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ABSTRACT2

We present QUaRTM – a novel quadcopter design capable of tilting the propellers into the3
forward flight direction, which reduces the drag area and therefore allows for faster, more agile,4
and more efficient flight. The vehicle can morph between two configurations in mid-air, including5
the untilted configuration and the tilted configuration. The vehicle in the untilted configuration6
has a higher pitch torque capacity and a smaller vertical dimension. The vehicle in the tilted7
configuration has a lower drag area, leading to a higher top speed, higher agility at high speed,8
and better flight efficiency. The morphing is accomplished without any additional actuators beyond9
the four motors of a quadcopter. The rigid connections between the quadcopter frame and the10
quadcopter arms are replaced with sprung hinges. This allows the propellers to be tilted when11
high thrusts are produced, and recover to the untilted configuration when the thrusts are brought12
low. The effectiveness of such a vehicle is demonstrated by running experiments on a prototype13
vehicle with a shape similar to a regular quadcopter. Through the use of tilting, the vehicle is14
shown to have a 12.5% higher maximum speed, better high-speed agility as the maximum crash-15
free cruise speed increased by 7.5%, and a better flight efficiency as the power consumption has16
dropped by more than 20% in the speed range of 15-20m s−1.17

Keywords: Morphing quadcopter, Agile, Efficient, High-speed, Mechanism design, Aerodynamics18

1 INTRODUCTION

Over the past decade, UAVs have become increasingly popular. One of the most common UAV designs19
is the quadcopter which is a multirotor device driven by four independently controlled propellers. The20
simplicity and agility of quadcopters as explained in (Mueller et al., 2022) have made them one of the21
preferred choices for a variety of applications, such as surveillance (Jaimes et al., 2008), mapping (Siebert22
and Teizer, 2014), building inspection, photography, delivery (Thiels et al., 2015), and disaster management23
(Erdelj et al., 2017). Nevertheless, conventional quadcopters are usually not able to achieve a high top24
speed, nor are they able to fly efficiently at a high speed. This is related to the fact that a quadcopter has25
to tilt its body toward the forward flight direction to counter the drag. However, tilting the quadcopter26
body means that a larger area is now subject to air resistance, which in turn increases the burden on the27
propellers. In addition to limiting the top speed, this also reduces the flight efficiency and might cause28
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the quadcopter to stall. For tasks such as search and rescue and rapid package delivery that are both time29
and cost sensitive, and still require the vehicle to have high agility and vertical take-off capacity, we see30
a demand for a quadcopter platform that is capable of efficient high-speed flight (Frachtenberg, 2019;31
Poikonen and Campbell, 2020).32

Some work has been done on increasing the flight efficiency and endurance of quadcopters. A method33
for finding the optimal speed and sideslip angle of a multicopter was presented in Wu et al. (2022). An34
approach to extending endurance and range by docking secondary quadcopters carrying replacement35
batteries is shown in Jain et al. (2020a). An increase in flight time by using the battery in multiple stages has36
been demonstrated in Jain et al. (2020b). Solar-powered UAVs, which can potentially fly large distances,37
have been explored in Reinhardt et al. (1996).38

Since the limit on the top speed of a conventional quadcopter often has to do with its inherent aerodynamic39
properties, a more fundamental design change is often required to improve the efficiency and flight speed.40
A common design that can achieve the said goals is the tilt-rotor design. A tilt-rotor allows the propellers41
to be tilted toward the flight direction without the need for tilting the main body, thereby reducing the area42
subject to wind. Several tilt-rotor quadcopter designs have been explored. A convertible prototype ”Quad43
Tilt Rotor” capable of vertical takeoffs like a quadcopter, and high-speed flight like a fixed-wing UAV was44
presented in Lin et al. (2014). A control scheme to handle the flight mode conversion from a helicopter to45
a fixed-wing ”Quad-TiltRotors” was presented in Papachristos et al. (2013). A constrained robust model46
reference adaptive controller of an H-shaped tilt-rotor was presented in Anderson et al. (2021). In addition47
to fusing a fixed-wing and a conventional quadcopter to enable the vehicle to travel at a high speed, several48
other tilt rotors designs have been explored. A tilt-rotor quadcopter capable of achieving any arbitrary49
desired state or configuration by tilting each rotor independently was presented in Nemati et al. (2016).50
The design and optimal control of an omnidirectional micro aerial vehicle capable of exerting a wrench in51
any orientation while maintaining efficient flight configurations were presented in Allenspach et al. (2020).52

Figure 1. The experimental vehicle hovering in the untilted (left) and tilted (right) configurations.

We propose a novel tilt-rotor vehicle design – a quadcopter with an unactuated rotor tilting mechanism53
(QUaRTM), capable of tilting the propellers into the forward flight direction without the use of any actuators54
beyond the four quadcopter motors. QUaRTM has two configurations: the untilted configuration with55
all propeller planes parallel to the central body, and the tilted configuration with all rotors tilted into the56
forward flight direction by an angle of 20 degrees. A photo of QUaRTM hovering in both configurations is57
shown in Figure 1. In contrast to a conventional quadcopter, the rigid connections between the quadcopter58
arms and the central body are replaced with hinges. This allows the propellers to tilt into the forward59
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flight direction without having to tilt the central body. Springs are added at the hinges to pull the arms into60
the untilted configuration. When the net propeller thrust is high enough to overcome the torque from the61
springs, the vehicle will transition into the tilted configuration. Then from the tilted configuration, when62
the net propeller thrust drops below a threshold, the arms will untilt and restore the vehicle to the untilted63
configuration. The spring torque acting on the arm is high in the untilted configuration and low in the tilted64
configuration. This creates a mechanical hysteresis that 1. prevents oscillations in the tilting behavior, 2.65
avoids unintended tilting or untilting, and 3. allows the propellers to produce a wider range of thrusts in66
both configurations. Figure 2 shows the internal architecture of the tilting mechanism.67

Figure 2. The vehicle viewing from the left side and the internal tilting mechanism for the front-right
arm. The fuselage is shown in beige. The arm shown in red orange is allowed to rotate around hinge H1.
A spring is attached between point S1 on the quadcopter central body and M1 on the arm. The spring
produces a torque on the arm around hinge H1 that tries to keep the arm in the untilted configuration. The
tensions in the spring are very close for the two configurations because the amount of extension is nearly
identical. However, in the untilted configuration, the distance from hinge H1 to line S1M1 is large, leading
to a large moment arm and a large torque produced by the spring. Thus the arm will only tilt when a very
high thrust is produced, allowing the vehicle in the untilted configuration to operate at a high maximum
thrust. Once the spring torque is overcome by producing a high thrust, the arm will tilt and the torque
exerted by the spring will reduce because the moment arm has reduced. This ensures that the arm will not
untilt so easily, allowing the vehicle in the tilted configuration to operate at a low minimum thrust.

QUaRTM thus combines both the advantages of flying in the untilted configuration and flying in the68
tilted configuration with some trade-offs. When flying in the untilted configuration, the offset between69
the front and rear rotors’ thrust axes is the largest, resulting in the highest pitch torque capacity at lower70
speed. In addition, since the propellers’ plane is parallel to the quadcopter frame’s top plane, the vertical71
dimension of the vehicle is small, which makes it theoretically possible for the vehicle to fly through72
narrower gaps. When flying in the tilted configuration, since the central body is not tilted toward the73
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forward �ight direction, the drag re�ected on the vehicle is low. This allows the vehicle to achieve a higher74

top speed and a higher energy ef�ciency. In addition, the reduction in drag allows a greater portion of the75

vehicle's thrust capacity to be used for maneuvering instead of merely countering drag. This improves the76

high-speed agility of the vehicle. On the other hand, this vehicle has a slightly reduced range of thrust and77

torques. This is because to prevent unintended tilting and untilting, additional thrust constraints on the78

propellers need to be imposed. In addition, there is a slight increase in the mass and mechanical complexity79

of the vehicle due to the addition of the tilting mechanism.80

Therefore, we argue that the proposed design is advantageous to existing solutions where the quadcopter is81

primarily expected to take off and land vertically, and �y at a high speed with high agility. Such applications82

are common when the targets are time-sensitive, e.g. long-distance package delivery, drone racing, search83

and rescue. This paper will discuss the dynamics of the QUaRTM, the principles that govern the design84

of the vehicle, the experimental vehicle and its controller, and the experiments conducted to validate the85

design and its capabilities, including 1. the mid-air tilting and untilting transitions, 2. the improvements on86

the maximum vehicle speed and high-speed agility, and 3. the improvements on �ight ef�ciency when the87

vehicle travels at a high speed.88

2 SYSTEM OVERVIEW

In this section, we will provide an overview of the system. We will de�ne the model of the vehicle and89

derive its dynamics. This will help us to 1. �nd the constraints on the propeller thrusts to prevent unintended90

tilting and untilting, and 2. design for the vehicle frame and the tilt angle.91

2.1 Notation92

We follow the notations in (Bucki and Mueller, 2019) for de�ning the model of the vehicle. Non-bold93

symbols likem represent scalars, lowercase bold symbols likeg represent vectors, and uppercase bold94

symbols likeJ represent matrices. Subscripts such asmC represent the body to which the symbol refers,95

and superscripts such asgE represent the frame in which the vector is expressed. A second subscript96

or superscript such as! CE or R CE represents what the quantity is de�ned with respect to. However,97

the special superscriptT represents the transpose of a matrix. To express a cross product, we use the98

skew-symmetric matrix form such thata � b = S(a)b. The symbold represents a displacement,!99

represents an angular velocity, andR represents a rotational matrix.100

2.2 Model101

First of all, we de�ne a model of the vehicle which we will use for analysis. Figure 3 shows the quadcopter102

model as seen from the top. We model the system as 5 coupled rigid bodies, including the central body of103

the quadcopter and the 4 quadcopter arms with the rotors mounted. We denote the Earth frame asE, the104

central body frame asC, and the frame for each arm asA i for i 2 f 1; 2; 3; 4g. The origin of any frame105

is de�ned to be at the center of mass of the corresponding body. For the central body frame, the x-axis106

x C points to the front of the vehicle, and the z-axiszC points upward from the body's top surface. The107

rotation matrix of central body frameC with respect to the Earth frameE is de�ned asR CE . For a vector108

expressed in the Earth framevE , vC = R CE vE represents its expression in the central body frame.109

Each arm is allowed to tilt with respect to the central body frameC around they C direction, and the fully110

tilted tilt angle is de�ned as� . Throughout this paper, we will assume that all arms tilt at the same angle.111

We also de�ne the combined arm frameA which has axes aligned with any armi , and its origin located at112
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Figure 3. Top-down view of the vehicle model in the untilted con�guration. The propellers are numbered
1, 2, 3, 4 in a clockwise manner. The right side shows the detailed view of rotor 1, whereP1 is the location
of the rotor,A1 is the COM of the arm that the rotor is attached to, andH1 is the hinge that the arm can tilt
about. Reaction forcef r 1

and torque� r 1 act in opposite directions between each arm and the central body
at the hingeH1.

the center of mass of the whole vehicle. When an arm is not tilted, all 3 axes point in the same directions as113

those of the central body frame, thatx C = x A i ; y C = y A i
; zC = zA i . Since tilting only happens in the114

y C = y A i
direction, onlyzA i andx A i will change when the arm tilts. The rotation matrix of an arm with115

respect to the central body is thus a single degree of freedom rotation matrix de�ned asR A i C .116

Figure 4 shows forces and torques acting on arm 1. Note that while the �gure shows only arm 1, the117

model can be generalized to all arms. To control the thrust at which the arm will tilt or untilt, a spring118

producing a forcef si
is connected between pointSi on the central body and pointM i on armi . Note119

that spring is not the only option here but rather a design choice. Other widgets like magnets can be also120

used to produce such force. In addition to the spring force and the total acceleration force, armi also sees121

the propeller force and torque(f pi
= f pi zpi ; � pi = � pi zpi ), and the hinge's reaction force and torque122

(� f r i
; � � r i ). The mass and moment of inertia of the central body at its center of mass are denoted as123

mC andJ C respectively. Similarly, the mass and moment of inertia of any armi at its center of mass are124

denoted asmA andJ A .125

2.3 Aerodynamics126

Now, we model the aerodynamics of the vehicle. We will use these results to design for the tilt angle127

in Section 3.3. We express the aerodynamics of the quadcopter in the Earth frameE. Assuming that the128

quadcopter is cruising in thex E direction at a �xed height, the drag and lift forces are:129
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Figure 4. Free-body diagram showing the forces acting on arm 1 viewing from the left side. The length of
the arm is exaggerated. A spring is attached between pointS1 on the quadcopter central body andM1 on
the arm. The spring exerts a torque that tries to keep the arm in the untilted con�guration. The propeller
produces a thrust forcef pi

and a torque� pi in thezA1 direction. The momentum of inertia of the rotor
around its axis isJp1 , and the rotor rotates at a speed of! p1 .

Figure 5. Free-body diagram of the vehicle when cruising. The tilt angle� is the angle between the arm
and the central body, and the angle of attack� is the angle between the central body and the horizon.

f D = �
1
2

CD (� )�Av 2x E (1)

f L =
1
2

CL (� )�Av 2zE (2)

Where� is the angle of attack,CD (� ) and CL (� ) are the angle-of-attack-dependent drag and lift130

coef�cients, � is the density of air,v is the speed of the quadcopter, andA is the reference area which131
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is the projection area of the vehicle onto its top surface. Figure 5 shows the breakdown of forces on the132

quadcopter when it is cruising. The force balance of the quadcopter can be expressed as:133

f � sin(� � + � ) =
1
2

CD (� )�Av 2 (3)

f � cos(� � + � ) = m� g �
1
2

CL (� )�Av 2 (4)

Wheref � :=
P 4

i=1 f pi is the total thrust from all 4 propellers,m� is the total mass of the vehicle, andg134

is the gravitational acceleration. We will use the results here to design for the tilt angle in Section 3.3.135

2.4 Rigid body dynamics136

We derive the rigid body dynamics of the vehicle, especially those governing the tilting of the arms. We137

will use these results in Section 3.1 to design for the vehicle con�guration, and in Section 4.1 to compute138

the bounds on the control to ensure that mid-air morphing happens in a controlled manner. Since tilting139

and untilting usually happen during the early and late stages of �ight where the speed is low, we will140

not consider aerodynamic forces here. The translational and rotational dynamics of the vehicle can be141

computed using Netwon's and Euler's laws of motion Zipfel (2007). The translational dynamics of the142

central body expressed in the Earth frameE, and the rotational dynamics of the central body expressed in143

the central body frameC are:144

mC •d
E
CE = mCgE + R EC

4X

i =1

�
f C

r i
+ f C

si

�
(5)

J C
C _! C

CE + S
�

! C
CE

�
J C

C ! C
CE =

4X

i =1

�
� C

r i
+ S

�
dC

H i C

�
f C

r i
+ S

�
dC

CSi

�
f C

si

�
(6)

The translational and rotational dynamics of armi expressed both in the corresponding arm frame are:145

mA i R
A i E •d

E
CE = � mA i R

A i C
�

S
�

dC
CH i

�
_! C

CE + S
�

! C
CE

�
dC

CH i
! C

CE

�

� mA i

�
S

�
dA i

H i A i

�
_! A i

A i E
+ S

�
! A i

A i E

�
S

�
dA i

H i A i

�
! A i

A i E

�

+ zA i
A i

f pi � f A i
r i

� f A i
si

+ mA i R
A i E gE (7)

J A i
A i

_! A
A i E + S

�
! A i

A i E

�
J A i

A i
! A i

A i E
= S

�
dA i

Pi A i

�
zA i

A i
f pi + zA i

A i
� pi � � A i

r i
� S

�
dA i

H i A i

�
f A i

r i

� S
�

dA i
M i A i

�
f A i

si
� Jpi S

�
! A i

A i E

�
! pi z

A i
A i

(8)

WhereJpi is the moment of inertia of the rotor,! pi is the rotational speed of the propeller, and the last146

termJpi S
�

! A i
A i E

�
! pi z

A i
A i

indicates the gyroscopic torque produced by rotating the spinning rotor.147
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Now we consider the dynamics of the whole quadcopter. Its translational dynamics in the Earth frameE148

and rotational dynamics in the central body frameC are:149

m� •d
E
CE = m� gE + R EC zC

A i

4X

i =1

f pi = m� gE + R EC zC
A i

f � (9)

J C
� _! C

CE + S
�

! C
CE

�
J C

� ! C
CE =

4X

i =1

S
�

dC
Pi C

�
zC

A i
f pi + zC

A i
� pi = � C

� (10)

WhereJ � is the moment of inertia of the whole quadcopter, and� � is the net torque produced by the 4150

propellers on the quadcopter. We can use these equations to compute the linear and angular accelerations151

of the quadcopter:152

•d
E
CE = gE +

1
m�

R EC zC
A i

f � (11)

_! C
CE = J C

�
� 1

� C
� � S

�
! C

CE

�
J � ! C

CE (12)

Finally, plugging these equations back into the dynamics of the arm, we can �nd the reaction forcef A i
r i

153

and torque� A i
r i acting at the hinge:154

f A i
r i

= mA

�
R A i E

�
gE � •d

E
CE

�
� S

�
dA i

CA i

�
R A i C _! C

CE

+ R A i C
�

S
�

! C
CE

�
S

�
dC

CH i

�
! C

CE + S
�

! C
A i E

�
S

�
dC

H i A i

�
! C

A i E

��
+ zA i

A i
f pi � f A i

si
(13)

� A i
r i

= R A i C � C
pi

� S
�

dA i
M i A i

�
f A i

si
� S

�
dA i

H i A i

�
f A i

r i
� J A i

A i
R A i C _! C

CE

� R A i CS
�

! C
A i E

� �
R A i C

� T
J A i

A i
R A i C ! C

A i E + Jpi S
�

! A i
A i E

�
! pi z

A i
A i

(14)

We note that for the arm to remain untilted, the hinge should only apply a negative reaction torque on the155

arm. Similarly, for the arm to remain tilted, the hinge should only apply a positive reaction torque on the156

arm. In math form,y A i
A i

� � A i
r i � 0 if the arm is to remain untilted, andy A i

A i
� � A i

r i � 0 if the arm is to remain157

tilted. We note that this constraint only holds when the arms tilt independently. However, the tilting of the158

arms could be coupled mechanically to relax the bounds. There are three arm coupling con�gurations. The159

�rst is the non-coupled con�guration, where each arm tilts separately from one another. The second is the160

side-coupled con�guration, where the two arms at the front are coupled and the two arms at the back are161

coupled, or the two arms on the left are coupled and the two arms on the right are coupled. The third is162

the all-coupled con�guration, where all four arms are coupled to rotate together. The thrust bounds thus163

become:164
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Non-coupled: y A i
A i

� � A i
r i

� 0; for i 2 f 1; 2; 3; 4g (15)

Side-coupled:

(
y A1

A1
� � A1

r 1
+ y A4

A4
� � A4

r 4
� 0

y A2
A2

� � A2
r 2

+ y A3
A3

� � A3
r 3

� 0
; or

(
y A1

A1
� � A1

r 1
+ y A2

A2
� � A2

r 2
� 0

y A3
A3

� � A3
r 3

+ y A4
A4

� � A4
r 4

� 0
(16)

All-coupled:
4X

i =1

y A i
A i

� � A i
r i

� 0 (17)

We will use the results here to evaluate the vehicle agility and choose the arm-coupling con�guration in165

Section 3.1 and Section 3.2, and compute the bounds on the control inputs to ensure that mid-air morphing166

happens in a controlled manner in Section 4.1.167

3 DESIGN

In this section, we will discuss the design of the quadcopter. The key design parameters are the arm168

coupling con�guration and the tilt angle. The arm coupling con�guration affects vehicle agility. The tilt169

angle mainly affects the drag force, �ight speed, and high-speed agility. We design our vehicle by �rst170

choosing an arm coupling con�guration and designing an overall vehicle frame. Then, we will use the171

parameters of the vehicle frame to analyze the impact of the tilt angle on the vehicle performance and172

decide on the tilt angle.173

3.1 Arm-coupling con�guration and agility174

For a conventional quadcopter, the only limits on the vehicle agility are the maximum and minimum175

thrusts and torques that a propeller can produce(f min ; f max ; � min ; � max ). For our vehicle, however, we176

need to impose additional bounds on the propeller thrusts to prevent the arms from tilting and untilting177

when not commanded to. These bounds are governed by the spring forcesf si
and some other dynamics178

effects as shown in Section 2.4.179

To get a more intuitive understanding of how these bounds affect the agility of the vehicle and what we180

can do about it, let us consider a simpli�ed case where the quadcopter is initially hovering in the untilted181

con�guration, the angular acceleration is small, and the angular speed is small.R A i C thus becomes identity,182

and all terms of vehicle angular acceleration and quadratic terms of vehicle angular velocity drop out. The183

reaction torque in they A i
A i

direction from Equation 14 thus simpli�es to:184

y A i
A i

� � A i
r i

= � y A i
A i

�
�

S
�

dA i
M i A i

�
+ S

�
dA i

A i H i

��
f A i

si
+ dA i

H i A i ;x

�
� mA

f �

m�
+ f pi

�

+ y A i
A i

�
�

Jpi S
�

! A i
A i E

�
! pi z

A i
A i

�
(18)

= dA i
M i H i ;x

f A i
si ;z + dA i

H i A i ;x

�
� mA

f �

m�
+ f pi

�
� Jpi !

A i
A i E;x ! pi (19)
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WheredA i
M i H i ;x

f A i
si ;z represents the torque that the spring applies on the arm in they A i

A i
direction around185

the hinge,dA i
H i A i ;x

�
� mA

f �
m �

+ f pi

�
represents the net torque from the thrust of the propeller and the186

inertial force from accelerating the arm around the hinge, andJpi !
A i
A i E;x ! pi represents the gyroscopic187

torque from the rotor. The propeller thrust just enough to tilt the arm is thus:188

f pi ;tilt = mA
f �

m�
�

dA i
M i H i ;x

dA i
H i A i ;x

f A i
si ;z +

Jpi !
A i
A i E;x ! pi

dA i
H i A i ;x

(20)

The tilting behavior is thus determined by not only the spring-related parameters which the designer189

can decide, but also the roll motion of the vehicle due to the gyroscopic torqueJpi !
A i
A i E;x ! pi . It turns190

out that the gyroscopic torque has a major negative impact on the agility of the vehicle. This is because191

the momentum of the rotorJpi ! pi is usually quite large due to the high rotational speed of the rotor, and192

its product with the roll speed of the quadcopter which gives the gyroscopic torque could easily exceed193

the torque from the spring that is holding the arm in place, which can result in unintended tilting and194

untilting. To reduce the impact of the gyroscopic torque on the tilting behavior, we will have to couple the195

rotations of two adjacent arms, and force them to tilt together. Since every two adjacent propellers spin in196

opposite directions, the net angular momentum will cancel out if the speeds are close, and will signi�cantly197

reduce the gyroscopic torque re�ected on the arms. The uncoupled con�guration of Equation 15 is thus not198

physically meaningful for most vehicles, and coupling the arms is always required. Near hover, because all199

rotors have similar speeds, coupling the arms essentially makes the gyroscopic torque drop out from the200

force balance, which will then further simplify the thrust to tilt the arm to:201

f pi ;tilt = mA
4f pi ;tilt

m�
�

dA i
M i H i ;x

dA i
H i A i ;x

f A i
si ;z (21)

The tilt thrust is now only related to the mechanical properties of the vehicle, and is thus a design202

parameter that we can choose. The same applies to the untilt thrust. Typically, we will want the tilt thrust to203

be large but smaller than the propeller's maximum thrust, and the untilt thrust to be small but larger than204

the propeller's minimum thrust. This will ensure a wide thrust range in either con�guration and improves205

the agility of the vehicle. Near hover, the propeller thrust is thus bounded byf f min ; f pi ;tilt g when the arms206

are untilted, andf f pi ;untilt ; f max g when the arms are tilted. Once the desired tilt and untilt thrusts are set,207

the corresponding spring and anchoring points can be picked to generate the desired thrusts.208

We do note that coupling the arms increases the complexity of the vehicle, as some external connecting209

rods may be required. However, we also note that the two arms at the front share the same axis for tilting,210

as well as the two arms at the back. Therefore, we can use a single arm to mount the two rotors at the front211

and at the back. Then we will only need to use one hinge and one spring to tilt each rotor pair. This will212

make the quadcopter H-shaped instead of X-shaped, and will eliminate the need for an external connecting213

rod.214

Figure 6 shows an H-shaped vehicle and an X-shaped vehicle. While using the H-shaped frame increases215

the length of the quadcopter's fuselage, having a longer fuselage makes the quadcopter more streamlined216
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Figure 6. H-shaped (left) vs X-shaped (right) quadcopter frame. Using the H-shaped frame means that
a single hinge and a single spring can be used to tilt two propellers at the same time, which reduces the
mechanical complexity of the vehicle.

and thus more aerodynamically ef�cient. Considering the agility of the vehicle, it is recommended to use217

the side-coupled con�guration for slow maneuvers, and use the all-coupled con�guration for more agile218

maneuvers. An example of how a vehicle with the all-coupled con�guration is more agile than a vehicle219

with the side-coupled con�guration is provided later in Section 4.1. In addition, an H-shaped quadcopter220

frame is usually preferred in order to reduce mechanical complexity. Once the arm-coupling con�guration221

is chosen, the overall vehicle frame can be designed. Next, the relevant parameters can be used to design222

for the tilt angle.223

3.2 Experimental vehicle frame design224

Following the ideas of Section 3.1, we decided to use the all-coupled con�guration for our experimental225

vehicle, and developed an H-shaped vehicle frame. The properties of the experimental vehicle frame are226

given in Table 1. The overall size of the vehicle is designed to be similar to a commonly used quadcopter.227

The motors are the EMAX MT2208 brushless motors, and the propellers are 8' 8045 ABS propellers. Both228

are commercially available. In order to avoid discharging the battery at a rate beyond the safety range, we229

set our cap on the individual propeller thrust atf max = 4:5N. The drag and lift coef�cients are determined230

experimentally by �ying the vehicle at various constant speeds and curve-�tting the measured lift and drag231

forces. The rotations of all four arms are synchronized by using a four-bar mechanism that links the front232

arm to the rear arm. The four-bar mechanism can also be removed to convert the vehicle to the side-coupled233

con�guration. While the mass of the springs can be different depending on the tilt angle, we can reasonably234

expect the entire tilting mechanism to add a mass of 50 grams, which is about 6 percent of the mass of the235

whole vehicle.236
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