than previous estimations, but still
much higher than a fundamental estimation of power. In conclusion, the method used is inaccurate. This direct calculation
will be discarded and JAVAprop will be used instead.
Validation of JAVAprop The validation of JAVAprop will also use the helicopter VA-11510. The hover state at MTOW is used
as input, with a rotational of 650 rev/min and thrust of 1350 N for one rotor. This state is judged by JAVAprop to be high load-
ing, which can be inaccurate due to the characteristics of blade element method introduced in the blade element method
introduction part. The total thrust is considered to be two times the thrust of one single rotor. The reason that factor two
is used is to have a lower power output, due to a high power output in case of a factor of 1.8. Finally, the power output is
21.5kW for one rotor so 43kW in total, which is still 6.3kW larger than the power given and is about 17% off.
Something that needs to be noted is that the VA-115 uses NACA23012 on blade, which is an improved version of the tradi-
tional airfoil NACA0012. On the other hand, the airfoil that is used in JAVAprop is MH-114 and the angle of attack is always
1°. One fact that needs to be noticed is that in JAVAprop the lift-to-drag ratio of airfoil is much lower than what is given in
XFLR5 and Airfoil Tools3. One example for this difference can be the MH-114 airfoil at Re = 5×105 shown in Figure 6.20. The
results in XFLR5 show that at angle of attack of 1° and low Mach number, the lift-to-drag ratio is between 112 and 116. On
the other hand, the lift-to-drag ratio at 1° given by JAVAprop is only 30., times smaller than the result of the airfoil. On the
other hand, even if the lift-to-drag ratio that is used as operation point in JAVAprop of one airfoil is several times larger or
smaller than another airfoil, the resulting power is only a few kW off for some reason. Thus, although the lift-to-drag ratios
of airfoil NACA23012 and MH-114 differ a lot at 1°, the output power can still be only a few kW off. However, at the same
time this also indicates a even larger power if airfoil NACA23012 instead of MH-114 is used, increasing the error. Despite the
error, JAVAprop can still said to be competent for estimation.
It has been mentioned that the power estimated tends to be larger than reality. The reason can be that the airfoil lift-to-drag
ratios in JAVAprop are lower than airfoil aerodynamics characteristics for some reason. Besides, the high loading situation
is also inaccurate in blade element method, which can also be one reason. The influence of this error on power estimation
of is that the real power can be smaller than estimated. Therefore, the real power can be smaller than what is
estimated to be available, but the excessive power will not be that much.

6.5. Sensitivity analysis
Lastly, a sensitivity analysis was performed to test the robustness of the design solution and establish the degree of feasibility
of the preliminary design. The effect of a change in major system parameters is documented and investigated. From the
aerodynamic analysis, the following outputs are determined and the sensitivity of these outputs is investigated as an effect
of changing major system inputs given below.
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(a)

(b)

Figure 6.20: MH-114 airfoil lift-to-drag ratio at Re=5×105. (a) shows curves from XFLR5, where the red and black curves are at M = 0 and 0.4, respectively.
(b) shows the lift and drag curves as well as lift-to-drag ratio at angle of attack 1° at Re=5×105

Inputs
• Hover-bike mass m
• Lift generated by the wing Lwing.
• Half wing surface area S
• Wing aspect ratio A

Outputs
• Minimum drag at cruise Dmi n

• Airspeed at cruise in transportation mode Vcruise

• Maximum flight speed in thrill modeVmax

Change of the system parameters is investigated one by one in the following paragraphs.
Change in m The change of the hover-bike mass on the drag versus velocity curve is shown in Figure 6.21. From the curve of
Figure 6.21a, it can be seen that the cruise airspeed ranges from 21 m

s at a mass of 200 kg to 35 m
s at a mass of 800 kg. Similarly

at the same respective masses, the cruise drag ranges from 595 N to 1764 N. The maximum airspeed can be determined from
Figure 6.21b, with a maximum forward thrust of 4900 N. This Vmax ranges from 65 m/s at 200 kg to 55 m/s at 500 kg. The lines
corresponding to heavier hover-bikes have too much drag to reach a maximum velocity at an angle of attack of 45°.

(a)
(b)

Figure 6.21: Effect of increasing mass on the drag versus velocity curve of the hover-bike in (a) transportation mode at αb = 33.1° and (b) in thrill mode at
αb = 45°.

Change in Lwing Changing the amount lift that must be generated by the wing will only affect the parameters in transporta-
tion mode, as the thrill mode has no wings. This means that the maximum airspeed stays unchanged. The change in the
cruise parameters, however, is determined from Figure 6.22. As can be seen from the graph, the minimum drag ranges from
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2300 N at Lwing = 0.4 to 1185 N at Lwing = 0.9. Similarly the cruise airspeed decreases from 40 m
s to 28 m

s at the same respective
values of Lwing.

Figure 6.22: Effect of increasing percentage of lift generated by the wing on the drag versus velocity curve of the hover-bike in transportation mode at αb =
33.1°

Changes in S and A As the aspect ratio and the wing surface area are related to each through the wing span and only effect
the parameters corresponding to the transportation mode, these are summarised together. Firstly, the effect of a change in
the wing surface area (with aspect ratio kept constant) is depicted in Figure 6.23a. The effect of changing the aspect ratio
(with surface area kept constant) is shown in Figure 6.23b. As can be seen from the two graphs, they have a similar effect.
Changes in the aspect ratio do not heavily affect the cruise speed, which is 30 m

s for an aspect ratio of 5 and 29 m
s for an

aspect ratio of 20. The drag on the other hand ranges from 1330 N to 1165 N at the same respective aspect ratios. Similarly,
changes in the wing surface area do not affect significantly affect the cruise speed, which ranges from 31 m

s to 29 m
s at a

half-surface area of 1 m2 and 3.4 m2, respectively. At these half-wing surface areas, the minimum drag ranges from 1320 N
to 1200 N.

(a) (b)

Figure 6.23: Effect of increasing (a) wing surface area and (b) aspect ratio on the versus velocity curve of the hover-bike in transportation mode at αb=33.1°

From the sensitivity analysis, it can be concluded that a change in the hover-bike mass has a significant impact on the
minimum drag, cruise airspeed and maximum airspeed in both the transportation and thrill mode. Furthermore, increasing
the percentage of lift that must be generated by the wing, greatly lowers the minimum drag and cruise velocity. This means
that the aerodynamic parameters are very sensitive to the initial mass estimate of the hover-bike and the percentage of lift
that the wings are required to produce. Care must therefore be taken that later changes of these parameters may require
significant design alterations to meet the requirements.



7
Power and propulsion

Power and propulsion is one of the main departments which worked on the final design of the hover-bike. Power and
propulsion analyses the propeller size by determining the diameter and the speed. Next to that the electric engines are
chosen and the battery is sized by determining the power required to meet the requirements.

7.1. Method
In this section the methods that were used in the power and propulsion analysis are shown. The methods are split into the
different subsystems.

7.1.1. Propeller sizing
The hover-bikes primary method of providing lift is with the rotors. The first important consideration is the size of these
rotors as it will have a very large influence on the total vehicle and its mass. Six subsystems were determined to have
the largest influence on the total mass. A relation between the mass of these components as a function of rotor size was
established.

• Propeller weight. A larger rotor diameter means that the propeller becomes heavier.
• Engine weight. A larger rotor has a lower disk loading for the same amount of thrust. Therefore the power required

goes down and lighter engines are can be used.
• Battery weight. A less powerful engine needs less energy. Therefore a larger rotor will lead to less battery mass due to

a less powerful engine required.
• Structure weight. A larger rotor will cause the structure weight to go up, because of higher loads introduced in the

structure of the hover-bike.
• Duct weight. Larger propellers will need larger ducts, and larger ducts obviously lead to more weight.
• Miscellaneous weight. Miscellaneous weight consists out of components like sensors, cabling, seat, control input

devices, pilot screen and lights. The payload weight is also included in this category. The weight of these components
is assumed to be constant with varying propeller diameter.

The relation between propeller weight and rotor size was found from reference data. A similar approach was used for the
motor weight. The reference data and trend lines following from this data can be found in Appendix A. For the battery weight
estimation, a relation between the rotor size and required power was needed. The required power (Pr eq ) was calculated
using momentum theory with Equation 7.1

Pr eq =
√

L3

2ρA

1

(F.M .)
(7.1)

The lift (L) is assumed to be 500·9.81 = 4905[N ], which is the thrust necessary to keep hovering in the air. The Figure of merit
(FM) is assumed to be 0.6. The momentum theory and figure of merit are further explained in subsection 7.1.3. Total rotor
area (A) will vary with rotor diameter. Following from the required power, the battery mass can be calculated. A specific
energy for Li Ion batteries of 240 [Wh/kg]1is used. In this specific analysis the wing lift was not accounted for. To be able to
estimate the necessary battery mass, an endurance of 0.4 [h] was taken for hovering performance. A first weight estimation
for the battery pack can be made using the following relationship:

mbat ter y =
P ·0.4

240

For the duct and wing weight, the wing weight was set 20 [kg] for a wing that has to produce 300 [kg] of lift, regardless of
the rotor diameter. The circumference of the rotors increases linearly with increasing rotor diameter. Therefore the duct
weight was also set to increase linearly for an increasing rotor diameter. The structure weight is estimated by calculating the
required moment of inertia for a cantilever beam.

δmax = F L3

3E I
(7.2)

θ = F L2

2E I
(7.3)

Longer beams will require a larger moment of inertia for a given deflection and will therefore get proportionally heavier for a
larger structure. Then the weights of these sub-components were added up. The optimal rotor size is found at the minimum
total weight.

1URL: https://voltaplex.com/panasonic-b-20700-battery-ncr20700b [Cited 17 June 2018]
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Contra rotating propellers After the trade-off was performed it was decided that the hover-bike shall have contra rotating
propellers. Contra rotating propellers have several advantages and disadvantages over traditional single propellers. Single
propellers create quite a bit of tangential and rotational airflow, which is wasted energy because these air flows are not in
the same direction as the thrust. Contra rotating propellers reduce the tangential and rotational airflow, making them more
efficient than single propellers. J.S. Vanderover and K.D. Visser showed efficiency improvements of 9% to 17% when contra
rotating propellers are implemented on a commercial passenger aircraft [61]. The disadvantage of contra rotating propellers
is that they produce more noise than single propellers. In axial direction the noise level increase by as much as 30 dB and 10
dB in tangential direction [61].

Ducts The effects of ducts on the design of the hover-bike have been studied in chapter . A lot of studies have been
done on ducted propellers and it was shown that ducted propellers have a lot of potential. Efficiency gains of 29% are
achievable for ducted propellers where the duct has constant diameter over open propellers. However in this case the duct
propeller combination is perpendicular to the airflow [55]. When the duct propeller combination is parallel to the airflow
the efficiency gain goes down to 0%. Therefore the relation between the duct efficiency and flight angle becomes.

ηduct = si n(αbod y ) ·29% (7.4)

In this equation the positive angle αbod y points down. The flight angle is calculated by taking the tangent of Fx over Fy ,
which is easily visualised by looking at Figure 7.1b. Then Equation 7.4 becomes:

ηduct = si n

(
ar ct an

(
Fx

Fy

))
·29% (7.5)

7.1.2. Motors
The final concept was chosen to have electric engines. Nowadays two main engines exist for the purpose of a hover-bike.
These are brushed motors and brushless motors. Both of these engines require a direct current which is what the battery
pack will deliver. The main difference is the rotor, the part which is rotating. In brushed motors a coil is used as a rotor
which is spinning in a magnetic field; the current in the coil is mechanically switched. This makes up for an easy design,
hence inexpensive, but more maintenance is required. In brushless motors the magnets and coils are reversed, therefore
the magnets are now rotating. With these motors less maintenance is required, and the lifetime is longer and the efficiency
is higher. Only the cost is increased due to the higher complexity and the controller needed to operate the engines. 2

Brushless motors are used in UAV’s, para gliders and RC aircraft, for this reason and the above mentioned benefits the hover-
bike is chosen to have brushless motors to drive the propellers. Six engines are required since we have 3 counter rotating
pairs of propellers.

7.1.3. Power estimation
The power that will be consumed by the engines has to be estimated for the two different configurations of the hover-bike.
The hover-bike can be configured with the wing and ducts installed for better range and endurance, and the wing and ducts
can be removed for better manoeuvrability. The range and endurance are estimated by calculating the thrust that is required
to overcome the drag and the weight. The total thrust required by the engines is determined by the sum of forces during
flight. The drag is in the horizontal direction and the force in vertical direction is necessary to keep the hover-bike in the
air, as can be seen in Figure 7.1b. Then the total thrust is calculated by using the Pythagorean theorem. Where T is the total
thrust required.

T =
√

F 2
x +F 2

y (7.6)

Furthermore the maximum endurance is achieved when the drag is minimal and maximum range is achieved when the drag
over speed is minimal, as can be seen in Figure 7.1a. The drag values and the respective speeds for the endurance and range
were derived in the aerodynamics analysis Equation 7.1.1. When the hover-bike is configured for maximum performance
the total thrust required is determined by the mass of the hover-bike times the thrust to weight ratio. The thrust to weight
ratio is a unit-less factor that was determined in the midterm report [42]. Then the total thrust becomes

T = m · g ·
[

T

W

]
(7.7)

2URL: http://www.quantumdev.com/brushless-motors-vs-brush-motors-whats-the-difference/ [cited on 18-6-2018]

http://www.quantumdev.com/brushless-motors-vs-brush-motors-whats-the-difference/
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(a) (b)

Figure 7.1: Schematics for determining maximum endurance, where (a) shows the drag versus velocity graph with optimal velocities for endurance and
range 3 and (b) the force equilibrium during flight.

Power required The power required is estimated by using the disk actuator theory. The disk actuator theory is a math-
ematical model of an ideal actuator disk. This theory is extensively used to determine the required power for helicopters.
The momentum theory uses the following assumptions in order to model the rotor disk:

• The total area is modelled as a single actuator disk adding momentum to the flow.
• The flow is steady, inviscid, incompressible and unrotational.
• The flow is one dimensional and uniform through the rotor disk.
• The rotor disk is modelled as an infinitely thin disk
• The disk loading of the rotor is uniform

The ideal power is related to the thrust and disk area through Equation 7.8 [24]. In this equation T is the thrust that is
required, ρ is the air density and A is the disk area. Equation 7.9 is an equivalent form of Equation 7.8, by substituting
the disk loading into the equation. The disk loading is defined as the amount of kilograms per square metre of disk area,
D.L. = m

A . The thrust is then rewritten as T = m · g , and this leads to the equivalent form of Equation 7.8. A uniform disk
loading means that the power required will scale linearly with increasing the area of the rotors. The thrust is defined as
T = m · g .

Pi deal =
√

T 3

2 ·ρ · A
(7.8) Pi deal = T ·pg ·

√
D.L.

2 ·ρ (7.9)

Figure of merit The disk actuator theory calculates the ideal power that is required for a certain amount of thrust and disk
area. In real life there are losses when a rotor disk accelerates air. The losses include:

• Rotor tip losses
• Viscous effects of the flow
• The inner part of the rotor is less effective

The figure of merit (F.M.) is defined as the ideal power over the actual power. The figure of merit is an efficiency factor that
encompasses the losses that occur when a rotor accelerates air. With the figure of merit the actual power can be calculated
from the ideal power. The figure of merit can be at most 1, in case of an ideal rotor. An inefficient rotor would have a figure
of merit of 0.5, and a well designed rotor a figure of merit of 0.8 [24]. Therefore a design figure of merit of 0.6 was chosen.
The figure of merit is dependent on many aspects of the rotor design, such as blade taper, blade twist, lift coefficient of the
blades, number of blades and pitch of the blades. To find the figure of merit via analytic methods is beyond the scope of the
of the project, therefore [24] was used as a reference for the figure of merit.

F.M . = Pi deal

Ppr opel l er
(7.10)

Substituting Equation 7.8 into Equation 7.10 gives the following equation for the actual power:

Ppr opel l er =
√

T 3

2 ·ρ · A
· 1

F.M .
(7.11)

3URL:http://www.dept.aoe.vt.edu/~lutze/AOE3104/range&endurance.pdf [cited 24 may 2018]

http://www.dept.aoe.vt.edu/~lutze/AOE3104/range&endurance.pdf
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Flight time The flight time is dependent on the available battery mass, the energy density (u) of the batteries and the
actual. Then the flight time is given by the following formula:

t f l i g ht =
mbat ter y ·ubat t

Ppr opel l er

t f l i g ht = mbat ter y ·ubat t ·F.M . ·
√

T 3

2 ·ρ · A

(−1) (7.12)

The flight time is calculated by adding battery mass in steps of 10 kg to the hover-bike without any batteries. Additional
batteries make hover-bike heavier, but they also provide more energy for the engines and systems, increasing the flight time.
At some point the penalty of adding weight will surpass the benefit of providing more energy. Under such circumstance,
adding batteries will only reduce the flight time.

7.1.4. Power distribution
Next to the electric engines, there are several other subsystems which will need power. These are identified in subsec-
tion 5.2.1 where the hardware block diagram is shown. Here it can be seen that the human machine interface, communi-
cation system, control system, safety system and operational system also need power. For determining the power required
by these subsystems, some reference systems has been looked up. The cable losses were estimated by an online tool4, and
came out to be 0.58%. Because 0.58% is very low the cable losses were ignored in the method to calculate the power.

7.1.5. Battery pack
During mid-term a first weight estimation of the battery package was made. The battery weight was solely based on energy
density of a battery cell. After an estimation was made on how much energy was needed in total during flight, a first battery
weight estimation could be made. Using a energy density of 500 W/kg and an approximation for the total energy to be
100 kWh, the mass of the battery pack was estimated to be around 200 kg[42].
In this first weight estimation a number of things were not taken into account. The battery should not only be capable of
storing enough energy, but it should also be capable to provide enough power, i.e. it should be able to discharge fast enough.
Secondly the battery cells used in the weight estimate, the Licerion5, is not available for the market yet. The first cells can
be expected to reach the market in late 2018. However, those cells are then just provided to a select group of partners first6.
This means that the cells are not yet been flight proven and that the long term performance is not yet known. Thirdly the
total amount of energy used during flight, used to determine the battery size, is a rough estimate. For a more detailed design
a more accurate value is needed.

Battery cells The battery pack should be as lightweight as possible but still be capable of providing enough power and
store enough energy. Therefore, to come up with the most optimum design it is important to look at the cell mass, the
cell capacity and the maximum current that can be drawn from the cell. Next to having good technical performance the
battery cell should preferably currently be available and have proven itself. Firstly, due to the constraint HB-CS-ST-19,
which states that the design should be finished before 2020, the design of the hover-bike is on a tight schedule. Therefore,
already proven technology is preferred for the design of the battery pack. Secondly, looking at the cost constraint, HB-CS-
ST-07, the production cost for the prototype shall not exceed €100,000.-. Therefore, when using already available battery
cells the total price of the battery pack can be reduced.
Table 7.1 gives a overview of all different battery cells that were considered in the design process are given. It shows all the
the technical performance of the cells.

Table 7.1: Battery cells that were taken into account during the design process.

Battery cell: Capacity [Ah]: Max. continuous discharge current [A]: Peak discharge current [A]: Energy density [Wh/kg]: Cell mass [g]:
LG M42 206507 4.20 15.0 26 263 58
Panasonic-Sanyo 18650 (NCR18650GA)8 3.50 10.0 Not avialable 278 46
Samsung 30Q 186509 3.00 15.0 20 228 48
Panasonic B 2070010 4.25 20.0 35 242 63
Samsung INR 21700 30T11 3.00 10.0 35 159 68
Samsung 25R 1865012 2.5 20.0 Not avialable 200 45
LG HB6 1865013 1.5 30.0 Not avialable 126 43
LG HG2 1865014 3.0 20 Not avialable 228 48

4URL:https://photovoltaic-software.com/DC_AC_drop_voltage_energy_losses_calculator.php[cited 24-06-2018]
5URL: https://sionpower.com/products/ [Cited 15 June 2018]
6URL:https://sionpower.com/2018/sion-power-announces-launch-of-its-groundbreaking-licerion-rechargeable-lithium-battery/

[Cited 15 June 2018]
7URL: https://voltaplex.com/lg-m42-20650-battery-20650m42 [Cited 13 June 2018]
8URL: https://www.orbtronic.com/18650-battery-3500mah-li-ion-high-drain-panasonic-sanyo [Cited 13 June 2018]
9URL: https://www.orbtronic.com/samsung-18650-30Q-3000mah-15a-high-drain-battery-flat-top [Cited 13 June 2018]
10URL: https://voltaplex.com/panasonic-b-20700-battery-ncr20700b [Cited 13 June 2018]
11URL: https://lygte-info.dk/review/batteries2012/Samsung%20INR21700-30T%203000mAh%20%28Gray%29%20UK.html [Cited 13 June

2018]

https://photovoltaic-software.com/DC_AC_drop_voltage_energy_losses_calculator.php
https://sionpower.com/products/
https://sionpower.com/2018/sion-power-announces-launch-of-its-groundbreaking-licerion-rechargeable-lithium-battery/
https://voltaplex.com/lg-m42-20650-battery-20650m42
https://www.orbtronic.com/18650-battery-3500mah-li-ion-high-drain-panasonic-sanyo
https://www.orbtronic.com/samsung-18650-30Q-3000mah-15a-high-drain-battery-flat-top
https://voltaplex.com/panasonic-b-20700-battery-ncr20700b
https://lygte-info.dk/review/batteries2012/Samsung%20INR21700-30T%203000mAh%20%28Gray%29%20UK.html
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Battery pack layout A battery package is a set of battery cells arranged in such a way that it can provide enough power
and store enough energy. The cells can be arranged in series or in parallel. Placing the cell in series increases the voltage of
the battery pack, while placing the cells in parallel increases the maximum current of the battery pack. These relationships
can be found in equations 7.13 and 7.14 [20].

UB at t = NSer i es ·UCel l (7.13)

IM ax,B at t = NStr i ng s · IM ax,Cel l (7.14)

In these relationships NSer i es and NStr i ng s are the number of battery cells in series and parallel, respectively, UB at t the
battery voltage, UCel l the voltage of a individual cell, IM ax,B at t the max current output of the battery and IM ax,Cel l the
maximum current output of a individual cell.
Using these relationship a first design of the battery layout can be made. For this initial layout only the power requirement
has been taken into account. Therefore, after the initial layout is set up, the battery pack energy has to be compared to
the required energy for flight. For the energy analysis of the battery pack equation 7.15 is used, where Ebat ter y is the total
battery energy in W h, NCel l s the number of cells, CCel l the cell capacity, UCel l the nominal cell voltage, ηB at t the battery
efficiency and fUsable the maximum depth of discharge. The theoretical maximum performance of the battery is achieved
if the depth of discharge is 100%. This, however, using the full capacity of the battery will reduce the lifespan of the battery
drastically[45].

Ebat ter y = NCel l s ·CCel l ·UCel l ·ηB at t · fUsabl e (7.15)

12URL: https://www.imrbatteries.com/samsung-25r-18650-rechargeable-battery/ [Cited 13 June 2018]
13URL: https://www.imrbatteries.com/lg-hb6-18650-1500mah-30a-flat-top-battery/ [Cited 13 June 2018]
14URL: https://batterybro.com/blogs/18650-wholesale-battery-reviews/57179459-lg-hg2-review-20a-3000mah [Cited 13 June 2018]

https://www.imrbatteries.com/samsung-25r-18650-rechargeable-battery/
https://www.imrbatteries.com/lg-hb6-18650-1500mah-30a-flat-top-battery/
https://batterybro.com/blogs/18650-wholesale-battery-reviews/57179459-lg-hg2-review-20a-3000mah


7.2. Iterations 48

7.2. Iterations
Iterations in the design occur due to the fact that there is a lot of interference between each components. When a different
battery technology is used, a larger battery pack is needed, which means that the maximum take-off weight will increase or
that other components have to become lighter.

7.2.1. Rotor sizing
Following from the results outlined in subsection 7.3.1, iterations on the rotor size were not deemed necessary. The 3 main
reasons for this are given below.

• No major changes in overall mass budget
Since no major changes in the overall mass budget occurred during the design phase, the individual effect of changing
subsystem masses on the rotor size is not significant.

• Broad range of optimal rotor size for minimum mass
According to the analysis, the total mass of the vehicle is not very sensitive to changes in the rotor diameter. A rotor
diameter 20 cm below or above the optimal diameter, will result in a total mass increase of only 7kg. This is visually
shown in Figure 7.2.

• Geometrical constraints
Next to optimising rotor size for minimal mass, geometrical constraints also need to be taken into account. The
obtained rotor size in the analysis gives a small enough structure for easy transportability, while maintaining enough
space inside the structure to accommodate all subsystems and the pilot. Changing the rotor size significantly might
interfere with these constraints. The vehicle size is further explored in chapter 8

7.2.2. Power estimation
The estimated power required depends heavily on the weight of the hover-bike, because the wings only provide partial lift.
When the power required changes, the need for battery energy changes and this will affect the battery mass. A different
battery size will affect the total mass of the hover-bike and a different total mass will affect the battery size again. This
interaction between battery mass and total mass of the vehicle causes a loop in the calculations of the required power.
Several iterations were performed to test the effect of making the hover-bike lighter or by changing the lift production of
the wing. It can be seen in Table 7.2 that the hover-bike mass in the second column is affected by the change in battery
mass in the third column. Eight or nine iterations are necessary to find the new battery mass, when the base weight of the
hover-bike has changed.

Table 7.2: Iterations of hover-bike mass by changing total weight

Hover-bike weight decreases by 15 kg Hover-bike weight increased by 15 kg
# iteration Hover-bike mass [kg] Battery mass [kg] # iteration Hover-bike mass [kg] Battery mass [kg]

0 500.0 187.7 0 500.0 187.7
1 485.0 180.3 1 515.0 195.3
2 477.6 176.6 2 522.6 199.2
3 473.9 174.8 3 526.5 201.3
4 472.1 174.0 4 528.6 202.3
5 471.3 173.4 5 529.6 202.9
6 470.7 173.3 6 530.2 203.2
7 470.6 173.2 7 530.5 203.3
8 470.5 173.2 8 530.6 203.4

470.5 9 530.7 203.4
530.7

The above table shows how sensitive the required battery mass is when the mass of other components grow. During the
design of hover-bike at first a wing lift of 50% was chosen. At 50% the wing does not have to produce a lot of lift, making
it smaller and lighter. However during the sizing of the battery it turned out that the range and endurance requirements
would not be met. Therefore an major iteration was done to increase the wing lift to 62%. In subsection 7.3.3 the results for
the range and endurance are presented for a wing lift of 62%.
The drag, wing lift and lift from the propeller determine the flight angle of the hover-bike. The flight angle of the hover-bike
influences the aerodynamic drag of the hover-bike. Therefore an iteration took place between the aerodynamics group and
the power and propulsion group. The interaction between the aerodynamics group and power and propulsion group is
visisble in the N2 chart. The power and propulsion group gave a new flight angle and necessary wing lift, and the aerody-
namics group gave an aerodynamic drag in return. This iteration gave an flight angle of 33.1° and an necessary wing lift of
62%. Together with the aerodynamic drag the flight time became 60.2 minutes.

7.2.3. Battery
During the design process of the battery a number of small iterations were performed. The first (minor) iteration that was
performed in the the design process was on the battery layout. Before the first iteration was performed, a first design was
generated to meet the power requirement given from the engine choice.
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Using the relationship between maximum power use of the engine (Pmax,eng ), the operational voltage (Ueng ) and the maxi-
mum current (Imax,eng ) given by equation 7.16 the maximum current that would be drawn from the batteries can be calcu-
lated. Using the equations 7.13 and 7.14 a first layout was designed to meet the power requirement. After a first design was
made, the battery layout was checked if it would meet the energy requirement. If it did not meet the energy requirement
another string of cell was added to the battery pack. In this way the minimum amount of cells was used in the design which
would meet both the power and the energy requirement. If the energy requirement was met with the first design it would
mean that the battery could not optimised for the energy requirement.

Pmax,eng =Ueng · Imax,eng (7.16)

For the first design the cell with the highest energy density (Panasonic-Sanyo 18650) was used. This resulted in a battery
mass of 203 kg. This was too heavy for the hover-bike. Therefore, different cells were considered as well. A list of battery
cells is given in table 7.1. From this the cells with best numbers on capacity, energy density and cell mass were considered.
After this iteration it was found that the Panasonic B 20700 battery cell gave the most optimal battery mass.

7.3. Results
The results of the methods explained in section 7.1 are shown in this section. Results are included of the propeller sizing,
engines, power estimation, power distribution and the battery pack.

7.3.1. Propeller sizing
The results of the propeller sizing analysis are shown in Figure 7.2 with further elaboration given below.

Figure 7.2: Weight vs propeller diameter

Figure 7.2 shows the behaviour of the weight when the propeller sized is changed. When the weight of the different aspects
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are added a minimum mass was found for a propeller diameter of 1.6 m. It can be seen that the battery mass and structure
mass have the biggest influence on the weight. The mass of the all the components added together follow a parabolic trend,
where the minimum of the parabola is very broad. Meaning that when a slightly larger or smaller propeller size is necessary,
the weight in not much affected. The reference data for the propeller weight and engine weight with respect to the diameter
of the propeller are given in Appendix A.

7.3.2. Motors
As explained in the method, the hover-bike was chosen to have electrical DC brushless motors. Due to time constraints
an off-the-shelf electrical engine has been chosen. In Table 7.7 the required output power for all engines combined was
calculated and came out to be 253.7 kW. This means that each engine has to deliver 42.3 kW. So an engine which is capable
of meeting this requirement has been chosen. This engine is normally used for paragliding and its specifications can be
found in the table below. The power output of this motor is rated at 50 kW which is more than 42.3 kW. This brings an safety
factor into the design, because this way one can be sure that enough power can be delivered.

Table 7.3: Electrical engine specifications 15

Parameter Value
Pmax 50 kW
Imax 500 A
R 140 mΩ
Radius 154 mm
Height 115.54 mm
Weight 5.9 kg

Furthermore to calculate the power required, the input power of the motors should be known, which is dependent on the
efficiency. Electric motor efficiencies are relatively high, especially brushless motors do not waste a lot of energy (comparing
it to brushed engines). The efficiency of brushless motors is around 90%, this value will be used in the power calculation16.
Since six engines will be used for the hover-bike the total weight for the engines will be 6 ·5.9 = 35.4 kg. Brushless engines
do need a controller, one is required for each engine. An electronic speed controller has been chosen which is capable of
delivering the power required to the engines17. These controllers will weigh about 1.2 kg each, so 7.2 kg in total.
The total weight of the motors and controllers will be 35.4+7.2 =42.6 kg.

7.3.3. Power estimation
The drag has a large influence on the range and endurance of the hover-bike, because the drag has to be overcome by
the propellers and engines. The data for the drag of the hover-bike is given in Table 7.4, which was determined in the
aerodynamics analysis in Equation 7.1.1. The method described in subsection 7.1.3 applies to aircraft, where the maximum
range is equal to (D/V )mi n . In the case of the hover-bike this is not true, because the wings are fixed at an angle. When the
speed is increased the flight angle becomes bigger, because the propellers have to produce more thrust by tilting forward.
This decreases the angle of attack of the wings, which lowers the produced lift, and lower lift from the wings means that the
propellers have to produce more lift. This increases the power consumption and the range will actually reduce. Therefore
the range is defined at the maximum endurance. This gives a minimum range that can be achieved by the hover-bike.

Table 7.4: Drag values for endurance

Drag [N] Speed [m/s]
Endurance 1217 29.3

Table 7.5 shows the data that is input for the thrust and power that have to be calculated. The rotor diameter is determined in
subsection 7.3.1, the thrust to weight ratio was determined in the midterm report [42] and the figure of merit was determined
by using literature in subsection 7.1.3.

Table 7.5: Input data

mass 500 [kg]
Air density 1.225 [kg/m3]

Gravitational acceleration 9.81 [m/s2]
Rotor diameter 1.6 [m]

Thrust to weight ratio 1.7
Figure of merit 0.6

15URL: www.reacherbrushless.com/product/45KW-motor.html [Cited 19-06-2018]
16URL: http://www.quantumdev.com/brushless-motors-vs-brush-motors-whats-the-difference/ [Cited 18-6-2018]
17URL:https://www.alibaba.com/product-detail/2018-MP15470-35KW-Outrunner-Brushless-Motor_60764122235.html?spm=a2700.
7735674.35.11.M9QVwk [Cited 19-06-2018]

www.reacherbrushless.com/product/45KW-motor.html
http://www.quantumdev.com/brushless-motors-vs-brush-motors-whats-the-difference/
https://www.alibaba.com/product-detail/2018-MP15470-35KW-Outrunner-Brushless-Motor_60764122235.html?spm=a2700.7735674.35.11.M9QVwk
https://www.alibaba.com/product-detail/2018-MP15470-35KW-Outrunner-Brushless-Motor_60764122235.html?spm=a2700.7735674.35.11.M9QVwk
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Substituting the numbers from Table 7.4 and Table 7.5, the total thrust and the actual power can be calculated by using
Equation 7.6, Equation 7.7 and Equation 7.11. The results are shown in Table 7.6, where it can be seen that the thrill mode of
the hover-bike requires considerably more thrust and power. Which is to be expected because in this mode the hover-bike
is configured for maximum accelerations. The maximum take-off weight in thrill mode is lighter than eco mode, because
the wing and ducts are removed.

Table 7.6: Propeller power

Thrust [N] Ppr opel l er [kW]
Endurance 2226.0 45.5
Thrill mode 7504.7 281.7

Power calculations When the efficiencies of the contra rotating propellers (CRP), ducts, engines and battery are included
then the power required and battery power become less. The power required is defined as the power that the engines need
to deliver. The battery power is defined as the power output of the batteries. The efficiencies of the ducts and contra rotating
propeller have a positive influence and the efficiencies of the motor and batteries have a negative influence.
The efficiency of the duct is dependent on the flight angle. Using Equation 7.5 the duct efficiency for the endurance becomes
15.85% respectively. In the mode for maximum performance the ducts are removed and therefore the efficiency gain is 0%.
The efficiency of contra rotating propeller over single propellers can vary from 9% to 17%. Because the exact gain could not
be estimated analytically an improved efficiency of 10% was chosen, to keep the calculations conservative.
The efficiency of the motors is around 90% which is shown in subsection 7.3.2. The same can be said for the batteries,
because the discharge efficiency of batteries is relatively high. The charge/discharge cycle efficiency of lithium-ion batteries
is around 90% 18. Therefore it is assumed that the discharge efficiency is 95%. When all the efficiencies are combined the
battery power is calculated via the following relation and the results are shown in Table 7.7.

Pbat ter y =
(1−ηcr p ) · (1−ηduct )

ηmotor ·ηbat ter y
·Ppr opel l er (7.17)

Table 7.7: Power required

Ppr opel l er [kW] ηduct ηcr p Pmotor [kW] ηmotor ηbat ter y Pbat ter y [kW]
Endurance 45.5 15.85% 10% 34.5 90% 95% 40.3
Thrill mode 281.7 0% 10% 253.7 90% 95% 296.7

Flight time When the required battery power is known the flight time can be calculated by dividing the available battery
energy over the battery power. It can be seen from the power numbers that the maximum performance case will have very
little flight time due to the high power consumption. The weight of the hover-bike without the battery is 315 kg, which is
deduced from the mass breakdown chapter 8. Then adding batteries in steps of 10 kg gives the following flight times for
endurance. The batteries provide energy but also add weight, which means that there will be an optimum for the battery
weight. It turned out that the flight time for endurance is 60.2 minutes. This excludes 2 minutes of vertical take-off and
landing (VTOL) flying procedures, meaning that there are 62.2 minutes of flying in total. The endurance is called trans-
portation mode, because the wing and ducts are attached to the hover-bike. The mode for maximum performance is called
thrill mode. Both these modes are more thoroughly explained in section 3.1.
To calculate the time for the thrill mode, the weight of the hover-bike becomes less. The weight without the ducts, wings and
batteries becomes 260 kg. The weight reduction is also visible in Figure 7.3. Then the flight time for thrill mode becomes 9.8
minutes. Also in this case the 2 minute flight time of VTOL is not included, meaning that the total flying time will be 11.8
minutes.

18URL: http://large.stanford.edu/courses/2010/ph240/sun1/ [Cited 19-6-2018]

http://large.stanford.edu/courses/2010/ph240/sun1/
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Figure 7.3: Flight time for transportation mode and thrill mode

It has to be noted that the hover-bike could potentially have more flight time, especially when the hover-bike is in trans-
portation mode. But then the hover-bike will become considerably heavier, because the weight would become 1175 kg.
Which means that the hover-bike would not meet the weight requirement. Furthermore it would hamper the accelerations,
due to the higher mass and moments of inertia.
Finally the range is calculated by multiplying the flight time for endurance with the speed. This means that the range is
equal to R = 60.2 ·60 ·29.3 = 105km. The top speed was determined in Equation 7.1.1 and was 55 m/s, with a flight time of
9.8 minutes the range is equal to 55 ·9.8· = 32km

7.3.4. Power distribution
As explained in the method there are more subsystems than the engines which require power, these systems can be found
below with the power consumption. Similar systems were looked up as a reference to come up with estimated about the
power consumption.

Table 7.8: Subsystem power distribution.

Subsystem Power [W] Voltage [V]
LCD screen 19,20 4.5 5.5
Lights 21 35.0 14.8
Flight data recorder (black box)22 5.0 28
Safety ecu 23 5.0 5.0
FLARM 24 0.7 16.0
Joybar 25 4.5 5.0
Flight controller 26 8.0 5.0
Transmitter/receiver 27 5.9 13.8
Total 68.6 93.1

As can be seen the total required power by all the subsystems is 68.6 W. This is relatively low compared to what the engines
require 253.7 kW as can be seen in Table 7.7. Therefore the subsystems will not greatly influence the battery size of the
hover-bike. For this reason the power required of these subsystems is insignificant and therefore is neglected with respect
to the total power requirement.
The subsystems are powered via a power distribution system and a separate battery, as can be seen in Figure 7.4. The power
distribution system has multiple transformers that change the voltage for each subsystem. It was found in literature that

19URL:https://www.rtings.com/tv/learn/led-oled-power-consumption-and-electricity-cost [Cited 18 June 2018]
20URL:https://focuslcds.com/journals/lcd-voltage-inputs-for-lcd-displays-explained/ [Cited 25 June 2018]
21URL:http://aviolights.com/navigator-ultra-360.html [Cited 25 June 2018]
22URL: http://l3comm.us/products-services/docoutput.aspx?id=1650 [Cited 18 June 2018]
23URL: http://www.efitechnology.com/R4_ECU.html [Cited 18 June 2018]
24URL: http://lxnavigation.com/downloads/manuals/Flarm/Flarm-red-Box-SD-IGC-26-6-2013.pdf [Cited 25 June 2018]
25URL: https://en.wikipedia.org/wiki/USB#cite_note-70 [Cited 18 June 2018]
26URL: http://www.efitechnology.com/X3_ECU.html [Cited 18 June 2018]
27URL: http://www.xcom-usa.com/manuals/XCOM-Users-Manual-2.3.pdf [Cited 18 June 2018]

https://www.rtings.com/tv/learn/led-oled-power-consumption-and-electricity-cost
https://focuslcds.com/journals/lcd-voltage-inputs-for-lcd-displays-explained/
http://aviolights.com/navigator-ultra-360.html
http://l3comm.us/products-services/docoutput.aspx?id=1650
http://www.efitechnology.com/R4_ECU.html
http://lxnavigation.com/downloads/manuals/Flarm/Flarm-red-Box-SD-IGC-26-6-2013.pdf
https://en.wikipedia.org/wiki/USB#cite_note-70
http://www.efitechnology.com/X3_ECU.html
http://www.xcom-usa.com/manuals/XCOM-Users-Manual-2.3.pdf
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DC/DC converters have an efficiency of around 90% 28. These DC/DC converters transform the voltage from the battery to
the required voltage of each subsystem. The separate battery will have a back-up battery to make sure that the subsystems of
the hover-bike are operable. Then the combined subsystem batteries will have a capacity of 2·68.6

0.9 = 152.4W h. The following
figure show the wiring diagram for the electrical system of the hover-bike. The voltages are included and flow direction of
the current are included.

Figure 7.4: Wiring diagram

7.3.5. Battery pack
After the different cells, mentioned in Table 7.1, have been compared a final design is found. In the final design for the
battery pack the Panasonic B 20700 battery cell will be used. To be able to provide enough power and store enough energy,
the total battery pack will need a total of 2920 cells. The cells will be arranged such that it consist of 73 strings which consist
of 40 battery cells. The maximum power output of the batteries is 371 kW and the battery energy is 45.2 kWh. This meets
both the power requirement and the energy requirement.
The battery pack will be divided in two separate battery packs. This will increase the ease of handling and the maintainabil-
ity. Each battery pack will weight 92 kg and the battery will be cubical shaped with the sides being 35 cm. The operational

28URL:https://www.maximintegrated.com/en/app-notes/index.mvp/id/3166[cited 28 june 2018]

https://www.maximintegrated.com/en/app-notes/index.mvp/id/3166
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temperature range on which the battery pack can operate is determined by the minimum and maximum temperature on
which the cells can operate. The operational temperature range is between −20.00 °C and 60.00 °C.

Battery charging After the hover-bike is used for flight, the battery has to be recharged. To increase the ease of use of the
hover-bike it is important to make it as universal as possible. Therefore, the hover-bike makes use of the Type 2 connector to
connect the hover-bike to the charger. This connector type is one of the most used connector types for electric vehicles in
Europe29. This connector is capable of providing a maximum power output 43 kW.
The battery pack will be able to store 45.2 kWh. This battery size is comparable to the battery size of a Renault Zoé, which
has a battery size of 41.0 kWh30. The time to charge this cars is about two hours, when a fast-charger, which has a power
output of 22 kW, is used. Therefore, when using the Renault Zoé as reference vehicle, the hover-bike will have an estimated
charging time of about two hours. However, this is only possible if the charger can to charge the hover-bike in about two
hours if a 22 kW is available. Most charging points at houses will be rated at 3 kW, which increases the charging time with
more than 7 times.

7.4. Verification and Validation
In this section the verification and validation of the methods used are performed. Verification and validation is needed to
make sure the right tools or equations are used for the analysis.

7.4.1. Method verification
To calculate the thrust, power and battery mass excel sheets were used. Using excel sheets allows to quickly recalculate
output variables when one of the input variables changes. Mistakes easily occur when typing in formulas into excel, because
of the interface of excel. Therefore each calculation is tested by changing the input values.

• By increasing the figure of merit to 1.2, the real power becomes lower than the ideal power. This is physically not
possible, but it shows that the calculation is correct.

• Increasing the battery energy density shows an linear decrease in battery mass.
• Increasing the required thrust shows an linear increase in power required.
• Doubling the rotor area decreases the power required with a factor of

p
2.

• Doubling the rotor diameter divides the power required by 2.
From the outcomes of these tests it can be concluded that the formulae were correctly implemented by comparing the test
results with formulae from the momentum theory.

7.4.2. Method validation
Assumptions that were made in the methods used were the following.

• The range and endurance calculations do not include the effects of gusts or other external forces
• The power consumption of other subsystems next to the engines is negligible
• Cable losses are ignored
• The total area is modelled as a single actuator disk adding momentum to the flow
• The flow is steady, inviscid, incompressible and irrational
• The rotor disk is modelled as an infinitely thin disk
• The disk loading of the rotor is uniform

The method used to calculate the thrust, power and battery size does not include the effects of gust. Gust has a negative
influence on the energy consumption, and because it is not estimated it would mean that the range and endurance would
diminish. Therefore the flight time of 60.2 minutes for transportation mode is only reached on days without wind.
The power consumed by other subsystems such as lights, radio, flight controller, etc.... is very low compared to the power
consumption of the engines. The power consumption of the subsystems is only 68.6

253700 ·100 = 0.027%
The cable losses that were estimated with the online tool were very low subsection 7.1.4. Therefore hand calculations were
used to validate the tool.

Table 7.9: Cable data

Cable length 10 [m]
Cable cross-sectional area 185 [mm2]

Resistivity aluminium 2.65×10−8 [Ω/m]
Current 305 [A]
Voltage 148 [V]

29URL: https://www.zap-map.com/charge-points/connectors-speeds/ [Cited 18 June 2018]
30URL: https://ev-database.uk/car/1128/Renault-Zoe-R110-ZE40 [Cited 18 June 2018]

https://www.zap-map.com/charge-points/connectors-speeds/
https://ev-database.uk/car/1128/Renault-Zoe-R110-ZE40
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Using this data the power loss was calculated via the following method:

R = ρ · l

A
= 2.65×10−8 · 10

185×10−6 = 0.0014 [Ω]

Vdr op = I ·R = 305 ·0.0014 = 0.427 [V ]

P f i nal = (V −Vdr op ) · I = (148−0.427) ·305 = 45009.8 [W ]

Ploss = 1− P f i nal

P
= 1− 45009.8

148 ·305
= 0.3%

(7.18)

According to the hand calculations the power loss is very low in the cables, confirming the earlier result from the online tool
that calculated that the power loss will be 0.58%.
The last 4 assumption were made in the momentum theory. These assumptions cause the rotor disk to be idealised. But
in reality these effects are still there. Therefore a figure of merit (F.M.) was used to compensate. The F.M. chosen was 0.6
and was more on the conservative side, because highly efficient rotors have a F.M. of 0.75 to 0.80. Figure 7.5 below confirms
this. In this figure it can be seen that figures of merit beyond 0.8 are impractical and that a figure of merit of 0.5 is easily
achievable. Therefore a figure of merit of 0.6 is deemed reasonable for the hover-bike design.

Figure 7.5: Power loading vs disk loading[50]

The method used to estimate the power required for the hover-bike was the disk actuator theory. The disk actuator theory
is described extensively in literature for helicopter design. [24]. Helicopters are of different design than the hover-bike, but
the hover-bike falls in the same weight category as ultralight helicopters. Therefore the actuator disk theory is tested with
the data of a DJI drone. The data is given in Table 7.10. DJI is a manufacturer of high end drones and equipment. Therefore
it is assumed that the propellers are engineered to a higher level, giving a higher figure of merit of 0.7 [−] for the rotor disk.

Table 7.10: DJI Inspire 2 data3132

m 3.44 [kg]
g 9.81 [m/s2]
ρ 1.225 [kg/m3]

thover 23 [min]
Ebat ter y 97.58 [W]

Dpr opel l er 0.38 [m]
Number of propellers 4 [-]

A 0.454 [m2]
F.M . 0.7 [-]

The thrust that is necessary to hover is given by

Thover = m · g = 3.44 ·9.81 = 33.7[N ] (7.19)

31URL:https://www.dji.com/inspire-2/info#specs[cited 24-06-2018]
32URL:https://store.dji.com/product/inspire-2-1550t-quick-release-propellers[cited 24-06-2018]

https://www.dji.com/inspire-2/info#specs
https://store.dji.com/product/inspire-2-1550t-quick-release-propellers


7.5. Requirements compliance 56

Then the power required to hover can be calculated with Equation 7.11

Phover =
√

T 3

2 ·ρ · A
· 1

F.M .

Phover =
√

33.73

2 ·1.225 ·0.454
· 1

0.7
= 265.0[W ]

(7.20)

Comparing the outcome with the following power calculation:

Phover =
Ebat ter y

thover
= 97.58

23/60
= 254.6[W ] (7.21)

Comparing the different results show that the difference is 265.0/254.6 = 1.04, which means that the results differ only 4%
from each other. From these results it can be concluded that the actuator disk theory is not only applicable to helicopters
but also to drones and other rotor-craft.

7.4.3. Verification of the battery size
To design the batteries a number of calculations had to be performed. These calculations were done with the use of a Python
program. To verify this program a number of inputs were changed.
First the required available energy for the batteries were changed. First this input was increased, which should result in a
increase in battery size. The size of the battery should increase by increasing the strings. This was correctly verified. After
increasing the energy required, this input was decreased. This should lead to a decrease in battery size till some extend,
until the point where the battery size was determined by the power requirement. A comparable procedure was performed
with the power requirement.

7.4.4. Validation of the battery size
For validation of the the battery of the hover-bike the results should be compared with real life examples. A good real life
example with which the battery pack can be compared is with the battery pack of a Tesla model S. The total weight of the
battery pack of a Tesla model S, with a 85 kWh battery pack, is 540 kg. This results in a energy density of 157 Wh/kg33.
Comparing this with the energy density of the hover-bike, 245 w/kg, it can be concluded that the real life energy density is
lower.
However, the weight used as reference weight includes the weight of the power distribution system and a active cooling
system. Therefore, also a comparison is made with a battery pack without the cooling system and the power distribution
system. The energy density of a battery pack is 207 Wh/kg34. Taking into account that the battery cells used are different it
can be concluded that the energy densities are in the same range when looking at package level.

7.5. Requirements compliance
This chapter shortly discusses the range and endurance characteristics of the hover-bike and compares the outcome with
the requirements that were established in the baseline report.

7.5.1. Range and Endurance
These performance requirements were established in the baseline report[40].

• HB-FR-ST-02 The hover-bike shall have a minimum range of 100 km while maintaining a 100 km/h speed.
• HB-FR–ST-04 The hover-bike shall be able to fly for at least 1 hour while maintaining a 100 km/h speed.

For endurance and range the flight time is 60.2 minutes at a speed of 29.3 m/s. That means that a distance of 106.2 km will be
covered. Then requirement HB-FR-ST-02 is met, because the range is more than 100 km at a speed faster than 100 km/h. The
endurance is also met because the hover can fly for more than 1 hour at a speed faster than 100 km/h, therefore requirement
HB-FR–ST-04 is met.

7.5.2. Service ceiling
The requirement for the service ceiling is:

• HB-FR-ST-03 The service ceiling will be at least 3000 ft above sea-level.
The service ceiling of the hover-bike is dependent on the density of air at higher altitudes. At higher altitudes the air is thin-
ner resulting into less mass being accelerated by the rotors, which means that more power will be required by the engines.
The engines have a very high combined power output of 253.7 kW which means that the hover-bike could potentially fly at
very high altitudes. At an altitude of 3000 feet = 914.4 m the air density is 1.12102 kg/m335. With an density of 1.12102 kg/m3

the flight time is only slightly reduced to 57.3 minutes. That is because the required power only scales with
p

2, when the
density is halved. Therefore requirement HB-FR-ST-03 is considered to be met.

33URL: https://en.wikipedia.org/wiki/Tesla_Model_S#Battery [Cited 20 June 2018]
34URL: https://insideevs.com/tesla-battery-teardown-video/ [Cited 20 June 2018]
35URL:https://www.digitaldutch.com/atmoscalc/[cited 24-06-2018]

https://en.wikipedia.org/wiki/Tesla_Model_S#Battery
https://insideevs.com/tesla-battery-teardown-video/
https://www.digitaldutch.com/atmoscalc/
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At an altitude of 6000 m the density is 0.6597 kg/m3, then the flight time for maximum endurance is reduced to 42.5 minutes.
Altitude sickness can start to occur in humans at an altitude of 2000 meters36. The pilot puts the limit on the service ceiling
and not the hover-bike, because the pilot is much more affected due to altitude than the hover-bike. An endurance of 42.5
minutes at an altitude of 6000 meters is within 70.8% of requirement HB-FR–ST-04.

7.6. Sensitivity analysis
In the design of the power and propulsion system a large number of parameters do influence the final design. The main
design parameters of the hover-bike that are influenced are the endurance, the performance and the total mass of the hover-
bike. Increasing one or more of the parameters will decrease the other parameter. For example, increasing the endurance
will increase the mass and reduce the performance of the hover-bike. Therefore, the influence of changing these parameters
will be analysed in this section.
Below two lists are given for the input parameters and output parameters.
List of inputs:

• Total hover-bike mass
• Mass budget, heavier components means that there is less space for batteries
• Rotor diameter
• Amount of lift from the wing
• Rotor efficiency, the so-called figure of merit
• The aerodynamic drag
• Energy density of the batteries
• Air density
• Design thrust to weight ratio for the desired performance

List of outputs:
• Endurance in terms of minutes flown
• Range in terms of distance covered
• Required power for maximum thrust

As can be seen, there are quite a lot of inputs to find only a few desired outputs. Each input has it’s influence on the design.
The governing equation from the momentum theory is the following, which was also derived in subsection 7.1.3:

Pactual =
√

T 3

2 ·ρ · A
· 1

F.M .
(7.22)

The power is directly dependent on the thrust, air density and rotor diameter and figure of merit.
The thrust on it turn is given by the following two equations, depending on the mission profile of the hover-bike.

T =
√

Dr ag 2 + (m · g · (1−L))2

Tmax = m · g · T

W

(7.23)

Here it can be seen that the thrust is dependent on the drag, the mass, thrust to weight ratio and the wing lift. Here the wing
lift is a percentage of the mass of the hover-bike. From these three equations a relation can be established as to how much
the actual power changes by changing each of these parameters.
The flight time is given by the following equation:

t f l i g ht =
mbat ter y ·ubat t

Power

t f l i g ht = mbat ter y ·ubat t ·F.M . ·
√

2 ·ρ · A

T 3

(7.24)

By varying the parameters a change in the power consumption and flight time can be deduced. It becomes apparent from
Table 7.11 that only a few parameters have a linear relation with the power and flight time. This is also apparent from
Figure 7.3 that the flight time does not change linearly. It becomes apparent that the thrust to weight ratio has the largest
influence on the output. An increased thrust to weight ratio would mean that the mass would increase by a large margin,
pushing the design beyond acceptable limits. The drag and air density have the least influence on the outputs. The drag has
less of an impact, because most energy spent by the engines is used to provide upwards thrust. The density has less of an
effect, because the density only starts to get low at higher altitudes as 6000 meter.

36URL:https://en.wikipedia.org/wiki/Altitude_sickness[cited 24-06-2018]

https://en.wikipedia.org/wiki/Altitude_sickness


7.6. Sensitivity analysis 58

Table 7.11: Sensitivity of flight time and power

Parameter times 2 Change in Power Change in flight time
m 2 0.660

mbat ter y 1.485 1.557
L 0.481 2.084

Dpr opel l er 0.500 2
F.M. 0.500 2

D 1.414 0.707
ubat t - 2
ρ 0.707 1.414
T
W 2.828 0.356



8
Structure

8.1. Methods
This section will outline the methods that were used in the design and analysis of the structure. The material
selection and determination of the centre of gravity and moment of inertia will also be covered.

8.1.1. Geometry constrains and design
The first step to be taken towards sizing the hover-bike is to consider which transportation method is going to be used and
how would you operate the hover-bike. In the previous chapter of operations and logistics it was discussed that the hover-
bike should be operated by one person and transported using a trailer that only one person with a regular license can tow
on normal roads without the need of any special license. Using a normal driving license can tow up to 750 kg without the
need of a special license 1.
Moreover, as it is required to transport it on normal roads the width is set to fit in one car lane, which vary between 2.5 m
and 3 m with 2.6 m as an average lane width2. Moreover, the maximum length was determined by the trailer selection which
was 4.2 m in length3. In addition for the height there were predetermined maximum height values that can use roads and
that was 4m according to the Geneva convention4.

8.1.2. Material selection
In this section the method of selecting the most suitable material for the hover-bike different components will be discussed.
However, as a first step it is required to know the characteristics of the material that is needed by the hover-bike. The material
that is required for the main frame of the hover-bike needs to sustain high loads and hence it is required to stiff and strong.
Moreover due to cost and mass constrains it is required to be cheap and light.
First, in order to analyse all material possibilities, a tree structure is analysed to assure all materials are presented. The
material tree is given in Figure 8.1. The main focus lies on metals and composites only as all other materials do not fulfil the
material requirements. In addition, wood is eliminated due to low stiffness and that it can not handle high load manoeuvres.
Ceramics were also eliminates as they have brittle features where the material starts shattering apart if loaded in tension.
Furthermore, polymers were rejected due to there sensitive behaviour towards heat and there extremely plastic behaviour.

Figure 8.1: Material tree structure 5

1URL: https://www.gov.uk/towing-rules [Cited 23 June 2018]
2URL:https://ops.fhwa.dot.gov/FREIGHT/publications/size_regs_final_rpt/size_regs_final_rpt.pdf [Cited 23 June 2018]
3URL: http://bigtextrailers.com/70pi-x-tandem-axle-pipe-utility/ [Cited 23 June 2018]
4URL: https://tunnels.piarc.org/en/operational-safety-requirements-geometry/vertical-clearance [Cited 23 June 2018]
5URL: http://www-materials.eng.cam.ac.uk/mpsite/physics/overview/default.html [Cited 23 June 2018]
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https://www.gov.uk/towing-rules
https://ops.fhwa.dot.gov/FREIGHT/publications/size_regs_final_rpt/size_regs_final_rpt.pdf
http://bigtextrailers.com/70pi-x-tandem-axle-pipe-utility/
https://tunnels.piarc.org/en/operational-safety-requirements-geometry/vertical-clearance
http://www-materials.eng.cam.ac.uk/mpsite/physics/overview/default.html
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The next step after eliminating those materials is to choose which material fits best the requirements profile using Ashby
plots. As it can be seen from Figure 8.2a & Figure 8.2b that the best match to the requirements in terms of density, strength,
stiffness and price are the metals. This results in elimination of composites due to their high cost and due to their hard
joining mechanisms.

(a) Strength vs Cost Ashby plot 6 (b) Young modulus vs Density Ashby plot 7

In addition after selecting that metals are the best match, it was required to analyse which metal is the best, hence a more
detailed Ashby plot is generated in Figure 8.3. From this figure it can be seen that aluminium alloys are the best match due to
their low density and high stiffness. Eventually, it was decided to select Aluminium T6061-T68 over T7075 due to its superior
weldablity tendency9.
Furthermore, for the landing gear the material selected needs to be of a higher stiffness to provide support to the whole
structures and to have a crumple zone in case of crashing. After comparing between composites and aluminium T7075 as
it has a higher stiffness that T6061-t6 it has been decided to select T7075 due to it being easier to design and manufacture
making it the cheaper alternative with comparable performance to composites.

Figure 8.3: Young modulus vs Density Ashby plot 10

6URL: http://www-materials.eng.cam.ac.uk/mpsite/physics/

overview/default.html [Cited 23 June 2018]
7URL: http://www-materials.eng.cam.ac.uk/mpsite/physics/

overview/default.html [Cited 23 June 2018]
8URL: https://www.makeitfrom.com/material-properties/6060-T6-Aluminum [Cited 23 June 2018]
9URL: http://blog.onlinemetals.com/6061-vs-7075-aluminum-alloy/ [Cited 23 June 2018]

http://www-materials.eng.cam.ac.uk/mpsite/physics/overview/default.html
http://www-materials.eng.cam.ac.uk/mpsite/physics/overview/default.html
http://www-materials.eng.cam.ac.uk/mpsite/physics/overview/default.html
http://www-materials.eng.cam.ac.uk/mpsite/physics/overview/default.html
https://www.makeitfrom.com/material-properties/6060-T6-Aluminum
http://blog.onlinemetals.com/6061-vs-7075-aluminum-alloy/
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8.1.3. Structural analysis
The structure and the load cases of the hover-bike are very complex. Stress analysis with analytical solutions require dra-
matic simplifications and idealisations. Because of this, analytical solutions were deemed unfeasible and inaccurate. It was
therefore opted to use the finite element method (FEM) for the structural analysis. As an advantage this allows for rapid
iterations to the design. High stress concentrations can easily be located and mitigated by increasing beam width or adding
more trusses. Similarly, the structural weight can be optimised in the locations were the structure is over-designed.
The assumptions that were taken in the structural analysis are listed below.

• The structure can be estimated by a finite collection of elements
The structure is estimated by a mesh made out of small triangular elements. This allows the use of the finite element
method to analyse the structure.

• The structure can handle all load cases if it can withstand the critical load cases
The flight profile consists of multiple varying load cases. In order to analyse this, the structure was analysed for the
most critical load cases. It is then assumed that the structure can handle all less critical load cases too.

• The loads on the structure are modelled by discrete forces
All components inside the structure are modelled as forces in a function to their weight. The thrust from the propeller
is modelled as forces from the motor attachment point. The lift provided by the wings is modelled as a remote force
and moment which is applied on the vertical separator beams.

Following from this last assumption, the critical load cases had to be established. These were determined to be the following.
• Load case A: Maximum lift in thrill configuration

This load case will occur when the hover-bike is in thrill configuration and the rotors are spinning at full power for the
maximum thrust-to-weight ratio.

• Load case B: Maximum lift in range/endurance configuration
This load case will occur when the hover-bike wings are producing maximum lift and the rotors are spinning at full
power in range/endurance configuration.

• Load case C: Maximum impact on landing gear at MTOW
This load case will occur in the range/endurance configuration when the hover-bike lands with the highest allowable
impact.

• Load case D: Maximum stress on structure during parachute deployment
This load case will occur in the range/endurance configuration when the parachute deploys.

(a) Load case A (b) Load case B

(c) Load case C (d) Load case D

Figure 8.4: Critical load cases of the hoverbike
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8.1.4. Mass budget
It is important to actively track the weight of the hover-bike during the design phase. Because of this, a mass budget is set
up consisting of the heaviest sub-components. These sub-components are as follows.

Table 8.1: Mass budget sub-components

Motors
Propellers
Structure + Landing gear
Safety system
Payload
Ducts + Wings
Battery
Miscellaneous

The weight of lighter subsystems is accounted for collectively in the miscellaneous group.

8.1.5. Moment of inertia and centre of gravity
Centre of gravity
In order to achieve the best possible performance with the hover-bike, it is advisable to have the centre of gravity (CG)
exactly in the middle of the vehicle. More specifically this is in the centroid of the triangle defined by the three motor pairs.
When this is the case each motor will have to output the same power during hovering.

Figure 8.5: Desired CG of the hover-bike

To calculate the centre of gravity, the sub-components in Table 8.1 will be considered. Note that most of these sub-components
have a fixed position in the geometry of the structure. The battery and payload can be placed in a range of positions how-
ever. Since these components are relatively heavy. They can be positioned as such that the CG is in the middle of the vehicle.
The CG is calculated as follows.

CG = 1

M

n∑
i=1

mi ri (8.1)

Moment of inertia
With the position of all components and the CG known, the moment of inertia of the vehicle can be calculated. The moment
of inertia of every separate component in Table 8.1 is calculated. Then the Steiner term is calculated with respect to the CG.

I = Icm +md 2 (8.2)

Since the structure is complex, its moment of inertia will be calculated in the CAD environment. The moment of inertia of
the motors, propellers, safety system and payload is calculated by using an approximate cylinder of the same volume and
mass. The battery and wings their moment of inertia is calculated by using an approximate cuboid of the same volume and
mass. This can be seen in Figure 8.6
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Figure 8.6: Simplification used for the moment of inertia calculations

8.2. Iterations
This section will discuss the iterations and revisions that were made to the structure.

8.2.1. Geometry constraints and design
The geometry constraints did not change during the design phase. Changes to the actual design to optimise the structure
were constantly incorporated however. This section will discuss the four major revisions. These revisions are shown in
Figure 8.7a, Figure 8.7b, Figure 8.7c and Figure 8.7d respectively. The specific changes in each design are listed below.
Structure revision 1

• Introduction of an upper and lower frame:
A single frame with one motor on top facing upwards and one rotor on the bottom facing downwards would result in
a vertical rotor separation of 38 cm. In order to benefit from the advantage and efficiency gains from contra-rotating
rotors, the rotors shall be separated by no more than 20% of the rotor diameter. In our case, this is 32 cm. As a solution
an upper and a lower frame was introduced. The separation of the rotor disks can be adjusted by changing the length
of the vertical spacers in the design

Structure revision 2

• Positioning of the back rotor:
The back rotor is positioned in a more upward position. This was done to increase the performance of the vehicle
during cruise. The higher position of the rotor allows a cleaner intake of air since there is less interference from the
body of the pilot. Furthermore, the vertical separation between the front and back wings is increased. This is because
the wings are positioned on the same level as the rotor. As a result there is less interference induced by the front wing
on the back wing.

• Use of thinner, hollow beams.
The structure is made of thinner beams. This was done because the structural analysis pointed out that revision 1 was
over designed. The thinner beams bring the weight of the structure down and also make for a less bulky appearance
of the hover-bike. Furthermore, hollow beams are used as they are more effective in carrying a bending moment
compared to a solid beam of the same weight.

Structure revision 3

• Addition of a landing gear.
A landing gear is added, inspired by the landing gear of conventional helicopters. The advantage of skids is the light
weight and ability to absorb impact.

• Addition of curved rotor guard beams.
Curved rotor guard beams were added to the structure. These beams are essentially zero force members to the struc-
ture and can therefore be made quite thin. However, since it is important to shield the driver from the hazardous
spinning rotor blades, these beams are necessary to mount a partial duct to protect the driver.
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• Varying inner diameter of the beams.
Structure revision 2 introduced hollow beams as the main building blocks of the structure. As expected, its structural
analysis pointed out that not every member experiences the same forces and stresses. Therefore the inner diameter
of the beams was chosen according to the expected stress in the beams.

Structure revision 4

• Making use of bend beams.
Where possible, the beams in the structure are bend. This relieves the stresses that were previously present in the
corner welds.

• making use of corner brackets.
Since a lot of joints in the structure still require welds, corner plates are introduced. These plates are welded in the
corner of a welded beam joint and thereby relief the stress.

• Further optimisation of the beam inner diameter.
The inner diameter of the beam members is further optimised following from the structural analysis performed in
revision 3.

8.2.2. Structural analysis
The structure revisions mentioned in subsection 8.2.1 largely resulted from the structural analysis that was performed. The
load cases that each structure revision was subjected to is given in Table 8.2.

Table 8.2: Structural analysis on structure revisions

Structure revision Applied load case
Revision 1 Load case A
Revision 2 Load case A, B
Revision 3 Load case A, B, C, D
Revision 4 Load case A, B, C, D

8.2.3. Mass budget
The mass of the structure changed through the different structure revisions. The structural mass of the revisions is given in
Table 8.3

Table 8.3: Structural mass for the structure revisions

Structure revision Mass [kg]
Revision 1 182
Revision 2 64
Revision 3 79
Revision 4 58.8
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(a) Structure revision 1

(b) Structure revision 2

(c) Structure revision 3

(d) Structure revision 4

Figure 8.7: Structure revisions
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8.3. Results
This section will discuss the results of the structure design and analysis. The final dimensions of the will be given
and the field of view of the pilot will be discussed. Furthermore the results of the structural analysis are shown. Finally, the
determined position of the centre of gravity and the moment of inertia of the vehicle is given.

8.3.1. Geometry constrains and design
The hover-bike is designed as such that it can be easily transported on a trailer. For this the duct/wing assemblies need to be
detached from the main frame. Furthermore, the rotors need to be aligned along the longitudinal axis. The final dimensions
of the hover-bike during transportation and thrill mode are given in Figure 8.8a and Figure 8.8b.

(a) Hover-bike dimensions for transportation (b) Hover-bike dimensions in thrill mode

The dimensions of the hover-bike in transportation mode can be seen in Figure 8.9.

Figure 8.9: Hover-bike dimensions in transportation mode

It is important to note that these dimensions do not equate to the required take-off and land area. This is further explored
in 16.2.1.

8.3.2. Field of view
For the hover-bike it is important that the driver is able to see clearly around him. Obstacle and vehicle avoidance are
heavily dependent on this aspect. For this reason two requirements on the viewing angles were set in the beginning of the
project. Those were HB-CS-ST-04: The hover-bike shall have a front vertical viewing angle of at least 15°, and HB-CS-ST-05:
The hover-bike shall have a side vertical viewing angle of at least 45°. Both of these requirements were set to make sure the
pilot would have enough vision during flight, while also maintaining the same sense of freedom as on a motorbike.
As can be seen in Figure 8.10 the front viewing angle is mainly restricted by the skin and the windscreen around the pilot. If
the pilot is bend down and in the thrill mode position the front viewing angle will be 49°. The view is also slightly blocked by
the propellers and ducts to the sides which is visible in the top view of the hover-bike in Figure 8.9. However most will still
be possible to see. Requirement HB-CS-ST-04 is therefore met.
Next to the front viewing angle the side viewing angle needs be analysed as well. For this aspect more angles are considered,
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since there are several objects obstructing the view. In Figure 8.11 three angles can be seen, these angles are measured with
respect to the bend down position of the pilot. When assuming the pilot is still being able to see somewhat through the
rotating propellers the field of view is blocked by the panels in front of him, therefore the viewing angle will be 52°. The
26° angle is what the pilot is able to see when he looks a bit backwards and over the skin panels through the front and back
propellers. Field of view will be 16° when assumed is that the pilot can not see through the propellers. In Figure 8.12 the
viewing angle is obstructed more by the ducts, the viewing angle will be limited to only 11°. In the transportation mode the
vehicle will not make any aggressive movements, therefore the movement will be more predictable hence the visibility is
less important than in the thrill mode. The side viewing angle is mainly important for landing, when the vehicle is hovering.
In this phase the pilot can easily sit upright and have a viewing angle of at least 52°, hence requirement HB-CS-ST-05 is also
met.

Figure 8.10: Front viewing angle

Figure 8.11: Side viewing angle in thrill mode

Figure 8.12: Side viewing angle in transportation mode

8.3.3. Material selection
These are the properties of the selected materials of 6061-T6 and 7075 found in Table 8.4.

Table 8.4: Properties of Al 6061-T6 and Al 7075 11

Material Al T6061 Al T7075
Elastic modulus [GPa] 68 70
Ultimate stress [MPa] 220 240 to 590
Yield stress [MPa] 170 120 to 510
Elongation for failure (%) 11 1.8 to 12
Poisson ratio 0.33 0.32
Density [g/cm^3] 2.7 3.0
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8.3.4. Structural analysis
In the following section the results from the finite element analysis are shown. The analysis is performed on the fourth
design iteration and the scale used is the gradient from blue to red, with red representing a stress of 50 MPa.
Load case A: Maximum lift in thrill configuration
The maximum stress in the structure is 68 MPa.

Figure 8.13: Maximum lift in thrill mode

Load case B: Maximum lift in range/endurance configuration
The maximum stress in the structure is 84 MPa.

Figure 8.14: Maximum lift in transportation mode

Load case C: Maximum impact on landing gear at MTOW
The maximum stress in the structure is 98 .

Figure 8.15: Landing gear impact
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Load case D: Maximum stress on structure during parachute deployment
The maximum stress in the structure is 133 MPa.

Figure 8.16: Parachute deployment

Impact absorption of the landing gear
The maximum stress is 320 MPa.

Figure 8.17: Impact absorbtion of the landing gear

Discussion
The factor of safety is defined as the yield stress divided by working stress. In the aerospace industry, a safety factor of 1.5 is
considered the minimum 12. The main structure is made out of Al T6061 with a yield stress of 170 MPa. As can be seen in
above figures, the maximum stress does not exceed 84 MPa for load case A and B. Therefore, the factor of safety is 2.0 and
no yielding is expected to occur during the operation of the hover-bike. The factor of safety is sufficiently large that high
frequency vibrations and fatigue behaviour should also not influence the structural integrity of the main structure. 13

No yielding or fatigue should occur in the landing gear as shown in Figure 8.15. Al T7075 has a large range of yield stress
depending on the exact alloy composition. Considering a minimum safety factor of 1.5, care must be taken that the yield
stress of chosen composition is above 1.5∗98 = 147 MPa. Considering this it can be concluded that the structure is safe-life.
For the stress on the structure during parachute deployment, no failure should occur. Considering the working stress of
133 MPa as seen in Figure 8.16 and an ultimate stress of 220 MPa, this requirement is met with a factor of safety of 1.7. An
impact resulting from a free fall 3 m drop or a parachute landing will result in an impact speed of 6 m/s. Large deformations
and potential failure in the landing gear is expected. This is beneficial to the pilot because part of the impact will be absorbed
in this way.

12URL: https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20140011147.pdf [Cited 25 June 2018]
13URL: http://doras.dcu.ie/19502/1/Ping_Hwa_20130725155530.pdf [Cited 25 June 2018]

https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20140011147.pdf
http://doras.dcu.ie/19502/1/Ping_Hwa_20130725155530.pdf
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8.3.5. Mass budget
In the table below the mass budget is given for the sub-components of the hover-bike. The mass of the structure was
estimated to be 58.8 kg according to the material volume in the CAD design. A mass of 60 kg was used however in the mass
breakdown. This is to account for the extra material used in the welded joints.

Table 8.5: Mass budget for thrill mode

Sub-component Mass [kg]
Structure 60
Duct & wings N.A.
Motors 42.6
Propeller 20
Safety system 13.4
Miscellaneous 24
Battery 185
Payload 100
TOTAL 445

Table 8.6: Mass budget for transportation mode

Subcomponent Mass [kg]
Structure 60
Duct & wings 55
Motors 42.6
Propeller 20
Safety system 13.4
Miscellaneous 24
Battery 185
Payload 100
TOTAL 500

8.3.6. Moment of inertia and centre of gravity
Centre of gravity
The centre of mass of the battery and the payload were placed 0.71 m behind the front beam, as shown in Figure 8.18.

Figure 8.18: Centre of gravity

Like this the CG of the whole vehicle aligns exactly with the desired CG in thrill mode. In transportation mode the CG will
shift 0.05 m aft due to the added weight of the wings. This is not expected to affect the performance significantly.
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Moment of inertia
Since the position of the CG and all sub-components is now known, the moment of inertia can be calculated. The moment
of inertia for both the thrill mode and transportation mode is tabulated in Table 8.7 and Table 8.8

Table 8.7: Moment of inertia in thrill mode

Component m [kg] Ixx [kg m^2] Iyy [kg m^2] Izz [kg m^2]
Structure 60 38.40 44.02 77.27
Motor + propeller (left bottom) 10.43 4.32 13.16 16.13
Motor + propeller (left top) 10.43 3.85 12.69 16.13
Motor + propeller (right bottom) 10.43 4.32 13.16 16.13
Motor + propeller (right top) 10.43 3.85 12.69 16.13
Motor + propeller (back bottom) 10.43 18.44 0.68 18.15
Motor + propeller (back top) 10.43 19.40 1.64 18.15
Safety system 24 6.65 0.55 6.60
Battery 185 10.30 7.41 7.89
Payload 100 14.73 13.17 6.56
Miscellanious 24 2.62 0.81 2.31
Total 445 130.94 144.02 225.48

Table 8.8: Moment of inertia in transportation mode

Component m [kg] Ixx [kg m^2] Iyy [kg m^2] Izz [kg m^2]
Structure 60 41.49 44.13 80.25
Motor + propeller (left bottom) 10.43 5.13 13.22 16.88
Motor + propeller (left top) 10.43 4.62 12.70 16.88
Motor + propeller (right bottom) 10.43 5.13 13.22 16.88
Motor + propeller (right top) 10.43 4.62 12.7 16.88
Motor + propeller (back bottom) 10.43 16.82 0.64 16.57
Motor + propeller (back top) 10.43 17.74 1.56 16.57
Safety system 24 7.8 0.57 7.72
Battery 185 8.74 7.94 5.80
Payload 100 12.93 12.49 5.43
Miscellanious 24 3.23 0.85 2.88
Duct+wing front left 13.75 6.43 72.78 77.75
Duct+wing front right 13.75 6.43 72.78 77.75
Duct+wing back left 13.75 23.85 26.64 47.80
Duct+wing back right 13.75 23.85 26.64 47.80
Total 500 188.27 318.91 453.31
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8.4. Verification and Validation
8.4.1. Validation of finite element software
For the validation of SimScale, we refer to the solid mechanics validation cases in the documentation of the software. 14

Below, the validation for a thick plate under pressure is performed. The simulation in SimScale is compared to the numerical
results presented in the National Agency for Finite Element Methods and Standards [NAFEMS]. The geometry of the plate
is shown in Figure 8.19a

(a) Geometry of the plate (b) Mesh of the plate

Material:
• Isotropic: E = 210 GPa, v = 0.3

Constraints:
• Face DCD’C’ zero y-displacement
• Face ABA’B’ zero x-displacement
• Face BCB’C’ x and y displacements fixed
• z-displacement fixed along the edge B”C”

Loads:
• Pressure of 1 MPa on Face ABCD

A quadratic tetrahedral mesh comparable to the performed analysis was used. The comparison for the validation case is
shown in Table 8.9

Table 8.9: Stress comparison for the validation case

σY Y at point D [MPa]
[NAFEMS] 5.3800
SimScale 3.3961
Error 0.30 %

8.4.2. Validation of the moment of inertia values and centre of gravity
The position of the CG can be verified by experience and intuition. Heavy components are placed in the middle of the vehicle
and other components are placed evenly around it. Therefore it can be expected that the CG is located in the centroid of the
triangle defined by 3 motor pairs.
The moment of inertia values are crucial for the control system of the hover-bike. Since the appearance of the hover bike in
transportation mode is comparable to light general aviation aircraft, a comparison is made. In the table below the moments
of inertia of the Sunburst model ’C’15 are compared to those of the hover-bike.

Table 8.10: Moment of inertia comparison

Sunburst
model ’c’

Hover-bike

Wingspan [m] 11.94 10.41
Ixx [kg m^2] 22.50 188.27
Iyy [kg m^2] 422.74 318.91
Izz [kg m^2] 477.79 453.3

As can be seen Izz is very similar for both vehicles. The reason for the difference in Ixx and Iyy can be explained since the
Sunburst model ’C’ has most of its mass located along the span of a single wing. The hover-bike has a front and a back wing
and therefore the value for Ixx is higher and Iyy is lower.

14URL: https://www.simscale.com/docs/content/validation.html [Cited 25 June 2018]
15URL: https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/19840008095.pdf [Cited 25 June 2018]

https://www.simscale.com/docs/content/validation.html
https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/19840008095.pdf


9
Control & Manoeuvrability

The aim of this chapter is to propose and describe the control design of the hover-bike. This section will start
by determining the method and approach for the control and manoeuvrability system design. Following is the reference
axes and the primary and secondary assumptions regarding the modelling of the hover-bike. Afterwards the architecture of
the control is presented while elaborating on the flight mechanics. After having determined the basic control system and
properties the mission profiles are taken into account for the design. Subsequently the performance of the control system
is assessed while verifying the requirements. Finally the modelling and simulation tools determining the control properties
are verified an validated in the last section.

9.1. Method & Approach
9.1.1. Workflow
After completing the design in the midterm report [42] and computing key stability and manoeuvrability properties, analysis
is followed by a final design. Figure 9.1 presents the work flow at this stage leading to a final design which is verified and
validated. The first phase includes defining the different stability and manoeuvrability states which the driver can choose.
Since these modes will influence the performance of , it is important to identify and specify the modes including
the consequences on control and manoeuvrability. After specifying the modes the equations of motions (EOM) are set up.
These EOM allow setting up a non-linear control loop. For this loop first the angular control will be created. After structuring
the loop, the proportional integral derivative controls are tuned. Afterwards more properties are implemented,
such as the aerodynamic coefficients, thrust limits and the response time of the motors. Only after the model is completed,
a final PID tuning takes place. Now the control design is complete, the requirements can be validated and disturbances can
be tested for.

Figure 9.1: Workflow design control

9.1.2. Reference Axis
For designing the control and manoeuvrability properties, the body axis system is used. The origin of the axis system is
located at the centre of mass of the hover-bike. The positive x axis is directed in the forward direction of the hover-bike.
The positive y axis is located in the right direction when viewing in the direction of the positive x axis. The positive z axis is
pointing down in the direction to earth while in normal non inverted flight. The speed in x, y and z direction are labelled
u, v and w respectively. The roll, pitch and yaw angle are symbolised by φ, θ and ψ respectively. The forces X , Y and Z are
the applied forces in x, y and z direction respectively. The model furthermore uses a inertial frame to project the positional
dynamics on. Future graphs and explanations on positional parameters will use the inertial frame.

9.1.3. Primary Assumptions
No drag generated due to φ̇, θ̇ and ψ̇ For modelling the hover-bike dynamics, the drag created by attitude adjustment
rates are not taken into account. The latter expects the drag contribution due to the relatively low absolute speeds to be
minimal.

Duct interference not taken into account As explained in 7 the ducts have significant effect on the performance of the
rotors. Although the consequences of the duct are considerably high, at this stage of the design the impact is not included

Wing interference not taken into account Not only do ducts interfere the airflow into the propeller, the wings have a con-
tribution too. Especially at high air speeds the interference is significant, however due to time constraints this interference

73
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Figure 9.2: Body frame used for calculations and modelling.

is not yet taken into account.

9.1.4. Secondary Assumptions
Rigid body The hover-bike is anticipated not to deform in any flight phase of both modes. Considering the wings, aero-
elastic effects are not taken into account. The perfect rigid body assumption is assumed to have negligible effects.

symmetry in xz plane is assumed to be symmetric in the xz plane, resulting in Ix y = 0. This assumption signif-
icantly simplifies the equations of motion.

Mass is constant Although the motors use up electricity during hover and flight, the mass is assumed invariable over time.
Additionally weight increase due to water and dirt are as well not taken into consideration.

Earth is flat and non rotating The inertial frame is assumed to be located on a flat and none rotating earth. Although the
dynamics at this stage will not be critically influenced by this assumption, it is substantial for elaborate future modelling.

Standard atmosphere at every height The air density as well as the pressure and temperature is assumed to be constant
over the altitude simulated for. The hover-bike performance will definitely be influenced by altitude, however such altitudes
are not simulated for.

9.2. Control Design
9.2.1. Modelling the hover-bike
Equations of motion First the physical model is discussed where the equations of motions are being used. The physical
response as for the mathematical model of the hover-bike changes according to the control inputs in τB which consists out
of T , τφ, τθ and τψ. The control inputs represent the total thrust and torques around the x, y and z axis. The EOM in the
inertial frame, which is rewritten for calculating the accelerations, is given in equation 9.5. The EOM in the body frame
including transformations is given in equation 9.1. J−1 is a transformation matrix, which converts angular accelerations in
the inertial frame to the body frame. As mentioned previously τB represents the moment control input as shown in the first
term of 9.6. The following matrix C signifies the Coriolis term, which contains gyroscopic and centripetal terms as shown
in 9.2 and 9.3. The state vector q consists out of two smaller vectors, ξ which consists out of the states x y z for cartesian
position coordinates and η which consists out of the states for roll φ, pitch θ and yaw ψ. Both vectors are combined in one
EOM notation as shown in equation 9.8 with corresponding matrices 9.9,9.10, 9.12 and 9.11, which are needed to translate
Lagrange and Newton equations to Euler notation as shown in [52]. Equations 9.12 represent the aerodynamic drag forces
in the inertial frame. The blue area in figure 9.3 includes the mathematical model for the dynamics of hover-bike and
integrators allowing a feedback control loop for the attitude angles.

η̈= J−1(τB −C(η, η̇)η̇) (9.1)

C (η, η̇) =
C11 C12 C13

C21 C22 C23

C31 C32 C33

 (9.2)
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Figure 9.3

Figure 9.4: Control lay-out.
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C11 = 0

C12 = (Iy y − Izz )(θ̇CφSφ+ ψ̇S2
φCθ)+ (Izz − Iy y )ψ̇C 2

φCθ− Ixxψ̇Cθ

C13 = (Izz − Iy y )ψ̇CφSφC 2
θ

C21 = (Izz − Iy y )(θ̇CφSφ+ ψ̇SφCθ)+ (Iy y − Izz )ψ̇C 2
φCθ− Ixxψ̇Cθ

C22 = (Izz − Iy y )φ̇CφSφ

C23 =−Ixxψ̇SθCθ+ Iy y ψ̇S2
φSθCθ+ Izzψ̇C 2

φSθCθ

C31 = (Iy y − Izz )ψ̇C 2
θSφCφ− Ixx θ̇Cθ

C32 = (Izz − Iy y )(θ̇)CφSφSθ+ φ̇S2
φCθ)+ (Iy y − Izz )φ̇C 2

φCθ− Ixxψ̇SθCθ− Iy y ψ̇S2
φSθCθ− Izzψ̇C 2

φSθCθ

C33 = (Iy y − Izz )ψ̇C 2
θSφCφ− Iy y θ̇CθSθS2

φ− Izz θ̇CθSθC 2
φ+ Ixx θ̇CθSθ

(9.3)

J (η) =

 Izz 0 −Izz Sθ
0 Iy yC 2

φ+ Izz S2
φ (Iy y − Izz )CφSφCθ

−Ixx Sθ (Iy y − Izz )CφSφCθ Ixx S2
θ
+ Iy y S2

φC 2
θ
+ IzzC 2

φC 2
θ

 (9.4)

ẍ
ÿ
z̈

=−g

0
0
1

+ T

m

CψSθCφ+SψSφ
SψSθCφ+CψSφ

CθCφ

− 1

m

Ax 0 0
0 Ay 0
0 0 Az

ẋ
ẏ
ż

 (9.5)

τT
B = [

τφτθτψ
]

ηT = [
φ θ ψ

]
ξT = [

x y z
]

(9.6)

q̈T = [
ẍ ÿ z̈ φ̈ θ̈ ψ̈

]
(9.7)

q̈ = M(q)−1(B(q)u −C (q, q̇)q̇ − A(q, q̇)q̇ −G) (9.8)

M(q) =
[

mI3x3 03x3

03x3 J (η)

]
(9.9)

C (q, q̇) =
[

03x3 03x3

03x3 Cη(q, q̇)

]
(9.10)

G =
[

mg e3

03x1

]
mg e3 =

 0
0

m ∗ g

 (9.11)

A(q, q̇) =
[

Aη(q, q̇)
03x1

]
Aη(q, q̇) =

(0.015+0.544(si n(θ)cos(θ)))(1.3048cos(θ)+πsi n(θ)) 1
2ρV 2

x S
(0.015+0.544(si n(θ)cos(θ))(1.2248cos(θ)+πsi n(θ)) 1

2ρV 2
y S

1.28 1
2ρV 2

z S

 (9.12)

9.2.2. Angular control
The angular control part is displayed in green and partly consists out of three proportional integrated derivative (PID) con-
trollers, controlling the attitude angles. The PID loop is a control feedback loop mechanism which restores the actual state
to the desired reference state in a optimum manner. The function block within the green area in figure 9.3 contains a lin-
earisation function which computes the amount of torque needed for the angles φ, θ andψ as shown in equations 9.14 9.11
9.16 9.17 9.18. Γ is the vector containing τφ, τθ and τψ. c and u show whether that part is controlled for or not, meaning the
dynamics of either ξ, which are not controlled, or η which are controlled are called.
The PID’s are tuned using the PID tuner as available in M atl ab. During tuning the quickest response and shortest transient
phase is not initially preferred as this contributes to a too rigid control system in where small errors will lead to a singular
system.

Mq =
[

Muu(q)3x3 Muc (q)3x3

Mcu(q)3x3 Mcc (q)3x3

]
(9.13)

=



m 0 0 0 0 0
0 m 0 0 0 0
0 0 m 0 0 0
0 0 0 Ixx 0 −Ixx si n(θ)
0 0 0 0 Iy y cos(φ)2 + Izz si n(φ)2 (Iy y − Izz )cos(φ)si n(φ)cos(θ)
0 0 0 −Ixx si n(θ) (Iy y − I zz)cos(φ)si n(φ)cos(θ) Ixx si n(θ)2 + Iy y si n(φ)2cos(θ)2 + Izz cos(φ)2cos(θ)2


(9.14)

Γ=β+α∗ v (9.15)

∆= (Bc −Mcu M−1
uuBu) (9.16)
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α=∆−1(Mcc −Mcu M−1
uu Muc ) (9.17)

β=∆−1(−Mcu M−1
uuhu +hc ) (9.18)

h =C (η, η̇)



ẋ
ẏ
ż
φ̇

θ̇

ψ̇

+G hu = h[1 : 3] hc = h[4 : 6] (9.19)

9.2.3. Altitude control
The altitude control part is shown in yellow which consists out of one PID controller, correcting for vertical position. The
adjusted thrust T is calculated using formula 9.20 which includes the current pitch and roll angle. oz represents a vertical
position vector while m and g represent the mass and gravitational acceleration respectively. oz is the output of the altitude
PID controller, which is treated as a vector for the thrust calculation. In order to increase the user-friendliness, it is chosen
to include altitude control wherefore the user can focus more on other fun riding aspects such as turns.

T = m ∗ (oz + g )

(cos(φ)∗ cos(θ))
(9.20)

9.2.4. Input
This section will discuss two types of input, namely the reference input and the control input. In order to perform as many
realistic simulations as possible, all reference inputs have been fitted with a second order filter which implements a response
time in a delay format for altitude, roll and pitch angle. The control input possesses the same second order filters however
with different parameters. Next to the filters, saturation blocks have been added to limit the control inputs to realistic and
possible torques and thrust. In the function block in the red part, before the control inputs enter the hover-bike dynamics
model the in blue area, a coupling calculation is performed. This computation involves subtracting the thrust needed for
the torque from the total thrust needed for attitude control. The latter means that would there be a manoeuvre initiated
that proportionally needs more torque than total thrust is available to maintain a certain altitude, the hover-bike will not
be able to maintain altitude. The maximum torques are calculated using the hover-bike dimensions and maximum thrust
available for every rotor.

9.2.5. Hover-bike properties
After the control design in terms of configuration and modelling has been finalised, the parameters can be added.
For the control inputs the limits for torque and thrust are adjusted. The maximum allowable T is 7500 N while the maximum
τφ is 3015 N m and τθ is 1815 N m. After adjusting propeller related parameters, the weight and MOI’s are modified. The
corresponding weight and MOI’s are found in table 8.8 for transportation mode and 8.7 for thrill mode. The next section will
show the performance differences between the used modes.

9.3. Results
An exemplary flight case is given in figure 9.8 which shows data divided over multiple graphs. This particular flight sim-
ulation from the beginning starts accelerating to an altitude of 5 m. After 6 seconds the maximum pitch angle is applied
resulting in a longitudinal acceleration. The graphs in the first row demonstrate the response delay of the electric motors.
The first graph 9.8a demonstrates the real response for total thrust in blue while the second graph indicates the delay in
pitch torque. The maximum thrust that is applicable is as previously mentioned 7500 N , which can be observed at about
7.5 s where to thrust is maximised. Another aspect worth noting is the initial decrease in altitude after the pitch angle is
maximised. Due to a torque the total thrust generated is not enough to keep the hover-bike at the same altitude resulting in
an altitude decrease of a meter. Graph 9.5d shows the pitch angle which is set at 0.78 rad at 6 seconds.

9.3.1. Requirements
HB-FR-S-06 The hover-bike shall be stabilised by a control loop. This requirement is met since a PID feedback control
mechanism is implemented. With and without the ducts and wings mounted, the hover-bike is artificially kept stable. The
hover-bike configuration including the wings mounted inevitably will result in more power and thrust needed for stability
and manoeuvrability purposes.

HB-FR-S-07 The hover-bike shall have a maximum pitch angle of 45° degrees. The hover-bike will not only limit the inputs
to 45° degrees, but also restrict the hover-bike in the control system to move beyond 45° degrees by using saturation block
located after the hover-bike modelling.

HB-FR-S-09 The longitudinal acceleration shall be at least 8.3 m/s2. To verify this requirement the maximum pitch angle
is applied from the beginning of this simulation. The graphs of speed and acceleration are shown in figure 9.6. As observed
the longitudinal acceleration requirement is met.
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(a) Total thrust. (b) Pitch torque.

(c) Distance covered for x and z (d) Pitch angle.

Figure 9.5: Sample test simulation

Figure 9.6: Longitudinal acceleration and speed requirement.
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HB-FR-S-10 The vertical acceleration shall be at least 4.7 m/s2. As shown in figure 9.7, the vertical acceleration require-
ment is met.

HB-FR-S-11 The longitudinal speed shall be at least 150 km/h. As observed in figure 9.6, the maximum longitudinal
speed is 36 m/s which translates to approximately 130 km/h. Although this requirement is currently not met, it must be
noted that the computed drag used in the model plotted makes use of the first drag approximation wherefore it differs from
the maximum speed of 200 km/h. The final drag approximation could not be used in simulations as it resulted in singularity

HB-FR-S-12 The hover-bike shall be able to take turns with at least 1.7 G. Unfortunately this requirement is not met, since
the maximum load factor in turns is 1.2 G. Although this experience requirement is not fulfilled, a fun and adventurous ride
is still possible.
The simulation starts at -9.81 m/s2 since thrust at the beginning is 0 N , causing the hover-bike to initially fall. At this stage
of the simulations ran, an initial stable state of the hover-bike could not be added in the simulation.

Figure 9.7: Vertical acceleration requirement. The simulation starts at -9.81 m/s2

since thrust at the beginning is 0 N , causing the hover-bike to initially fall.
Note: the y axis label should read acceleration in stead of speed.

9.3.2. Thrill and Transportation Mode
As mentioned previously, will possess the ability to mount wings and ducts for a thrill and transportation mode.
This inevitably will have effect on the manoeuvrability characteristics of the hover-bike, due to the increase in mass and
MOI. This increase is such significant, that the control does not have to be adjusted for gains or filters to decrease the load
factor during manoeuvring. Figure 9.10 simulates an exemplary flight which starts at a 28.6° degree pitch angle and 28.6°
degree roll angle. After 10 seconds the reference roll angle changes to -28.6° degrees as indicated by the blue marker in figure
9.10. As expected the thrill mode is able to turn much tighter corners while receiving the same inputs, contributing to the
adventurous and fun ride. Since drag due to changing attitude rates is not taken into account, the difference between the
modes will be slightly bigger, as wings will significantly contribute to this rate induced drag.

(a) Reference pitch input. (b) Reference roll input.

Figure 9.8: Trajectory reference inputs.
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Figure 9.9: Difference in trajectories while receiving equal reference inputs..

Figure 9.10: Top view of trajectories
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(a) Verification of model, drag multiplied by two. (b) Verification of model, doubled mass and MOI.

9.4. Verification & Validation
Verification Verification for the control and manoeuvrability characteristics means examining the method for assessing
and simulating stability and manoeuvrability parameters. For this section it represents to what extent the mathematical,
thus simulation, model represents the chosen physical model. In order to accomplish verification of the previous simula-
tions and performance parameters given, designated model variables will be adjusted to analyse whether the output shall
change as expected and accordingly. Specifically the correctness of the EOM will be investigated. Therefore to accomplish
this analysis drag, mass and MOI will be varied and the result will be compared to the original output. Figure 9.11a increases
drag by a factor of two and performs an equal simulation to figure 9.6. As expected and observed, the plot shows a slight
decrease in acceleration and a significant decrease in maximum air speed. By doubling the mass and MOI the following
graph 9.11b is created which is repeatedly compared to figure 9.6. Due to the increased MOI the acceleration has decreased
as expected. Therefore, it can be concluded that the mathematical model used to simulate the dynamics of is
correct and verified.

Validation Validation for the control and manoeuvrability characteristics means examining whether the simulation accu-
rately represents the physical manoeuvres. In order to validate the EOM and model a similar multi rotor should be modelled
for. However, since there are no comparable vehicles, parameter of a small drone shall be implemented and compared. By
completing the same procedures that have been applied for the hover-bike simulations including PID tuning. The same
sample reference inputs are given as in figures 9.8. The parameters which have been replaced are found in table 9.1. The
validity and validation parameters were used from [52]. Figures 9.12 show similarity with the hover-bike simulations in 9.8.
Difference are accountable by the weight and inertia changes of the drones, however the overall response is correct.

Table 9.1: Validation multirotor parameters.

Parameter Value Unit
m 0.468 kg
Ixx 4.856 ·10−3 m4

Iy y 4.856 ·10−3 m4

Izz 8.801 ·10−3 m4

Axx 2.5 N/s
Ay y 2.5 N/s
Azz 2.5 N/s

9.5. Sensitivity Analysis
The sensitivity analysis for the control part is slightly different than the sensitivity analyses in other chapters. Most design
aspects, such as structures, change loads or dimensions and analyse whether the new design is exceeding a certain limit
value. However for control, since control concerns modelling, the responses are the variable factor which possess certain
characteristics as settling time and overshoot value. The variables calculated by structures, aerodynamics and propulsion
are inputs which can be varied but who truly are not modelling properties. Purely control variables for the hover-bike
wherefore a sensitivity analysis is performed, are filters and saturation blocks. Both the analysis have the same reference
inputs given as 9.8 for comparing purposes.

Filters Filters in the control design are used to recreate a response delay for the electric motors, so thrust and torques are
delayed. Would the delay become too large, the filtered signal will start counteracting the unfiltered input as can be seen in
figure 9.13a. Would the delay be higher than 1.2 s the model will become unstable. Value below 1.2 s are feasible however
lower values are preferred as the reaction time decreases as well.
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(a) Distance covered for x and z of the reference multi rotor. (b) Reference roll input of the reference multi rotor.

Figure 9.12: Validation reference multi rotor.

(a) Sensitivity analysis for filters. (b) Sensitivity analysis for saturation blocks.
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Saturation blocks Saturation blocks limit signal values to a given maximum and minimum value. Saturation blocks are
implemented for the control inputs T , τφ, τθ and τψ. However would the band with of allowable values be too narrow, the
model may become unstable and singularity is possible. Since T , τφ, τθ and τψ are strongly correlated, adjusting saturation
limits may interfere with the stability around other axis. By decreasing the saturation band with by 90 %, the response in
figure 9.13b is observed. The latter response is on the edge of becoming unstable, meaning none of the saturation blocks
for torque are allowed to decrease more than 90 %.
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Human-Machine-Interface

To design the human-machine interface, one must first understand what is required of it. The main purpose of the system
is to allow the pilot to control the Scorpeon comfortably with all the necessary information he might need to feel in control.
It is therefore natural to start by identifying what inputs are needed from the pilot to directly control the hover-bike. These
will be called "Fundamental Controls" and are the first things to be designed in section 10.1. It is crucial to provide the user
with the necessary information he/she might need in-flight to assure his/her confidence mid-air. This specially includes the
battery level or attitude/height of the vehicle. The way in which this information is communicated to the user is therefore
the second thing that will be discussed in section 10.2. In addition to the fundamental inputs, there are some functions
that the pilot might want to activate easily without scrolling through the interface’s options. Such functions include the
deployment of the parachute, which must be easily evoked by the pilot. These will be referred to as "secondary controls"
and are discussed in section 10.3. The interface through which the user will be able to navigate through the hover-bike’s
options and optimise it to his/her flying style will finally be treated in section 10.4.

10.1. Fundamental Controls
In this section the fundamental controls will be designed. Before describing the final design, the process that lead to it will
be briefly explained. This includes: identifying fundamental inputs, understanding the induced loads on the pilot, different
design options, and finally the Final design.
Fundamental inputs
Since variable pitched wings have been discarded, the control of the bike is achieved solely through differential thrust,
which means that analogous to a drone there are only four possible forces that can be exerted on the vehicle: τx ,τy , τz

and Z. Note that the same reference frame is used as in chapter 9 in which τx ,τy , τz are angular accelerations around x,
y, z respectively and Z is a linear acceleration along z. Through these 4 forces, position, velocity, acceleration and attitude
are achieved. Depending on the level of automation and the flight mode that the pilot chooses, different inputs can be
chosen to control the machine. For instance, while beginner drone pilots might choose to control roll and pitch angle
with self levelling features, advanced pilots prefer to use the "acro" mode in which they control pitch and roll rates due to
its increased freedom of manoeuvrability. Regardless of the mode chosen, there will always be four inputs needed: pitch
control, roll control, yaw control, and thrust control. Note that for example, the pilot might choose to only control height, his
intended direction in the two dimensional plane at that height, and his orientation (in that same plane). This option would
still need 4 inputs, and it is the flight controller which based on what the pilot requires calculates the necessary reaction
forces on the vehicle.
Loads on the pilot
The different loads that the pilot will experience strongly affects the way the human-machine interface is designed as bio-
mechanical feed-through should be avoided at all costs. The predicted maximum loads are portrayed in Table 8.9. As we
can see, the maximum loads experienced by the pilot are all achieved in the thrill phase. This is due to the higher thrust-to-
weight ratio without the added weight of the wings. With the wings, a load lower than 0gs in z could potentially be attainable
with a negative angle of attack, but the flight computer will make sure this does not happen. In any case, the pilot will be
provided with a seat-belt which secures his hips to the seat but does not fix his upper body, which is only restrained by the
core strength of the pilot. Similarly, even-though the machine is capable of inducing lateral accelerations (in y) as strong
as longitudinal ones (in x), the Scorpeon is not designed to be driven sideways so lateral support must not be as extensive.
Since the handling mechanism is assumed to be at arms length to the pilot’s cg, and the seat-belt can be considered to act
as a hinge on the pilot, rotational accelerations are assumed to be counteracted by the pilot as linear forces on the handling
system. This assumption is better portrayed in Figure 10.1. The magnitude of rotational accelerations, which are achieved
by differential thrust between motors are programmable to match the pilot’s abilities to counteract it and avoid inducing
unwanted inputs. It is now clear that the combination of the pilot’s hands must be able to support him/her in x, y, and z.

Table 10.1: My caption

X Y Z L M N

Transportation mode ± 0.67g ± 0.67g -1.4g-0g weak moderate weak
Thrill mode ± 0.81g ±0.8 -1.7g-0g moderate strong weak

84
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Figure 10.1: Forces on the controls due to hover-bike accelerations

10.1.1. Final design: joybar and pedals
A hover-bike is a unique concept, this is due to the fact that it has the same degrees of freedom as a drone but prefers
the control mechanics of an aircraft or motorcycle. A drone is controlled with a joystick which is fine because the person
controlling the drone is not feeling the accelerations and movements of the drone itself. When a person moves along with
the controlled object, and in this case a hover-bike, a "drone" joystick is not preferred. A handlebar is more "fun" and
"intuitive" when controlling a hover-bike and leads to a similar experience and thrill level as that of a motorcycle, except a
handlebar has limited control over inputs as there are now 6 degrees of freedom. This is why we chose a unique handlebar
design in order to control the hover-bike in all 6 degrees of freedom. The JoyBar is a combination of an aircraft joystick and a
motorcycle handlebar. The ends of the handlebar are supported with forearm supports and the hands are placed in a sphere
(Joysphere) where it holds a stick as can be seen in Figure 10.2.

Figure 10.2: The Joybar and its movements

The controls are split into the hover phase and into the manoeuvre/cruise phase. During the hover phase the Joybar is only
used to yaw by rotating the Joybar (Figure 10.2 b and c), during cruise rotating the Joybar causes the hover-bike to make left
and right turns. For all other controls the Joysphere (Figure 10.3) is used.
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Figure 10.3: The Joysphere and its movements

During hover moving the stick inside the sphere sideways makes the hover-bike roll that induces a sideways movement,
and during manoeuvre/cruise the hover-bike makes a slight turn (Figure 10.3 b and c). It is a "slight" turn because in
manoeuvre/cruise turns are mainly done by rotating the entire Joybar. The sphere is also used to accelerate forward and to
brake (decelerating). This is done by moving the stick forward and backwards, which are shown in Figure 10.3 d and e.
As mentioned before, the Sphere is supported by a forearm support. This is to maximise the support to the pilot arms in
order to keep the pilot stable and in order to minimise the "support" force on the stick to keep the pilot at a stable position.
This way all the force exerted on the stick are pure for manoeuvring. Finally, with the pedals the height is controlled. The
legs of the pilot are supported and the right foot is free to move during each phase and does not require to exert a force
to keep the pilot stable on his seat. This way pressing the pedal the front of the right foot makes the hover-bike go up and
pressing the pedal with the back of your foot (heel) makes the hover-bike go down. This way during hover, manoeuvring
and cruise all 6 degrees of freedom are covered.

10.2. In-flight information
Providing the pilot with flight data makes his flying experience safer and more enjoyable. Due to restricted space in the
cockpit however, there must be a compromise in the information that is displayed. The space available to the pilot is first
analysed to identify potential locations for information display and secondary controls. Considering the position of the
pilot, there are three obvious places to display information: on the handlebars, in front of the handlebars (below the wind-
shield), and on the windshield. In Table 10.2, the information that can be available to the pilot is shown for three regimes:
thrill mode, transportation mode, and pre/post-flight. While data that must be displayed is marked with a "yes", parameters
with "opti." refer to secondary data that can be displayed according to the user’s taste but is not mandatory. The optional
information choice will increase in size as the customers report to the Headquarters (through feedback in the website) what
they would find usefull. A "no" implies that such information can not be displayed in this regime as it could lead to the
pilot getting distracted and cause damage. It is important to keep in mind that there should not be too much informa-
tion available at once as this can make the display confusing and inefficient. Note that a "*" represents information whose
importance mandate its availability even if the display fails. There will therefore be redundancy in the availability of this
data.
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Table 10.2: Data available to the pilot

Data
Displayed in flight mode?

Thrill mode Transportation mode Post/pre-flight
Battery status * Yes Yes Yes
Time/range untill dead battery * Yes Yes Yes
Map and GPS Opti. Opti. Opti.
FLARM Yes Yes Opti.
Flight mode Yes Yes Yes
speed Yes Yes Opti.
altitude * Yes Yes Opti.
maintenance No No Opti.
ESC/motor/ battery temperature Yes Yes Opti.
Warning indicator* Yes Yes Yes
Black-box/ flight log No No Opti.
Attitude Yes Yes Opti.
Audiovisual entertainment NO Opti. Opti.
Weather forecast Opti. Opti. Opti.

Figure 10.4 gives an idea of what the cockpit will look like. Note that this is a top view, so the view of the pilot would be sightly
lower. This is why the parachute activation handle seems quite exposed while in real life, it might not even be visible from
the top view as it would be hidden by the structural beam. The main flight display is in front of the joybar angled towards
the pilot. It is split in 2 sections, the Crucial data is constantly displayed on the left half while optional data is shown on the
right side and the pilot can juggle through different optional data. The information that is extremely important is visible on
the wing-shield bottom beam so that it is in the pilot’s field of vision while operating the vehicle. This includes the FLARM,
altitude, battery status and a warning light that warns the operator of a problem which will be displayed more thoroughly
in the "optional data" section of the display. The different switches and control knob can be seen behind the joybar.

Figure 10.4: Pilot view of the cockpit

10.3. Secondary controls
Apart from the joy-bar and pedals, which control basic flight, there is a need for other interfaces to interact with the rest
of the system. Each of the needed control inputs will be discussed along with their input method. The position of these
controls can all be seen in Figure 10.4
Parachute deployment
The parachute deployment system must be easily accessible in order to assure a rapid activation. Given that the parachute is
located in the nose of the , a mechanical activation lever is fitted at the far front of the cockpit. To avoid accidental
deployment, the lever must be rotated 90 degrees and pulled. The mechanical aspect of this lever makes the parachute
deployment completely independent of any other subsystem, which is preferable as it is a failure in other subsystems which
cause the need for deployment in the first place.
Self land
A switch that can be activated to make auto-land can be very useful in various occasions. Such instances can
range from sudden physical discomfort,hindering his piloting abilities, to a novice who does not feel comfortable to land by
himself. To avoid accidental activation, this switch has a cover which must first be lifted to reveal the toggle-switch switch
that can then be activated. This is similar to the engine switches in a commercial aircraft cockpit.
Auto-pilot
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As soon as the auto-pilot switch is engaged, the flight-computer will use the current heading, speed and altitude/vertical
velocity and keep these constant. Simultaneously, the auto-pilot "window" appears on the main display, which shows the
different parameters with their current value. The pilot can then use the knob and arrow to change any value he wants. Since
thrill mode is all about having fun handling the hover-bike, this feature is mainly intended for the less exciting transportation
mode.
customised input
Two extra three-position switches will be used as customised inputs for the pilot. This might be used to change flight
characteristics like switching from sport mode to standard mode, changing the input mode from angle to angle rate, or
to change more simple display related setting like the optional data to be shown in which screen.
knob, arrows and general input
This is the main controls used to navigate through ’s interface. It consists of a knob with a button in its centre. The
knob can also be moved upwards, sideways, and downwards to navigate through the interface. This is the equivalent of a
mouse in a computer. If confused, please refer to the picture.

10.4. Vehicle options interface and customisation
The different settings that can be changed in the hover-bike will now be briefly mentioned. It is important to point out that
These setting are unique to the user as remembers what setting were chosen for each key-card, making one shared
vehicle customised to several different people. The different settings that can be changed are :

• Joybar input-definition (only in thrill mode as transportation mode is highly automated to be very efficient)
• Joybar sensitivity
• Optional information to be displayed
• Customised switches definition
• Limiting maximum acceleration and angles more than the predefined software
• Flight mode

A new pilot should be able to adequately fly the within six hours of training. This training is done by using a
simulator that could be run on a laptop with the joybar. This allows all newbies to have some experience and know what to
expect before flying the real thing.
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RAM

RAM is an acronym that stands for reliability, availability and maintainability which is an analysis that is performed in order
to predict failure modes and their consequences on the hover-bike and pilot. Moreover, these analysis are done to check the
functionality of the hover-bike under certain conditions.

11.1. Reliability
Reliability is defined as the probability of the hover-bike performing a certain function under given conditions within a
specific time. In order to analyse reliability of the hover-bike the reliability of each component is required to be evaluated
from mathematical simulations or from reference data. However, due to the early stage of the design accurate reliability
values are hard to be achieved, hence references from other vehicles reliability will be used in order to analyse a fist estimate
of the hover-bikes reliability.
In order to analyse the reliability it is required to go from bottom to top as seen in Figure 11.1. That allows to see which
components can be increased in reliability either by adding redundancy or by getting a higher quality and more expensive
component to increase the total reliability of the whole system as reliability is calculated using Equation 11.1 and the total
system reliability is the multiplication of each subsystem that builds up this system.

R(t ) = e−λ f t (11.1)

First in order to be able to calculate reliability it is assumed that all the components have an exponential failure rate with
time, however this is not an accurate estimate as different components can have different failure modes but it helps building
up a first estimate for reliability. Failure rate is the number of times a component can fail with in a determined period of
time.
To establish a rough estimate for the hover-bike reliability, the reliability values of small aircraft, around 1000 kg, are used.
These values are found in a study done by NASA[12]. Dividing the major hover-bike into four systems, structures & aerody-
namics, electrical, propulsion and safety & control, the values from the data sheet can be extrapolated. This generates the
reliability values found in Table 11.1.

Table 11.1: Reliability estimates from data sheets for a 6 hour mission [12]

System Reliability
Structures & aerodynamics 0.99940
Electrical 0.99997
Propulsion 0.99986
Safety & control 0.98080
Total Reliability 0.98004

The numbers given in Table 11.1 represent the reliability values of aircraft during six hour missions. These, already, have
been in the market for so long that their reliability keeps growing in accuracy. However, in the case of the hover-bike,
which uses an innovative form of flying, can be affected by risks that might not be accounted for which can lower the
reliability of the hover-bike. Moreover, due to lack of information about the reliability of the battery pack, the reliability can
also decrease ever further. Meanwhile, having redundancy in ESCs, motors and sensors, the reliability of the hover-bike is
increased. Furthermore, since the brushes almost don’t have any moving parts compared to regular combustion engines,
the hover-bike’s reliability is increased even further.
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Figure 11.1: Reliability lay-out of the hover-bike

11.1.1. Complex system reliability
The reliability for complex systems can be measured or specified by using mean time between failures (MTBF) given in
Equation 11.2[2], where the mean time to failure corresponds to the average time to failure of non-repairable components
and the mean time of repair is used to capture the complete break-down and repair cycle. Moreover, another method that
can be used is the failure in time (FIT) which is defined as the failure rate per billion hours[2].
Unfortunately, at this stage of the design the reliability calculated is based on references which are not accurately calculated.
In order to get more reliable data, in the following design phases tests have to be performed, for example by using the
Arrhenius High Temperature Operating Life (HTOL) model [2] which can calculate the reliability of components based on
test data.

MTBF = Mean time to failure (MTTF)+Mean time to repair(MTTR) (11.2)

11.2. Availability
Availability is a measure of how much time the system can be operational assuming optimum performance. In order to
assess availability a clear definition of the conditions when the hover-bike is "available" and when is it "unavailable" needs
to be assessed. The hover-bike is unavailable during the charging of the battery, which is estimated to take about two hours.
Additionally, it is unavailable during transportation of the hover-bike from parking location to the the take-off location
which takes around 30 to 60 minutes as a first estimate, as it differs depending on the location of residence of the pilot.
Pre-flight checks, preparations and periodic maintenance checks per flight hour takes about fifteen minutes which the
hover-bike is considered to be unavailable. All the values given above gives a summation of unavailable time of about three
hours taking transportation time about 45 minutes.
Furthermore, the analysis of hover-bike’s availability should be done double, as the operating time differs depending on
selected mode. Using transportation mode it gives one hour of available time, however, using thrill mode gives an available
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time of about 20 minutes.

Availability = Available time

Available + unavailable time
(11.3)

Using the equation mentioned above it can be found that the availability for transportation mode is 0.25 and for thrill mode
is 0.1 using transportation time of 45mi ns as an average value.

11.3. Maintainability
Maintainability of the hover-bike is the measuring method of the ease or complexity of performing a maintenance. A bet-
ter definition is the probability of restoring a component to its optimal conditions, within a certain period, using limited
prescribed tools and resources.
In order to analyse the maintainability of the hover-bike the method of finding the mean time to repair (MTTR) [7] is going
to be quantified using equation 11.4 which is used to find the average of the maintenance time in case of failure.
Unfortunately, at this point of designing the hover-bike its challenging to analyse the MTTR due to lack of information about
subsystem maintenance and lack of information to simulate the repairing time of the hover-bike subsystems.

MTTR = Total maintenance time

Number of repairs
(11.4)
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Safety

Even though an excellent safety record may not be the first thing that comes to mind with the concept of a hover-bike, its
safety standards are just as high as any other aerial vehicle. This section will discuss the systems that are in place to mitigate
hardware failure and human error. Furthermore, safety systems are either active or passive safety measures that will be
further discussed and analysed. Moreover, human error is one of the main reasons for accident occurrence in vehicles ,
hence further analysis to mitigate and limit human errors are going to be discussed.

12.1. Dead-man zone analysis
The hover-bike has 6 propellers, each driven by an electric motor and electronic speed controller. Failure in any one of these
would cause a rotor to stop spinning. Furthermore, all of these components are powered by a battery. Three safety systems
are set up to mitigate failure in aforementioned components.

12.1.1. Landing gear
Similar to conventional helicopters, the landing skids are designed to absorb impact. Therefore the landing gear is the main
safety system for altitudes below 5 meter.

12.1.2. Redundancy
A failure in one of the ESC’s, motors or propellers would result in the loss of thrust at only one rotor blade. As long as the
forces and moments are still balanced the hover-bike will be able to land safely with the thrust provided from the remaining
5 rotor blades.
Redundancy check: Assume one rotor of a contra-rotating pair fails. The remaining rotor will have to produce a thrust 1

3 the
weight of the vehicle. A thrust to weight ratio of 1.05 is necessary to maintain basic manoeuvrability. The required power of
the remaining rotor for both the performance (no duct) and endurance (duct and wing) configuration is calculated below
using momentum theory.

Performance configuration

m : 440
3 = 147 [kg]

A : 2.01[m2]
F.M. : 0.6
ηmotor : 0.9

ηduct : no duct

P =
√

(mg T
W )

3

2∗ρ ηmotorηduct = 49.0 [kW]

Endurance configuration

m : 500
3 = 166 [kg]

A : 2.01[m2]
F.M. : 0.6
ηmotor : 0.9
ηduct : 1.2

P =
√

(mg T
W )

3

2∗ρ ηmotorηduct = 42.1 [kW]

Since the maximum power of the hover-bike motors is rated at 50 [kW], it can be concluded that the single rotor will be able
to provide a sufficient amount of thrust for both configurations. The torque created by the propellers can be balanced as
shown in the figure below.

Figure 12.1: Torque balancing during engine failure

Dual rotor failure cannot be mitigated with the redundancy mode. The redundancy mode will be activated automatically
by the flight controller in the event of a failure. The pilot will be advised by a warning message to land immediately.
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12.1.3. Parachute
The hover-bike is also equipped with a ballistic parachute. The parachute can be activated by a manual system at any time
by the pilot. No electrical or automatic deployment systems by the flight controller were considered. This is done such that
the parachute can be safely deployed in the event of any electrical or battery failure. It is therefore up to the discretion of the
pilot to deploy the parachute manually if the altitude is sufficient and the landing area is safe. The parachute system should
be deployed at altitudes above 80 [m] to allow for enough time for the parachute to fall open and the ability to land safely. 1

12.1.4. Overview
Below a comparison table and the height velocity curve can be seen for the 3 safety systems.

Table 12.1: Safety systems

Landing gear Redundancy Parachute

Allowed
Component
Failure

ESC
Motor
Propeller
Battery
Electrical

ESC
Motor
Propeller

ESC
Motor
Propeller
Battery
Stucture
Electrical

Suitable
activation
altitude

0 - 5 [m] 5 - 1000 [m] 80 - 1000 [m]

Safety mode Impact absorbtion Powered landing Parachute landing

Activation mode
Always connected
to structure

Automatic
Manually by
pilot

Figure 12.2: Height-velocity curve for all safety systems.
Yellow: Landing gear
Green: Redundancy

Blue: Parachute and Redundancy
Red: Avoid

It is worth noting that the red zone should be avoided since as a result of the high horizontal velocity the impact on the
landing gear would be too large. Furthermore, it is advised to ascend to altitudes above 80 [m] quickly. The list of allowed
failures is most extensive here and it gives the pilot more time to react to failures.

1URL: https://www.galaxysky.cz/grs-5-560-115m2-p36-en [Cited 28th June,2018]

https://www.galaxysky.cz/grs-5-560-115m2-p36-en
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12.2. Human error
One of the main cause of accidents for aerial and terrestrial vehicles are caused by a human mistake. This occurs due to
many reasons starting from wrong decisions, panicking or even by mishandling the vehicle into extreme conditions it is not
designed for. In order to minimise and eliminate the human errors, a few measurements will be taken to overcome these
errors.
Firstly, a designated airspace will be booked for the hover-bike recreational manoeuvring which will limit the fear of other
aerial vehicles interfering with the hover-bike. Moreover, the hover-bike will be equipped with the FLARM which is a device
that keeps the pilot informed of the location of other vehicle in order to avoid a collision before it is too late. As an additional
safety layer, general collision avoidance rules will be taught to the pilot in order to avoid vehicles that do not have FLARM
or TCAS installed. However, in case of the failure of all above scenarios, then a quick reaction is required from the pilot to
make his own decision.
A pilot may misuse by flying in undesignated airspace or pushing the bike beyond it’s technical limits. Both of
these scenarios will be discussed.
In order to limit the misuse of the hover-bike in terms of controls, some parameters will be limited to certain values that can
not be exceeded by the pilot. In case the pilot tries to exceed those limits, a warning message will be shown to him that the
inputs are unavailable for safety reasons. The limited parameters will be the pitch, roll, speed, and the number of gs that the
pilot can pull. Firstly the pitch will be limited to 45 degrees both in transportation and thrill mode. Moreover, the roll will be
limited to 20 degrees for transportation mode and 45 degrees for thrill mode. Furthermore, the speed limit for thrill mode
is 200 km/hr, while the speed limit for transportation mode is set to 150km/hr. In addition, the gs that a driver can pull will
be about 1.5g for transportation and 1.7 for thrill mode.
Due to high g manoeuvres or in case of a panic attack due to high altitude or dizziness, a few steps should be taken by the
pilot. Firstly the pilot should take off his hand from the controls this will allow the hover-bike to stabilise into hovering
which gives the pilot a chance to catch his breath and prepare him to perform landing manoeuvre if required.
Humans tend to be curious about what is the surrounding them which increases the risk of pilots going beyond the desig-
nated airspace. In order to prevent this situation or to minimise the impact that it can cause a few measures are taken. The
hover-bike will have GPS sensor data sent to the air traffic control in order to locate it. In case the pilot goes into restricted
airspace, an error message will be first shown on the hover-bike screen and if this message is ignored, the air traffic control
will contact the pilot in order to let him know that he is trasspassing into a different undesignated airspace.

12.3. Passive safety
In this section, passive safety measures will be discussed to have a deeper understanding of the safety measures taken by
the hover-bike to ensure the pilots safety. First, the battery safety will be discussed, followed by the redundancies to improve
the hover-bike reliability and decrease risk.
Firstly, battery safety had to be taken into account as it is one of the most crucial aspects of using electric power supply
especially lithium ion batteries. The risk of battery venting due to short circuit or due to overloading the batteries can lead
into catastrophic events that might even cause explosion of the battery. The first aspect considered in the design is having
two battery packs instead of one as in the worst case scenario, it is easier to contain one battery-pack explosion than two.
A battery shell will be designed in order to keep the explosion from the pilot without harming him. Moreover, redundancy
has been added to the batteries in such a way that if 4 strings of cells fail, the pilot will be informed allowing him to initiate
landing with enough power required. Furthermore, to avoid over heating and pressure building up in case of battery venting
an air cooling mechanism will be designed.
Further safety measures were also required for the pilots safety. Due to the manoeuvres the pilot can perform there is a
probability of him being imbalanced on the hover-bike , hence a leg harness will be added in order to limit the lower body
movement from the hover-bike.
Systems reliability is boosted to increase the safety of the hover-bike. That is done by adding as a first layer of safety redun-
dancy for sensors as their redundancy benefits beats the weight and cost penalty that they can cause. Furthermore, in case
of redundancy total failure of some sensors can be compensated by the combined output of other sensors. For instance:
if the GPS sensor failed, the accelorometer, pitot-tube and gyroscopes will make an estimation of where the hover-bike
location will be.
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Technical risk assessment

During the previous phases the risks of the hover-bike were assessed. After assessment a mitigation plan was set up [42].
In the final design a more detailed design is created using fault tree analysis. Therefore, a more specific technical risk
assessment can be performed.

13.1. Fault tree analysis
A fault tree analysis (FTA) is a top-down approach for analysing reliability from systems level into component level, by
organising the component in terms of failure relationships. Moreover, the fault tree is structured by starting on the top cell
with the final event that can occur. Then going down the tree the cells will represent system failure that must occur to result
into the higher events to occur. The cells are connected by a Boolean AND and OR gates to represent the failure.

Figure 13.1: Fault tree analysis simplified example

Using Figure 13.1 the probability of event X to occur is caused by 1 and 2 to occur simultaneously giving a probability
equation giving in Equation 13.1. Moreover, in case of the failure being caused by cause 3 or cause 4 then the probability of
failure is given in Equation 13.2.

px = p1p2 (13.1)

px = p3 +p4 −p3p4 (13.2)

13.2. Risk identification, assessment & mitigations
In this section the risks of the hover-bike will be identified and assessed. Next to identification and assessment, the risk of
the event will be mitigated. The final events will occur as consequence of lower level events. Therefore, when the lowest
level of events are mitigated this automatically result in mitigation of the higher level events. Moreover, the likelihood of
each risk to occur is assumed due to the lack of information, because the likelihood of risks are depending on tests and data
available. This is done to show in the mitigation if the likelihood or impact was mitigated.

13.2.1. Power system
The following identifications and assessments of the events are based on the FTA of power. The FTA can be seen in figure
13.2.
Battery overheating (1.1.1.a): When too much power is drawn from an individual cell the temperature can increase signif-
icantly. This can result into battery venting. Without the safety systems, the likelihood of this event occurring is rated as
likely and the impact will be catastrophic. Therefore, safety measures are implemented in the design.
Firstly to reduce the impact of venting of the battery cells venting holes will be placed in the casing of the battery pack.
Therefore, no pressure can be build up. Secondly, to reduce the likelihood a battery controller will be added which can cut
of string of battery cells in case they are overheating. This reduces the likelihood to unlikely and the impact to critical.
Short circuit (1.1.1.b): A battery short circuit can occur inside the battery pack. This can for example be a result from
moisture entering the battery package or an internal connection can get undone and make contact with other parts inside
the battery package. The likelihood of this happening is expected to be unlikely. However, the impact can be catastrophic.
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To mitigate this, the cells will be arranged in such a way that the chance of an internal short circuit occurring is reduced.
Also a the battery controller can cut of strings which will reduce the impact. Resulting in a likelihood of very unlikely and an
impact of critical.
Manufacturing error (1.1.2.a): Making mistakes is something that can not be ruled out. This can also happen during
manufacturing of the hover-bike. Manufacturing errors can result into connection failure in the power system. Therefore,
the impact of the production errors is rated to be critical. The chance of a manufacturing error occurring on a single part
of the production is low. However, since the production of the hover-bike needs a great number of actions the likelihood is
rated to be possible.
Reducing the work pressure by given the engineers more time during manufacturing will help reducing the likelihood. Sec-
ondly, hiring higher skilled people will also help reducing the likelihood. This reduces the likelihood to unlikely.
Extensive vibrations (1.1.2.b): Extensive vibrating of the hover-bike can have big influence on the state of the battery.
Especially it can result in loosening of connections. After one connection is loosened, this can result in moving parts inside
the battery, which can cause even more connection failures. Therefore, the impact is rated as catastrophic. However, the
chance of this happening is relatively low and therefore the likelihood is rated as possible.
To reduce the impact of extensive vibrations a cover will be placed over the cells such that this prevents internal part from
moving as much as possible. To reduce the likelihood the battery packs will be placed on dampers. This will dampen some
vibration the battery packs receive via the frame. This reduces the likelihood to unlikely and the impact to critical.
Overheating (1.2.1): The overheating of the power distribution can occur when the system is overloaded. This means that
the cable can warm up to much which can cause a fire. Therefore, the impact of overheating of the power distributions is
rated to be catastrophic. However, the likelihood of this event happening is rated to be unlikely.
To mitigate this event fire resistant cabling will be used on the hover-bike. This will reduce the impact of the overheating.
Also, a safety margin will used on the cable thickness. This reduces the impact to critical and the likelihood to very unlikely.
Manufacturing error (1.2.2.a): This event is comparable with the event Manufacturing error (1.1.2.a). Therefore, the likeli-
hood and the impact are comparable. They are rated to be possible and critical, before mitigation. After mitigation they are
rated to be unlikely and critical.
Extensive vibration (1.2.2.b): Extensive vibrations will not have great effect on on power distribution system, since most
of the power distribution system consist out of flexible cabling and cable connections. Therefore, the impact is rated to be
minor. Since most of the vibrations will come from flying the hover-bike the likelihood to occur is likely.
The impact of extensive vibrations can be reduced by strapping the cabling to the frame of the hover-bike. This reduces the
impact to insignificant.
Short circuit (1.2.3): Short circuit inside the power distribution system can lead to an overall failure of the hover-bike. A
short circuit can can cause an overload of the whole system. This increases the chance of fire. Therefore, the impact of a
short circuit is rated to be catastrophic. The likelihood, however, of a short circuit occurring is relatively low. Therefore, the
likelihood is rated as possible.
To mitigate this event all the components will be shielded where possible. Also circuit brakes will included into the design.
This reduces the likelihood to very unlikely and the impact to critical.
Overloading ESC (1.3.1): During cruise flight the chance of overloading the ESC’s is low. However, during intense use of
the hoverbike the power use will drastically increase, increasing the likelihood of overloading. Therefore, overloading of the
ESC’s is rated to be likely. Since the ESC’s are crucial for controlling the electric engines the impact will be critical.
To prevent the ESC’s form overloading the maximum power from the batteries to the ESC’s will be limited by the power
distribution board. This will reduce the likelihood to possible.
Manufacturing error (1.3.2.a): This event is comparable with the event Manufacturing error (1.1.2.a). Therefore, the likeli-
hood and the impact are comparable. They are rated to be possible and critical, before mitigation. After mitigation they are
rated to be unlikely and critical.
Extensive vibrations (1.3.2.b): Since the ESC’s will be placed relatively close to the engine they will likely suffer from exten-
sive vibrations. However, since the ESC’s consist out solid part the chance of damage being caused by these vibrations is
low. Therefore the impact is estimated to insignificant.
To mitigate the likelihood the ESC’s will be placed on dampeners. This reduces the likelihood to possible.
Short circuit (1.3.3): The ESC’s mainly consist out of non flexible solid components. Therefore, the chance that compo-
nents will touch during flight is low. However, should moisture come inside the ESC’s the chance of short circuit increases.
Therefore, the likelihood is estimated to be unlikely. However, when a short circuit occurs inside the ESC’s it will have great
influence on the performance of the ESC’s, which results the expected impact to critical.
In order to mitigate the likelihood for a short circuit the ESC’s will be put sealed in such a way that moisture cannot enter
the inside of the ESC’s. This reduces the likelihood to very unlikely.
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Figure 13.2: The FTA for the power system

13.2.2. Propulsion system
In this section the risk associated with propulsion failure will be discussed with methods that can mitigate these errors. The
FTA of the propulsion can be seen in Figure 13.3.
Hit by debris (2.1.1): Due to the airflow during take-off and landing caused by the propellers can cause particles from the
ground to circulate over the propellers and harm this propeller. This risk would cause a rough landing in case of a propeller
failing from debris impact with a high likelihood of it occurring.
In order to mitigate this risk of getting hit by debris a landing gear with crumple zone is added in order to reduce the landing
severity in case of propeller failure. The landing gear would cause the severity and impact to be reduced , however it would
not change the likelihood of the risk to occur.
Bird strike (2.1.2): Bird strike is always a risk that should be considered in any flying vehicle as it one of the most critical fail-
ure that can occur during flying which leads into a catastrophic failures that have a high likelihood of occurring depending
on the location as places with lakes and waterfronts have higher probability of bird strikes to occur.
In order to mitigate this risk some measures could be taken in order to decrease the likelihood of a bird strike to occur,
the pilot can limit hovering or flying over lakes which increases the probability of a bird strike [10]. Moreover, bird activity
should be known before flying to avoid the likelihood of a strike to occur.
Overheating(2.2.1): Overheating can occur due to overloading by high or low voltage than requires or by continuously
turning it on and off the engines can lead into catastrophic failures however the probability of the occurring is unlikely.
In order to mitigate these errors the pilot should be informed in the Manuel how to operate the hover-bike in order to limit
the likelihood of this risk to occur. Moreover, including engine redundancy decreases the impact of one engine failing as the
hover-bike can still be operational using 5 engines instead of 6.
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Shaft fatigue(2.2.2): Due to overloading forces on the propeller or due to a misalignment of the propeller which causes the
shaft to get overloaded and sustain higher forces, however the impact of failing shaft is catastrophic but with an unlikely
likelihood to occur.
Moreover, in order to mitigate this risk by well lubricating the shaft and by checking them in the maintenance check that will
decrease the likelihood of it occurring. On top of that, redundancy in motors lower the impact of the shaft failure occurrence.
Vibrations(2.2.3): Vibrations due to misalignment of the propellers will cause an imbalance of forces which causes vigorous
vibrations that can cause deterioration in the structural integrity of the hover-bike, however the impact is catastrophic but
its very unlikely to occur as the pilot will feel the vibrations before taking off to a high altitude.
Electrical speed controller (ESC) failure(2.2.4 ): The ESC’s can get fried if it receives to much amps or it fries by overheating,
resulting in a motor failure. This would have a catastrophic impact as it would cause the hover-bike motors to shut down,
moreover this risk likelihood is possible to occur.
In order to mitigate this risk every engine has its own independent ESC making it have less impact on the hover-bike. In
addition, a fuse can be implemented to sense the increase in voltage and cut the circuit to keep the ESC safe.

Figure 13.3: The FTA for the propulsion system

13.2.3. Structures
In this section the risk associated with structure failure will be discussed with methods that can mitigate these risks. The
FTA of the propulsion can be seen in Figure 13.4.
Bird strike (3.1.1.a): The same risk impact and mitigation plan was discussed in risk number(2.1.2)
Hit by debris (3.1.1.b ):The same risk impact and mitigation plan was discussed in risk number(2.1.1)
Moisture (3.2.1): Due to rain or humidity in the atmosphere the structure might corrode which if not treated can weaken
the structure, which can have catastrophic impact on the hover-bike during high g manoeuvres.
Moreover, in order to mitigate this problem the aluminium used will be anodised which is a technique to protect bare metal
from corrosion. Structural check ups during maintenance for corrosion or dents will lower the likelihood of failure due to
corrosion.
Wing damage (3.3.0.a): During transportation mode when the wings are attached the pilot can take a high g manoeuvre
that the wing cant sustain its load, which can cause the wing to break or even detach. This will only have a minor impact as
it will only lead into a lower performance of the hover-bike.
In order to mitigate this a certain set of g’s can not be exceeded during manoeuvres lowering the likelihood of this risk to
occur.
Crash landing(3.4.1): In case of crash landing due to an uncontrolled landing or because of a certain failure. This can lead
into critical injuries to the pilot with a possible likelihood to occur.
In order to mitigate this risk a crumple zone has been added to the landing gear to lower the impact into a minor impact.
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Overloading(3.4.2): The hover-bike is designed to have a payload of 100kg. Any increase to this payload might lower the
performance and can even lead into structural failure during high g manoeuvres which can lead into critical impact.
However, in order to mitigate this risk a weight check will be performed by having a comparison between expected acceler-
ation and actual acceleration and if it is lower than expected landing is initiated. That will cause the likelihood and impact
to lower as it will be shown before initiating the take-off.

Figure 13.4: The FTA for structures

13.2.4. Human-Machine interface, Machine-Human interface and communication
In this section identifications and assessment on the risk of interface between the pilot and the hover-bike and communi-
cations is given.
Communication failure (4.1): Communication failure occurs when the pilot can not communicate with other vehicles or
the air traffic control in one or both directions. Therefore, the communication failure can be split up in two parts; receiver
failure and transmitter failure.

• Receiver failure (4.1.1): Failure of the receiver would mean that the hover-bike will not receive information from
other vehicles or air traffic control. If this event occurs the pilot has to trust on his visibility. This will make the impact
critical. Since receivers are already flight proven the likelihood for this event to occur is unlikely.
However, in order to mitigate this risk the pilot will be restricted to only use the hover-bike when weather conditions
are good in a low traffic density area. This will reduce the impact to minor. Also a second receiver will be added to the
hover-bike. This reduces the likelihood to very unlikely.

• Transmitter failure (4.1.2): Failure of the transmitter will mean that there is no communication from the hover-bike
to other vehicles or to air traffic control. Comparable to a receiver failure the impact is rated to be critical and the
likelihood as unlikely.
To mitigate this event a second transmitter is added to the hover-bike. Which reduces the likelihood to very unlikely.

Control input failure (4.2): A control input failure can be due to a sensor failure inside the control bar or as consequence
from cable connection failure. When this event happens the consequence will catastrophic, since the hover-bike will be
uncontrollable. This event is unlikely to occur.
In order to mitigate this event a button, which initiates a auto-land procedure, will be added on the hover-bike. This reduces
the impact to critical.
Display failure (4.3): The hover-bike will use a display to show the flight information. Should this display fail the pilot will
not receive any information on the status of the hover-bike. This makes the impact of a display failure critical. The likelihood
for a display failure to occur is unlikely.
To mitigate this risk two extra small displays will be placed on the control bar which show the current battery charge status.
This reduces the impact to minor.
Flight computer failure (4.4): Should the flight computer fail the hover-bike will be completely uncontrollable, this makes
the impact catastrophic. However, flight computers are already flight proven and they do not use any moving parts. This
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makes the likelihood for the flight computer to fail very unlikely.
The hover-bike’s safety system makes use of a parachute which lands the hover-bike as safe as possible. This slightly miti-
gates the impact, however the impact is still rated as catastrophic.

13.3. Technical risk maps
In this section the technical risk maps can be found. Table 13.1 shows the technical risk map before the risks are mitigated.
After mitigation the technical risk map changes to Table 13.2.

Table 13.1: Technical risk map
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d High probability (3.4.2)
Likely (1.3.2.b) (1.2.2.b) (1.3.1) (1.1.1.a), (2.1.2),

(3.1.1.a )
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Very Unlikely (2.2.3), (4.4)

Insignificant Minor Critical Catastrophic
Impact

Table 13.2: Mitigated technical risk map

Li
ke

lih
o

o
d High probability

Likely (1.2.2.b)
Possible (1.3.2.b) (2.1.1), (3.1.1.b) (1.3.1) (2.1.2), (3.1.1.a)
Unlikely (3.3.0.a), (3.4.1),

(3.4.2), (4.3)
(1.1.1.a), (1.1.2.a),
(1.1.2.b), (1.2.2.a),
(1.3.2.a), (2.2.4),

(4.2)
Very Unlikely (4.1.1) (1.1.1.b), (1.2.1),

(1.2.3), (1.3.3),
(2.2.1), (2.2.2),

(4.1.2)

(2.2.3), (3.2.1), (4.4)

Insignificant Minor Critical Catastrophic
Impact



14
Cost Analysis

In this chapter the cost of the hover-bike will be analysed. The analysis is split up into 3 parts, material cost is explained in
section 14.1, manufacturing in section 14.2 and operational cost in section 14.3. Finally an overview of the cost analysis is
in section 14.4

14.1. Material cost
The material cost of the hover-bike is determined by the amount of materials used and the price per unit mass. For different
aspects of the hover-bike the material price is estimated and summarised below in Table 14.3

Structure cost To estimate the cost of the structure the prices of aluminium tubing is used, together with the dimensions
of the structure. The structure weighs 60 kg and uses tubes of 6 cm outer diameter with 0.5 cm wall thickness. Furthermore
aluminium 6061T6 was chosen as a material for the structure. Tubes with standard dimensions were used as a reference to
find a price per kg. A tube with an outer diameter of 6.35 cm, a wall thickness of 0.635 cm and 2.44 m long weighs 7.54 kg and
costs $121.561. This gives a price of around €14.00 per kg for 6061T6 aluminium. When a loss of material is implemented of
10%, then the material cost for the structure will become 60 ·1.10· €14.00 = €920.

Propeller cost The same approach that was used in the midterm report [42] is applied here. Using the reference data from
Table 14.1 the cost of the propellers can be calculated. The average price is €10.00 per centimetre of propeller diameter.
When one propeller has a diameter of 1.6 m and two blades per propeller, then the price of one propeller becomes €10.00 ·
1.6 · 100 = €1600.00. Then the total propeller cost for 6 propellers becomes €9600.

Table 14.1: Reference propeller prices

Diameter Price Price/Diameter (€/cm)

208 [cm] 2 $2950 = €2,510.00 €12.00
127 [cm] 3 $899 = €765.00 €6.00
167 [cm] 4 $2463.00 = €2,096.00 €12.50
165 [cm] 5 $1550 = €1,319.00 €8.00
183 [cm] 6 $2500 = €2,132.00 €11.50

Average: €10.00

Engine and battery cost The engine chosen for the design of the hover bike, is a 45 [kW] brushless engine7. The price of
this engine turns out to be $7008 = €608. Then the total cost of the engines will be €608 · 6 = €3650.
In chapter 7 the total weight for the batteries was estimated at 184 kg, and the amount of cells inside the batteries is 2920.
The cells chosen were the panasonic B 20700 and their cost is $8.499 = €7.32 per cell. Then the total battery cost will become
€7.32 · 2920 = €21400.

Wing and duct cost The material cost for carbon fibre composites is €85 per kg10. The wing duct combination weight was
estimated at 55 kg and a 10% loss of material is assumed during production. Therefore the manufacturing cost is estimated
at €85 ·1.10· 55 = €5140.

1URL:https://www.onlinemetals.com/merchant.cfm?pid=7898&step=4&showunits=inches&id=71&top_cat=0[cited 23-06-2018]
2URL:https://whirlwindpropellers.com/aircraft/product/ga200l-stol/[cited 23-may-2018]
3URL:http://mymobilemms.com/OFFTHEGRIDWATER.CA/MultiCopter-Propeller/Carbon-Fiber-Large-Propellers-2-Blades-50-Inches-CW-CCW[cited

23-may-2018]
4URL:http://www.aircraftspruce.com/catalog/appages/whirwind05-12614.php[cited 23-may-2018]
5URL:https://whirlwindpropellers.com/aircraft/product/propeller-for-jabiru-3300-engines/[cited 23-may-2018]
6URL:https://whirlwindpropellers.com/aircraft/product/ga200cn/[cited 23-may-2018]
7URL:www.reacherbrushless.com/product/45KW-motor.html [cited on 19-06-2018]
8URL:https://frchobby.en.alibaba.com/product/60611108725-803193582/45KW_75Nm_sensored_outrunner_brushless_motor_for_
electric_boat.html[cited 21-06-2018]

9URL:https://www.orbtronic.com/20700-panasonic-sanyo-ncr20700b-battery-rechargeable-li-ion[cited 21-06-2018]
10URL:https://www.compositesworld.com/columns/give-us-affordable-carbon-fiber[cited 21-06-2018]
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Miscellaneous cost Miscellaneous items are listed below in Table 14.2 and their respective cost. Miscellaneous items
consist out the electronic equipment that is on the hover-bike, such as the human machine interface (HMI), lights, radio,
etc... Furthermore the cost of safety components such as a parachute system and blackbox are included. The total cost of
miscellaneous items is €10900.

Table 14.2: Cost of miscellaneous item

Item Price

2 Joysticks (HMI)11 €558
LCD screen12 (MHI) €88

Lights13 €363
Flight data recorder14 $600 = €516

Parachute system15 €5160
Flight controller16 $179.95 = €155

Radio XCOM VHF17 €2920
Cabling+insulations18 INR 4886.4 = €62

Seat19 €179
FLARM RED20 €900

Total €10900

Material cost overview All costs for material are summarised below in Table 14.3. It becomes immediately clear that the
batteries take a huge chunk out of the cost budget of the hover-bike. If the hover-bike would need a larger battery size in the
future, then this would have large influences on the total cost. Only miscellaneous costs would stay fairly constant when the
size of the hover-bike needs to change. The total material cost is estimated at €52000

Table 14.3: Cost Overview

Segment Cost [e]

Structure 920
Propeller 9600

Engine 3650
Battery 21400

Wing and duct 5140
Miscellaneous 10900

Total 52000

14.2. Manufacturing cost
Aircraft manufacturing was used as a reference to estimate the cost of manufacturing the hover-bike. Aircraft are not sold in
very large quantities such as cars. Automated production is not economically viable when products are sold in small quanti-
ties, therefore labour plays a significant role to produce aircraft parts. Data collected on manufacturing aircraft components
confirms this21. The collected data is shown in Table 14.4.

11URL:https://www.bol.com/nl/p/hotas-warthog-flight-stick/1004004013520875/?suggestionType=typedsearch&bltgh=
iCTCyZJGaG5dFd4ucelK5A.1.9.ProductTitle[cited 22-06-2018]

12URL:https://www.bol.com/nl/p/raspberry-pi-7inch-touch-display-lcd/9200000062964380/?suggestionType=browse&bltgh=
q4-g2BK5fZfH7e5scm1PTw.1.13.ProductTitle[cited 22-06-2018]

13URL:http://aviolights.com/sites/default/files/navigator_ultra_360_-_data_sheet.pdfhttp://aviolights.com/
navigator-ultra-360.html[cited 22-06-2018]

14URL:https://www.ebay.com/itm/15600-501-flight-data-recorder-/292584202206[cited 22-06-2018]
15URL:http://www.pipistrel.ca/resources/PDF-pipistrel-price/Taurus-RTF.pdf[cited 22-06-2018]
16URL:https://www.uavsystemsinternational.com/product/3d-robotics-pixhawk-flight-controller/[cited 22-06-2018]
17URL:http://www.pipistrel.ca/resources/PDF-pipistrel-price/Taurus-RTF.pdf[cited 22-06-2018]
18URL:http://www.kmaelectricals.com/fm/1616395/001.pdf[cited 22-06-2018]
19URL:https://www.motorcyclespareparts.eu/en/suzuki-parts/2017-sv650aua-motorcycles/optional-seat[cited 22-06-2018]
20URL:http://www.pipistrel.ca/resources/PDF-pipistrel-price/Taurus-RTF.pdf[cited 22-06-2018]
21URL:https://ocw.mit.edu/courses/aeronautics-and-astronautics/16-885j-aircraft-systems-engineering-fall-2004/
lecture-notes/pres_willcox.pdf[cited 23-06-2018]

https://www.bol.com/nl/p/hotas-warthog-flight-stick/1004004013520875/?suggestionType=typedsearch&bltgh=iCTCyZJGaG5dFd4ucelK5A.1.9.ProductTitle
https://www.bol.com/nl/p/hotas-warthog-flight-stick/1004004013520875/?suggestionType=typedsearch&bltgh=iCTCyZJGaG5dFd4ucelK5A.1.9.ProductTitle
https://www.bol.com/nl/p/raspberry-pi-7inch-touch-display-lcd/9200000062964380/?suggestionType=browse&bltgh=q4-g2BK5fZfH7e5scm1PTw.1.13.ProductTitle
https://www.bol.com/nl/p/raspberry-pi-7inch-touch-display-lcd/9200000062964380/?suggestionType=browse&bltgh=q4-g2BK5fZfH7e5scm1PTw.1.13.ProductTitle
http://aviolights.com/sites/default/files/navigator_ultra_360_-_data_sheet.pdf http://aviolights.com/navigator-ultra-360.html
http://aviolights.com/sites/default/files/navigator_ultra_360_-_data_sheet.pdf http://aviolights.com/navigator-ultra-360.html
https://www.ebay.com/itm/15600-501-flight-data-recorder-/292584202206
http://www.pipistrel.ca/resources/PDF-pipistrel-price/Taurus-RTF.pdf
https://www.uavsystemsinternational.com/product/3d-robotics-pixhawk-flight-controller/
http://www.pipistrel.ca/resources/PDF-pipistrel-price/Taurus-RTF.pdf
http://www.kmaelectricals.com/fm/1616395/001.pdf
https://www.motorcyclespareparts.eu/en/suzuki-parts/2017-sv650aua-motorcycles/optional-seat
http://www.pipistrel.ca/resources/PDF-pipistrel-price/Taurus-RTF.pdf
https://ocw.mit.edu/courses/aeronautics-and-astronautics/16-885j-aircraft-systems-engineering-fall-2004/lecture-notes/pres_willcox.pdf
https://ocw.mit.edu/courses/aeronautics-and-astronautics/16-885j-aircraft-systems-engineering-fall-2004/lecture-notes/pres_willcox.pdf


14.3. Operational cost 103

Table 14.4: Manufacturing cost in dollar per pound

Labour [$/kg] Material [$/kg] Other [$/kg] Total [$/kg]
Wing 276 93 40 408

Empennage 732 220 106 1057
Fuselage 308 86 44 439

Landing gear 49 44 7 100
Installed Engines 112 41 16 170

Systems 143 41 21 205
Payloads 184 45 27 256

Final Assembly 26 2 1 29

The prospects of the hover-bike are that it will not be mass produced and sold in large quantities, especially during the
start up phase. Therefore a lot of labour will be necessary to produce parts and assemble the hover-bike. Most parts of the
hover-bike will be bought as of the shelf products, such as propellers, engines, miscellaneous items, cabling, etc.... But the
structure, wings and ducts will have to be produced by the hover-bike company itself.
Extracting percentages from Table 14.4 gives an estimate of how much the the manufacturing will cost for the wings, ducts
and structure. The landing gear of the hover-bike consists out of skids and are therefore part of the structure. Then manu-
facturing costs for these parts will become:

Table 14.5: Manufacturing cost hover-bike

Price fraction
of material

Material cost
Manufacturing

cost
Wing 93/408 €5140.00 €22500

Structure 86/439 €920.00 €4700

Assembly costs are estimated at 29
408+439 · (22550+4700) = €930. The total manufacturing cost of the hover-bike will become

€22500+€4700+€930 = €28130.

14.3. Operational cost
The operational cost consist out maintenance costs and charging costs. Maintenance costs are mostly dependent on the
labour cost and the cost of replacing parts. Charging costs are dependent on the flying frequency and price per kWh. To
determine the operational costs the case of 2 flight hours per week was chosen, which means that there are 104 flight hours
per year.

Maintenance For helicopters and general aviation different maintenance checks with their respective intervals are neces-
sary. For the Robinson 22 series there is a 100 flight hour check, a 2200 flight hour check, 4400 flight hour check and a yearly
inspection. The prices for each maintenance check is dependent on the amount of labour that is involved. For example a
100 flight hour check requires more labour than a 2200 flight hour check. Table 14.6 gives an impression of how much each
maintenance check will cost in terms of labour.

Table 14.6: Price overview of labour22

Maintenance check Price $
Yearly check 900

100 flight hour check 900
2200 flight hour overhaul 15000
4400 flight hour overhaul 16500

The price of labour is estimated by dividing the maintenance cost of each check over the flight hours. This gives an hourly
labour cost of 900

100 + 15000
2200 + 16500

4400 = $19.57 In euro’s that is €16.94 per flight hour. The yearly check costs $900 which is equal
to €790. Then if the hover-bike is flown for 104 hours per year and a yearly check takes place, the labour cost will come down
to 16.94 ·104+790 =€2550.
The cost of replacement parts is dependent on how fast parts will wear out. The only moving parts of the hover-bike are
the propellers and engines. Batteries don’t have moving parts, but they do experience a lot of charge/discharge cycles. The
electric engine are of the brushless type, which means that there are less engine parts that will wear out. As a result brushless
engines will have a long running time. Therefore it is assumed that the only parts that need frequent replacement are the
propellers and batteries. It is estimated that the batteries will be able to take 500 charge/discharge cycle before the capacity
drops below 70%23. If one flight equals one charge/discharge cycle than that would mean that the batteries will have to be
replaced after 500 flight hours. Resulting in a cost of €21400/500 = €42.80 per flight hours.

23URL: http://batteryuniversity.com/index.php/learn/article/how_to_prolong_lithium_based_batteries[cited 21-06-2018]
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The propellers will have a running time of 1000 to 2000 flight hours 24. If the propellers need to be replaced after 1000 flight
hours then this would cost €9600/1000 = €9.60 per flight hour. In total replacement parts will cost €42.80 + €9.60 = €52.40
per hour. Then the yearly costs for replacement parts would cost 52.40 ·104=€5450.

Charging costs To estimate the yearly charging costs the following scenario is used. The hover-bike is mainly designed
for a thrilling flying experience, but it can also be used for transportation mode. The batteries hold a charge of 45.2 kWh
chapter 7. If one flight uses the whole battery charge and two flights per week are performed, than the total energy use
for one year becomes 45.2 · 104 = 4700.8 kWh. The average price for one kWh in Europe costs €0.2125, therefore the total
charging costs per year will be around a €1000.

Operational cost overview Adding up all the costs of operating the hover-bike for one year the total cost will come down
to €2550 + €5450 + €1000 = €9000. This is the yearly cost when the hover-bike is flown for 104 hours. The operational costs
exclude any taxes or insurance payments that might be in place.

14.4. Total cost overview
All the analysed costs are summarised below in Table 14.7. Requirements HB-CS-ST-07 was given in section 3.3 that states
that the prototype of the hover-bike shall cost less than €100,000. The cost of the prototype consist out of material cost
and manufacturing cost and does not include the cost of design and capital cost. Then from Table 14.7 it can be deduced
that the cost of a prototype will be around €80000, therefore requirement HB-CS-ST-07 is met. The prototype cost does not
include value added tax, because this is different for countries around the world. The cost of operating the hover-bike for 1
year, while flying 104 hours per year, costs €9000.
Profit margins in the car industry are around 8.7% and 4.5%26, but cars are mass produce products. For the hover-bike a
profit margin of 12.5% was chosen, because the hover-bike will be produced and sold in lower quantities. Then the total
selling price will become €80000 · 12.5% = €90000.

Table 14.7: Overview of the cost analysis

Price
Material cost €51610

Manufacturing cost €28180
Selling price €90000

24URL: http://propellerman.com/hours-or-years.html[cited 21-06-2018]
25URL:http://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=nrg_pc_204&lang=en[cited 23 May 2018]
26URL:https://www.dw.com/en/big-carmakers-big-profits/a-19480709[cited 28 june 2018]
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15
Sustainability development strategy

Sustainability is currently gaining in concern among companies while designing any type of vehicle. The hover-bike might
not be the most sustainable transport vehicle but sustainability methods are required to implement for improving its sus-
tainability performance. Sustainability consists of three main themes and aspects: Social, Environmental and Economic
sustainability. This chapter will discuss the design approach regarding hover-bike in order to increase sustainability and
minimise its impact towards the aspects previously mentioned. This chapter will discuss all the development strategies
used through out the whole design phase, which is highly influenced by the midterm report [42].
In this phase of designing, several aspects are considered to make the hover-bike more sustainable. This is done by analysing
the use of the hover-bike and anticipating its possible impact on the social, environmental and economic sustainability.

15.1. Social sustainability
The hover-bike was designed to give a new thrilling experience to the customer. However, its impacts and effects on society
are of great importance and are to be analysed assuming and predicting certain scenarios that might occur while finding
solutions.

Employment rate The hover-bike will open new jobs opportunities for young and experienced engineers, technicians
and managers. This will cause the unemployment rate to go down in the Netherlands and other cities depending on the
expansion rate of hover-bike. Moreover, it will allow for more versatile opinions for solving problems that will allow more
innovative and creative designs for the hover-bike.

Employee satisfaction The company’s employees must be well motivated, healthy and enthusiastic in order to perform
well under high-pressure circumstances. This can be achieved by creating some motivational and friendly atmosphere in
such a way that employee can perform at his/her maximum capabilities. Additionally, leaving some chance for creativity
and innovation by hearing and considering design suggestions from staff members can boost the motivation of employees.
Since being heard gives great sense of appreciation and belonging towards the company and the team. Through structurally
organising short meetings for discussing the contentment towards the employees environment, the previous key features
for satisfaction can be achieved

Customer satisfaction Moreover, the hover-bike ease of use will allow the customer to have a shorter time in order to fly
and have a license for the hover-bike. This will boost the customer happiness as it won’t take a long time to experience
the thrills delivered from the hover-bike. Moreover, a wide variety of modes that can be achieved by the hover-bike allows
increased user-friendliness and gives more option for controlling the hover-bikes performance. Furthermore, during the
design of the hover-bike two aspects were taken into consideration, the hover-bike’s thrilling aspect and the functionality
aspect. In order to satisfy both aspects, removable wings and duct are added to give more endurance to hover-bike and
hence increase transportation capabilities. Adding these capabilities would make the customer more satisfied with the
product due to its versatile functionalities. Next to increasing the versatility, a close connection should be kept with the
customer. By expanding the involvement of the company in the begin phase of the user-experience, the customer will
reach out to the company much sooner will the customer encounter an issue, which will increase the gratitude towards the
company.

Legal aspects Furthermore, legal aspects need to be considered since hover-bike can be used to intrude on peoples pri-
vacy. This can be avoided by regulating the take-off and landing areas and by setting a minimum altitude of hovering to
maintain the privacy of the residence. In addition a set of rules and regulations will consider any operational misuse of the
hover-bike as the customer’s fault, as the company will not be held accountable for these mistakes. These rules and regula-
tions will be well communicated to the customer in order to protect civilians, customers, and the company’s reputation.
In addition, the company has to write down a detailed user manual in order to inform the pilot of the rules, regulations and
proper use of hover-bike. Additionally, a disclaimer should be added. In case of a customer failing to follow these rules, the
disclaimer will be held responsible of his actions and the company would not be held responsible for not following these
rules.

Noise Noise is a big issue when it comes to health concerns, particularly in Europe and in many developed countries [26].
Consequently, the European Union has started implementing new noise regulations to limit noise caused by vehicles[4],
especially at night time as it was observed to affect humans sleep cycle and health[22]. In order to avoid discomfort to
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people in urban areas, hover-bikes will only be allowed to take-off and land in rural areas to maintain a low level of noise to
civilians. Moreover, after taking off it is allowed to hover above cities but at a minimum height to avoid causing noise and
affecting people. Due to those effects, the flying of hover-bike is prohibited during night time due to noise effects and lack
of visual area making it unsafe for the customer.
As a first estimate of noise, it is assumed that the hover-bike has a similar noise level to Bell J-2A helicopter 1 generating 100
db at 30m. Using Equation 15.1 a minimum attitude of 300m can be estimated to lower the decibels to 80 db making it more
comfortable and less ear damaging to pedestrians. Moreover, for the safety and well being of the pilot a noise cancelling
earphones will be one of the protective gear-like ones used for fighter jets pilots.

L2 = L1 −
∣∣∣∣20 · log

r1

r2

∣∣∣∣ (15.1)

Maintenance Maintenance is a crucial part of any vehicle, such that a good and fast maintenance service is always pre-
ferred. In order to achieve a good maintenance service, highly experienced employees are going to be employed as super-
visors on the maintenance procedure to reassure high quality and fast maintenance. Moreover, the hover-bike should also
be more accessible in order to make the maintenance checks faster, which makes customers more satisfied and lowers the
complexity of the maintenance job.

15.2. Environmental sustainability
When it comes to environmental sustainability, EU targets are set relatively high. In order to maintain these high expecta-
tions, a strategy needs to be developed. This strategy is critical as to minimise the production of greenhouse gases, help to
save the planet from climate change.

Recyclability The hover-bike uses 184 kg of battery mass. Most of this mass comes from the Lithium-ion battery cells. The
recycling process of lithium-ion batteries is not yet profitable. Therefore, battery cells are not yet completely recycled. In
the future it is expected that lithium-ion batteries will be fully recyclable2. Secondly the frame of the hover-bike is made out
of aluminium and weights 60 kg. Aluminium can be melted and used again for new purposes. In other words, aluminium is
recyclable.
The battery mass and the mass of the structure combined will be 244 kg. This means that the requirement HB-CS-ST-20,
which states that at least 50% of the hover-bike should be recyclable, can be met in future.

Production pollution The production process cause pollution and a waste of materials that can harm the environment. In
order to prevent air pollution caused by production a cleaner way with less greenhouse gases are emitted to limit air pollu-
tion caused by the hover-bike production. Moreover, for minimising the wasted materials a lean manufacturing production
is used in order to decrease the amount of wasted materials introduced in the environment which might cause pollution.

Carbon footprint Operational pollution is required to be analysed in order to maintain a low carbon footprint after the
end of life of the vehicle. The carbon footprint and emission of batteries are comparably less than gasoline as it can be seen
in Figure 15.1 from a study performed comparing between cars 3. However, there is a penalty for manufacturing batteries
in term of CO2 emission but it is more environmental friendly on the long run.

Noise pollution Noise pollution is another source of pollution as it disturbs wildlife and disturbs the peace for civilians.
In order to minimise noise production for the hover-bike a minimum attitude have been set to limit noise pollution reach-
ing humans and terrestrial wildlife. Moreover a designated flying zones will be assigned in rural areas at least 700 m from
building and civilians in order to be able to take-off and land without disturbing the civilians.

15.3. Economical sustainability
Economical sustainability is crucial to ensure a longer lifespan for the company’s survival in the market as only 50 percent
of the companies will survive for 5 years since they opened up. Therefore, if economical sustainability is not planned for,
the company might go bankrupt causing people to lose their jobs and income and moreover it will affect the development
of the hover-bike due to insufficient funds.

Investors In order to achieve a good appeal to the customers a group of experienced marketing and design consultants
will be hired in order to give feedback about the design and how to improve it in order to meet customers satisfaction.
Moreover, that will cause the company to have a better overview of market need, hence company’s investors and shareholder
are satisfied with the work performed allowing more money flow to the company’s capital.

1URL: http://www.industrialnoisecontrol.com/comparative-noise-examples.htm [Cited 25 June 2018]
2URL: http://batteryuniversity.com/index.php/learn/article/recycling_batteries [Cited 16 June 2018]
3URL:https://thecorrespondent.com/7056/why-electric-cars-are-always-green-and-how-they-could-get-greener/
741917761200-afaa6e5d [Cited 23 June 2018]
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Figure 15.1: Gasoline vs Electric vehicle emission

Lean manufacturing Lean manufacturing is the production process in which material waste is minimised as it has an
impact on the environment and also affecting economical sustainability too. That is because every wasted material is con-
sidered as wasted money as it won’t be used in production, however, it was paid for. Hence, lean manufacturing is used for
both saving the planet and to saving money to the company.

Maintenance Maintenance of hover-bike takes huge amounts of money to perform and run given in section 16.2.2. In
order to minimise these costs, several aspects can be seen to affect the maintenance cost in section 16.2.2, which is because
different systems require different amount of money to maintain. Moreover, selecting critical systems with high reliability
would cause a decrease in the rate of maintenance in such that more millage or hours can be covered by the hover-bike
before the periodic checks, hence lowering the budget for maintenance.

End of life disposal To support the sustainability of this hover-bike, it must be disposed in a sustainable manner at the
end of its life. The process planned to properly dispose the product can be seen in Figure 15.2. The first step in the disposal
of the vehicle is evaluating its condition. If the owner just wants to sell the product that is still in good shape, then it will
simply be given through maintenance and sold again in a second-hand store. If the bike is not functional, then it is either
classified as "total loss" or "partial loss". A partial loss means the hover-bike can still be salvaged and its components are all
checked. The salvageable components are sent to the refurbishing plant where they are used to make refurbished bikes and
then sold in a second-hand store. Note that all above can be done by 3rd parties. The components that were not salvageable
along with the bikes that suffered total loss are dismantled and then sent to the "scrap material sorting" where they are then
either recycled or sent to the toxic waste disposal. The recycled material is then used to make new parts for the assembly
line.

Figure 15.2: steps for a sustainable disposal of the hover-bike



16
Scorpeon design outline

As all the preliminary analysis has been covered, all technical aspects of the can be summarised to obtain a com-
plete overview, which is given in section 16.1. Along with this summary, the hover-bike logistics are outlined in section 16.2.
Then, the production plan of the is provided in section 16.3. The compliance matrix, which shows which require-
ments have and which ones have not been met, is given in section 16.4 and lastly, an overview of some recommendations
for the final design is given in section 16.5.

16.1. Scorpeon characteristics
The characteristics of the hover-bike are split into four parts. First, the complete layout of the vehicle is provided in subsec-
tion 16.1.1. Secondly, the structural details of the subsystems are shown in subsection 16.1.2. The breakdown of
the cost, mass and power of the vehicle are summarised in subsection 16.1.3.

16.1.1. Vehicle layout
The electrical layout can be seen in Figure 16.1. The figure shows how the power cables will be routed from the batteries
to the motors. The two electric motors are at the same location laterally and longitudinally, because one is above the other
motor. Therefore the electric motors are denoted as 2*M. Subsystem like communication, machine human interface, flight
controller, black box, FLARM, subsystem power distribution board and subsystem battery are contained in the front of the
hover-bike under "Subsystems and sub-battery". The parachute is located in the front of the hover-bike as well. Further-
more, the external layout for both transportation and thrill mode can be seen in Figure 16.2

Figure 16.1: Electrical layout of the hover-bike (Green line = power from esc to electric motors, purple line = power from subsystem-battery to lights)
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(a)
(b)

Figure 16.2: Isometric view of the exterior of the Scorpeon in (a) transportation mode and (b) thrill mode.

16.1.2. Subsystem details
The subsystem aspects have been mentioned throughout the entire report, yet it is good to have a concise overview. There-
fore, all subsystem details regarding the dimensions of the subsystems are shown in Table 16.1. This includes the dimensions
and power consumption.

Table 16.1: Overview of subsystem details of the hover-bike concept.

Subsystem Aspect Value Subsystem Aspect Value

Wing

Half wing span 3.2 m
Rotor

Diameter 1.6 m
Aspect ratio 10.4 Contra-rotor gap 0.16 m

Total surface area 8.7 m2 Airfoil distribution
(root-to-chord)

MH126-MH112-
MH114-MH120

Quarter chord
sweep

0°
Power

Number of engines 6

Taper ratio 0.45 Maximum power
output

300 kW

Root-tip twist 28° (washin) Battery voltage 148 V
Geometric angle 37°

Body structure
Width 2.4 m

Airfoil Selig S4061 Length 3.4 m
Height 0.6 m

16.1.3. Budget resource allocation
Furthermore, the power, mass and cost has been distributed over the vehicle and its subsystems. The cost and mass dis-
tribution of the is visualised in the pie charts in Figure 16.3 in SI units. The power distribution is not shown in a
pie chart, as most of the power is distributed to the batteries and, as such, the pie chart would not be clear. Therefore, this
distribution is shown in Figure 16.3

(a) (b)

Figure 16.3: Pie charts displaying (a) the cost distribution in euros and (b) the mass distribution in kilograms. In both charts, the value of each component
is given in the brackets after the component name.
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Table 16.2: Vehicle power distribution.

Subsystem LCD
screen

Lights Black
box

Safety
ECU

FLARM Joybar Flight
controller

Transmitter/
Receiver

Motors

Power (W) 4.5 35 5 5 8 5.9 35 15 250×103

16.1.4. Performance characteristics
This section will summarise the performance characteristics of in both the transportation configuration and thrill
configuration. The analyses are done in Equation 7.1.1, chapter 7 and chapter 9.

Aspect Value
Speed 29.7 m/s
Acceleration 8 m/s2

Range 105 km
Endurance 60 min

Table 16.3: Performance characteristics transportation mode

Aspect Value
Speed 55 m/s
Acceleration 12 m/s2

Range 32 km
Endurance 9.8 min

Table 16.4: Performance characteristics thrill mode

16.2. Operations and Logistics
This section describes the operations associated to owning a . This consists of the flight operations in subsec-
tion 16.2.1, the description of the maintenance plan is provided in subsection 16.2.2, while the definition of the headquar-
ters is provided in subsection 16.3.5.

16.2.1. Flight operations
The flight-operations of the hover-bike mainly concerns with how the vehicle is expected to be treated before, during and
after flight. An operations diagram was already created during the mid-term, yet since the design is known in more detail
now, the organisations diagram has also become more in depth as shown in Figure 16.4. The vehicle needs to be properly
checked before it can actually be flown. The first check is a general visual one. The pilot shall see if the hover-bike does
not have any obvious damage, such as dents and cracks. The second check is denoted as a "pre-operational checklist".
This is comparable to a pre-check before driving a car. The pilot will check if there are any warning lights/signs active,
if there is enough power left and if the sensors are working properly1. If there are any issues that the driver can not fix by
him/herself, he/she is directed to the maintenance section, which is outlined in subsection 16.2.2. After the pre-flight checks
are done and everything is indeed working properly, the hover-bike is ready to take-off from a helipad, but first the desired
flight profile needs to be determined, which determines which flight configuration should be used, further explained below.
During the flight, the system shall continuously check for a critical failure of the hover-bike. Finally, the pilot shall perform
a small post-flight check to determine any issues that may have occurred during flight, similar to the pre-flight checklist.

1As an example, when the hover-bike gets activated, the dials should all move left and right such that the driver can check if these are indeed operational
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Figure 16.4: Flowchart showing the steps in the flight-operation phase.

16.2.2. Maintenance plan
Maintenance is a crucial phase in the process of operating the hover-bike. This phase is responsible of making the hover-
bike operate in its optimum prime condition at all time and allow for early detection of any deterioration that might occur
in the hover-bike components.
The maintenance starts when the customer calls the maintenance centre to describe what problems he is facing. The main-
tenance centre will try to assist the customer if the problem can be fixed without the need of professional help. However,
in case of a critical failure or a problem that needs to be checked by a professional, the customer will have to transport the
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hover-bike to the maintenance centre to perform the maintenance procedures.
Moreover, the maintenance can vary from daily maintenance performed by the customer during pre-flight checks or by
the maintenance centre if the service mileage is reached or in case of unplanned failure. The steps taken during periodic
and non periodic maintenance are illustrated in Figure 16.5. The service mileage checkup is a systematic checkup done
for quality assurance purpose so that the hover-bike keeps performing in the ideal condition that usually takes a couple of
hours to be performed in the centre. During that, the maintenance centre check up the fluids and mechanical parts are
checked for their performance and in case of any faulty components it will either be repaired or replaced depending on
their state.
Moreover, in case of a sudden failure or accident the maintenance centre will perform a first estimate check in order to
estimate the hover-bike maintenance time. After estimating the time required for repairs, the customer will be informed of
the time and given two options, whether he would like the hover-bike to be delivered to him after repairs for extra fees or
that he can personally come pick it up himself after repairs.

Figure 16.5: Maintenance plan for the hover-bike

16.3. Production plan
Production planning is about setting up a plan of how the final product is going to be produced and which methods are
to be chosen in terms of manufacturing and assembly to deliver a product with the required specification and tolerances.
Moreover, a detailed production planning can only be achieved after the design of the final design and knowing the spec-
ifications and tolerances as seen in Figure 16.6. Due to the lack of information about tolerances at this stage of the design
manufacturing techniques will be selected without taking tolerance into consideration.
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Figure 16.6: Production cycle

In addition, there are many types of production to select from like single item manufacturing, mass manufacturing or batch
manufacturing. These types of manufacturing all depends on the purpose of the product and how will it be used. For the
prototype of the hover-bike a single item manufacturing process will be used and then after certification and quality control
acceptance a mass manufacturing process will be initiated.

16.3.1. Production
In this section the material manufacturing and joining mechanisms will be discussed in order to have a better overview of
the production process taken to produce the hover-bike structure. Moreover, the assembly methodology selected in order
to increase job performance and to increase productivity.

Manufacturing process
For manufacturing of the structural tubes the drawn tube process is used. The drawing process is better illustrated in Fig-
ure 16.7. One of the shown process of tube drawing shown in Figure 16.7 will be selected in order to form metal tubes
from aluminium T6061 metal rods. Aluminium T6061 can be manufactured using the mentioned due to its high formability
property.

Figure 16.7: The differences among tube drawing methods include the presence or absence of a rod or plug, whether and how the plug is fixed in position,
and the die angle.2.

Duct and wing manufacturing
For the duct and wing assembly given in Figure 16.8, composite materials were chosen. The reason for this is the high
strength to weight ratio for these materials. This allows the wing and duct assembly to be made very light weight. Since the
wings are located relatively far away from the centre of gravity of the hover-bike, the added moment of inertia to the vehicle
is significant and is proportional to the mass of the assembly. Furthermore, light wings and duct allow for easy handling by
the pilot when attaching and detaching from the main frame.
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Figure 16.8: Duct-wing structure

For the production process of the ducts and wings, the hand lay up technique was chosen. Hand lay up allows for the
manufacturing of complex shapes and curves with higher dimensions. Moreover,the direction of the fibres can be chosen
and maximum strength can be obtained in the desired direction.A schematic showing the procedure of this manufacturing
technique is given in Figure 16.9.

Figure 16.9: An illustration for the hand-lay-up procedure.3.

Joining
In order to join the structural design into a sub assembly it is decided to use gas metal-arc welding shown in Figure 16.10 in
order to weld the structural tubes together to form the body frame sub assembly. Moreover,gas metal-arc welding is used
welding process as the tube thickness is below 6mm which is maximum allowable thickness for this process. Moreover, the
material being welded is shielded using argon gases to prevent aluminium tubes from oxidation.
Furthermore, due to welding heat affected zones might start appearing causing irregularities in the material properties. To
overcome this dilemma aluminium T6061 is capable of heat treatment to improve the affected parts from welding.

Figure 16.10: Arc welding illustration 4

16.3.2. Assembly
The assembly will be analysed during the mass production phase as at that time is were assembly is the most crucial. Dur-
ing mass production the components and parts that form sub assemblies are produced in batches to avoid overflow of
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components or unorganised assemblies.
Moreover, a system is required to be implemented in order to join the sub assemblies into the main assembly and then into
a final product. In order to find the ideal solution a comparison between dock-like system and line assembly is performed.
After analysing the solution it was found that line production is more optimum due to its benefits like: simple planning,
minimal transport, good progress indicator as delays would be clear in the line and lastly maximum routine work per crew.
Line assembly can be visualised using Figure 16.11 in which each stations performs a certain sub assembly. Each assembly
line consist of many stations in which the same crew is continuously working on the same routine work with same time
allocated to each station to perform their tasks , when the time is passed the hover-bike moves to the next station at the
same time. Moreover, having the same crew, performing same tasks is beneficial for the production rate as it reduces cost
due to faster production. The number of hours spent on production of one hover-bike decrease by time due to the crews
learning curve. A hover-bike assembly line illustration shown in Figure 16.12.

Figure 16.11: Assembly line illustration with 2 sub assembly lines

Figure 16.12: Assembly line for the hover-bike

16.3.3. Quality control and assurance
Quality control and assurance is a main step and measure that needs to be considered as the team is thriving to produce
a high quality vehicle for the customer to proudly own. Process focused quality assurance has been selected as a quality
assurance method, the method is illustrated in details in Figure 16.13. During this process, every part is checked before and
after each stage to make sure that every part is within the high standards and expectations set by the company. However,
this process is considered time consuming as every part needs to be checked but it is necessary for the manufacturing crew
to develop well and learn how to deliver high quality products with the supervision of experts.
In addition, for quality control every hover-bike presented well be tested for performance and tested for critical situations.
If the hover-bike passes the performance test it will be quality checked and sold to distributors and customers. In case of
failure to pass the test, the hover-bike will be marked and returned to the factory to perform further analysis on it in order
to prevent the same error of ever occurring again. An example of quality inspection for the structural body is shown in
Figure 16.14.

Figure 16.13: Process focused quality assurance
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Figure 16.14: Process focused quality assurance for structural assembly

16.3.4. Headquarters
The headquarters is defined as the group of 10 engineers that designed the hover-bike. Headquarters also has a hover-bike
license providing facility and secretary. After the hover-bike is launched and is available on the market, the team of engineers
will continue improving and innovating the hover-bike. If necessary, customers can contact the headquarters through e-
mail. For more direct contact costumers can contact licensed aviation service centres for all the repairs and maintenance
via phone or e-mail. The aspects that are provided by the headquarters:

• Software updates to hover-bikes.
• Training for aviation service centres in order to become licensed hover-bike mechanics.
• Manuals to the aviation service centre.
• Training to get the the hover-bike licence. This is done by a weekend training in which the basics will be taught to

operate the hover-bike.
• Warranty of 1000 flight hours or 5 years (which one expires first).

Furthermore, hover-bikes must undergo a yearly mandatory check, similar to cars. This check comes at the cost of the
owner and will be done at an aviation service centres. These will also be sending regular feedback to the headquarters, as
the mechanics working there have a front row view regarding reoccurring problems of the . Especially after the first
hover-bikes are sold, it is expected to get a lot of feedback from these service centres, which will also perform maintenance
and repairs. Lastly, there will be training provided from the headquarters, as mentioned above, however, this is done by a
weekend training to understand the basics of controlling the hover-bike.

16.3.5. Regulations
To actually make sure that the hover-bike pilots have an understanding of the air traffic regulations, it was decided that
an RPL is a mandatory permit that the pilot must have, before riding the hover-bike. Officially the does not fall
under the RPL licence. This is because the maximum take-off weight of the in transportation mode is more than
450kg and also because the has multiple engines. Hoverever, it is expected that due to the due to the
’s simplicity and it’s unfriendliness it will get an exception and thereby will fall under the RPL regulation. Furthermore it
is expected that the regulations concerning hover-bike’s will change soon in the future due to the upcoming hover-bike
market, and the hover-bike will get its own set law and regulations.
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16.4. Requirement compliancy
This section shows the requirements which where set at the beginning the hover-bike design accompanied with the com-
pliance of our design to these requirements. Furthermore, it is given in which specific section the current requirement is
met or not met. For the requirements which were not met a brief comment a given why the requirement is not met. The
requirements compliance matrix are shown in Table 16.5 and Table 16.6.

Table 16.5: Requirements compliance matrix part 1

ID Requirement Compliance Section Comment
HB-FR-ST-01 The hover-bike shall be movable in 6 degrees of freedom. 9.2 -
HB-FR-ST-02 The hover-bike shall have a minimum range of 100 km while

maintaining a 100 km/h speed.
7.5 -

HB-FR-ST-03 The service ceiling shall be at least 3000 ft above sea-level. 7.5 -
HB-FR-ST-04 The hover-bike shall be able to fly for at least 1 hour while

maintaining a 100 km/h speed.
7.5 -

HB-FR-ST-05 The hover-bike shall be able to vertically take-off and land. 7.5 -
HB-FR-S-06 The hover-bike shall be statically stable and dynamically

damped.
9.3 -

HB-FR-S-07 The hover-bike shall have a maximum pitch angle of 45 de-
grees.

9.3 -

HB-FR-S-08 The hover-bike shall be able to operate in an atmospheric tem-
perature range of 0 to 40 degrees Celsius.

7.3.5 -

HB-FR-S-09 The longitudinal acceleration shall be at least 8.3 m/s2. 9.3 -
HB-FR-S-10 The vertical acceleration shall be at least 1.7 m/s2. 9.3 -
HB-FR-S-11 The longitudinal speed shall be at least 150 m/s. 9.3 -
HB-FR-S-12 The Hover-bike shall be able to take turns with at least 1.7 G. 9.3 -
HB-FR-ST-13 The hover-bike shall be able to safely bring down the pilot

from FL030 in case of emergency.
12.1 -

HB-FR-ST-14 The hover-bike shall transmit its position with a transponder. 5.2.1 -
HB-FR-ST-15 The hover-bike shall be able to be handled by a single person

at any time.
16.2.1 -

HB-FR-ST-16 The hover-bike shall possess a radio for communication. 7.3.4 -
HB-FR-ST-17 The hover-bike shall be equipped with a system that monitors

the operational state of the hover-bike.
5.2.1 -

HB-FR-ST-18 Handling qualities shall be such that 6 hours of training is suf-
ficient to safely operate the hover-bike.

10.4 -

HB-FR-ST-19 The hover-bike shall be equipped with instruments showing
the operational state of the hover-bike.

10.2 -

HB-FR-ST-20 The turn around time of the hover-bike shall be less than 30
hours.

7.3.5 -

HB-FR-ST-21 The start-up procedure of the hover-bike shall take less than 3
minutes.

X 11.2 Adding the time of
unloading to the

start-up procedure
will take more than

3 min (approx 15
min).
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Table 16.6: Requirements compliance matrix part 2

ID Requirement Compliance Section Comment
HB-CS-ST-01 The maximum take-off weight of the hover-bike shall be 500

kg.
8.3.5 -

HB-CS-ST-02 The maximum payload weight of the hover-bike shall be 100
kg.

8.3.5 -

HB-CS-ST-
03a

The hover-bike shall fit in a trailer of width 2.6 m. 8.3.1 -

HB-CS-ST-
03b

The hover-bike shall fit in a trailer of height 4 m. 8.3.1 -

HB-CS-ST-
03c

The hover-bike shall have a front vertical viewing angle of at
least 15 degrees.

8.3.1 -

HB-CS-ST-04 The hover-bike shall have a front vertical viewing angle of at
least 15 degrees.

8.3.2 -

HB-CS-ST-05 The hover-bike shall have a side vertical viewing angle of at
least 45 degrees.

8.3.2 -

HB-CS-ST-06 The hover-bike shall be able to take off from a site with diam-
eter or length and width of 12 m[6].

16.2.1 -

HB-CS-ST-07 The production costs of a prototype shall be at most€100,000. 14.4 -
HB-CS-ST-08 The pilot has should have a Recreational Pilot License. 16.3.5 -
HB-CS-S-09a The hover-bike shall be able to withstand bird strikes. X 13.2.2 The design is not

able to take into
account this
requirement.

HB-CS-S-
09b

The pilot shall be shielded against hazardous components. 8.2.1 -

HB-CS-S-10 The hover-bike shall have a safety rate of at most 1 fatality for
every 200.000 flight hours.

X - Currently jot
feasable to justify
due to the lack of

data on the
reliability of the

components.
HB-CS-S-11 Vital components of the hover-bike shall be "safe-life" for the

operational life of the vehicle.
8.3.4 -

HB-CS-S-12 The hover-bike shall be equipped with a black-box. 5.2.1 -
HB-CS-ST-13 The pilot shall have a clear 360 degrees view. 8.3.2 -
HB-CS-ST-14 The hover-bike shall be equipped with navigation lights. 5.2.1 -
HB-CS-ST-15 The pilot shall be warned when approaching restricted

airspace.
5.2.1 -

HB-CS-ST-16 The pilot shall be able to safely exit the hover-bike in case of
emergency.

12.1 -

HB-CS-ST-17 The first prototype of the hover-bike shall be build before 2022. 17 -
HB-CS-ST-18 The design phase of the hover-bike shall be finished before

2020.
17 -

HB-CS-ST-19 At least 50% of the materials used for the production of the
hover-bike shall be recyclable.

15.3

HB-CS-ST-20 At the end of life 50% of the operative empty mass of the hover-
bike shall be ableto be disassembled, disposed off and recy-
cled.

15.3

HB-CS-ST-21 The hover-bike shall have a minimum operational life of 3000
flight cycles.

X 15.2 Mora analysis on
the reliability and

testing the
hover-bike is

necessary to justify
the requirement.
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16.5. Recommendations
Recommendations for further research are given to improve on the design of the hover-bike. Further research is necessary to
improve current models and to investigate the overlapping areas between the structure, control, aerodynamics and power
and propulsion. Together they are responsible for the performance of the hover-bike. All components of the hover-bike
have to work together to turn the hover-bike into a successful product. Items that need further research are:

• The aerodynamic group and power and propulsion group found different results for the estimation of the power for
the propellers. The aerodynamic group used blade element method to estimate the power of the propellers and the
propulsion group used the actuator disk theory to determine the required propeller power. There is a still a large gap
between both estimations and up until now an explanation for the difference has not been found.

• Reiterate the propellers size with improved models for the structure weight, wing weight, duct weight and battery
weight. At the beginning of the detailed design phase the propeller size was estimated with simpler tools. From that
point on the propeller size was fixed to give a starting point of the design of the hover-bike. Reiterating the propeller
size will improve the performance and endurance of the hover-bike.

• Investigate the transitional phase between vertical take-off and lift and regular flight. The transitional phase is non-
linear and it is harder to predict the behaviour of the hover-bike in this phase. Further research is necessary to find
out what kind of effect this has on the design of the hover-bike.

• Investigate the effects of gusts and wind. The power and propulsion analysis does not include the effect of gust and
wind on the power consumption. Most probably the effects of gust will reduce the flight time. If the flight time is
reduced larger batteries or wings may be necessary to be able to meet the range and endurance requirements.

• Further reliability studies are necessary, because a broader spectrum of reference vehicles will improve the accuracy
of the reliability analysis performed during the detailed design.

• Cooling of the electrical equipment such as engines, batteries and control units has not been taken into account.
These systems should not overheat, as that could cause damage these systems. When cooling becomes a problem
then these systems should either be reconfigured or redesigned.

• The ageing effect of batteries has to be studied in the post DSE activities. An ageing battery will lose capacity and this
will reduce the range and endurance. If ageing of the batteries is significant then the batteries have to accommodate
for that.

• The pilot sits on top of the hover-bike and therefore interacts with the airflow around the hover-bike. Which means
that the pilot is actually part of the aerodynamic shape of the hover-bike. Therefore the aerodynamic interference of
pilot of the rest with the hover-bike should be analysed.

• There is quite a bit of interference between the wings, propellers and ducts and further research is necessary to im-
prove the model that analyses these interference’s. When there is too much interference between these components
then their location or their shape should be reconsidered.

• Structural analysis of ducts and wings needs to be performed, because of the aerodynamic forces acting on these com-
ponents. The structure of these components should be able to withstand the aerodynamics forces and they should be
rigid enough to prevent warping of the wing.

• The aerodynamic effects of the wings and ducts have to be taken into account of the control analysis, because of the
aerodynamic damping of these components. Too much aerodynamic damping could hamper the manoeuvrability of
the hover-bike. If this is the case then this could lead to design reconsiderations.

• Contra rotating propellers produce a lot more noise than conventional propellers. One of the reasons why ducts are
added is because of the noise. The hover-bike could potentially produce too much noise, when the ducts are removed
for the thrill mode. If the hover-bike makes too much noise then this could pose constraints on where the hover-bike
can be flown. Thrill mode is described in section 3.1.

• The effect of bird strike has not been taken into account yet into the design of the hover-bike. Bird strike could have
large consequences and as such the likelihood and effect of bird strike has to be investigated.



17
Post DSE activities

This chapter explains the activities that will take place after the DSE is finished. The post DSE activities are presented in two
figures. Both figures contain the same content, but they give a different view on the activities after the DSE.

Logic Diagram The purpose of the logic diagram of the the post DSE activities is to give an overview of all the tasks that
have to be performed when the DSE is Done. Important emphasis has to be given to the funding and certification. The
best performing hover-bike on paper will never be built if the funding is not sufficient and if certification does not allow the
hover-bike fly. Therefore a market plan, getting funding, contacting suppliers and certification authorities are crucial steps
in the post DSE activities.

Figure 17.1: Post DSE logic diagram.

Gantt Chart The gantt chart has the same content as the logic diagram, but in this case the activities are ordered in a time
schedule. In the near future the different activities are separated only by a short period of time lasting a few months. Further
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in the future the periods become longer and last a few months. The designing phase will be finished by 2018 and the first
prototype will be built in 2019. [42]

Figure 17.2: Post DSE Gantt chart
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A
Reference data propeller sizing

Table A.1: Reference propeller data

Propeller Diameter [m] Mass [kg]
GA200L-STOL1

PROPELLER
2.08 8.16

WHIRLWIND ULTRALIGHT 3502 1.68 5.90
GA-J2B3 1.65 3.63

GA-200CN4 1.83 5.44
Wood-Maple - 24x12 Propeller5 0.61 0.14

Classic - 20x10 Propeller6 0.51 0.17
Turnigy Type D Light Wood Propeller7 0.51 0.13

Turnigy 3D Gas Propeller8 0.51 0.11
GA-UL2609 1.68 3.63
GA-RW3B10 1.78 5.44

Table A.2: Reference engines data

Electric motor Power output [W] Mass [kg]
Hobbyking X-Car 497611 6000 0,425

Turnigy RotoMax12 7992 2.074
Turnigy AquaStar13 T20 3T 5280 0.971

NT-12kW14 12000 4.1
NT-15kW15 15000 5.4
Nova 1516 15000 2.5
Nova 3017 30000 6.5

4535 ASTRO18 15000 5.44
Reacher paraglider motor19 45000 5.9

1URL:https://whirlwindpropellers.com/aircraft/product/ga200l-stol/[cited 06-06-2018]
2URL:http://www.aircraftspruce.com/catalog/appages/whirwind05-12614.php[cited 06-06-2018]
3URL:https://whirlwindpropellers.com/aircraft/product/propeller-for-jabiru-3300-engines/[cited 06-06-2018]
4URL:https://whirlwindpropellers.com/aircraft/product/ga200cn/[cited 06-06-2018]
5URL:https://www.masterairscrew.com/collections/wood-series/products/wood-maple-24x12-propeller[cited 06-06-2018]
6URL:https://www.masterairscrew.com/collections/classic-series/products/classic-20x10-propeller[cited 06-06-2018]
7URL:https://hobbyking.com/en_us/turnigy-type-d-light-wood-propeller-20x6-1pc.html[cited 06-06-2018]
8URL:https://hobbyking.com/en_us/turnigy-3d-gas-propeller-20x6-1pc.html[cited 06-06-2018]
9URL:https://whirlwindpropellers.com/aircraft/product/propellers-for-ul260350-engines/[cited 06-06-2018]
10URL:https://whirlwindpropellers.com/aircraft/product/lsa-s-t-o-l-propellers-ga-rw3b-3-blade/[cited 06-06-2018]
11URL:https://hobbyking.com/en_us/hobbyking-x-car-4976-1740kv-sensorless-brushless-motor.html?___store=en_us[cited 27-may-2018]
12URL:https://hobbyking.com/en_us/turnigy-rotomax-100cc-size-brushless-outrunner-motor.html?___store=en_us[cited 27-may-2018]
13URL:https://hobbyking.com/en_us/turnigy-aquastar-t20-3t-730kv-1280kv-water-cooled-brushless-motor.html?___store=en_us[cited

27-may-2018]
14URL:http://nt-power.eu/doc/nt-power-datasheet-motor-12kw.pdf[cited 06-06-2018]
15URL:http://nt-power.eu/doc/nt-power-datasheet-motor-15kw.pdf[cited 06-06-2018]
16URL:https://plettenberg-motoren.net/en/products/motor-solutions/motors[cited 06-06-2018]
17URL:https://plettenberg-motoren.net/en/products/motor-solutions/motors[cited 06-06-2018]
18URL:http://www.astroflight.com/4535[cited 06-06-2018]
19URL:http://www.reacherbrushless.com/product/45KW-motor.html[cited 06-06-2018]
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