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Abstract— This work presents a novel Aspect Ratio-Modular
Vertical Take-Off and Landing (ARM-VTOL) aerial robot,
which is a meta-aircraft composed of two or more TiltRotor
hybrid aircraft systems capable of magnetically being coupled
during hovering flight, and of executing VTOL / Fixed-Wing hy-
brid missions once combined. The proposed meta-aircraft sys-
tem carries the advantage of improved aerodynamic efficiency
due its increased cumulative planform aspect ratio, which can
be leveraged to achieve prolonged flight times in collaborative
multi-vehicle flight. We propose an extendable methodology for
its control which relies on the multi-body equivalent dynamics,
and we present the coupling mechanism design that facilitates
its experimental demonstration. We accompany these contribu-
tions with a field test-driven evaluation study conducted with
a bi-vehicle ARM-VTOL prototype. The presented sequence
includes vehicle-to-vehicle magnetic coupling during hovering
flight, and is followed by a combined-vehicle mission comprising
vertical climb, VTOL-forward transition, fixed-wing flight and
maneuvering, and reverse-transition to VTOL and landing.

I. INTRODUCTION

Aerial robotics continue to thrive, continuously expanding

their real-world utility through technological breakthroughs

in the intelligence, perception, and efficiency of autonomous

flying systems. Small unmanned aircraft are increasingly

encountered across intelligent remote sensing tasks [1–7],

search and rescue [8–11], and even recently planetary ex-

ploration [12]. In this context of operational versatility, a

consistent research theme has been trying to combine robotic

modes of operation; reconfigurable Vertical Take-Off and

Landing (VTOL) aircraft fall within this spectrum. The main

trade-off required to achieve a viable hybrid aircraft platform

is well established, namely the poor performance that a

multi-flight-envelope design exhibits when compared to the

maneuverability of traditional multirotors, or the endurance

of fixed-wing aircraft, leaves the execution of real-world

missions less efficient than desired. This work proposes a

way to mitigate a class of aerodynamics-related limitations

by proposing the ability to combine multiple hybrid VTOL

vehicles into an elongated wing meta-aircraft, i.e. a novel

Aspect Ratio-Modular VTOL (ARM-VTOL) aerial robot.

The proposed ARM-VTOL design considers a system-

of-systems approach, with N wingtip-to-wingtip mechani-

cally coupled TiltRotor aerial robots forming a semi-rigid

planform. Hence, this novel meta-aircraft type possesses

the ability to have a N-modular aerodynamic aspect ratio,

standing to benefit from improved aerodynamic efficiency
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Fig. 1. The Aspect Ratio-Modular Vertical Take-Off and Landing (ARM-
VTOL) reconfigurable aerial robot, consisting of a pair of wingtip-to-wingtip
connected Tri-TiltRotor hybrid aircraft. Corresponding video available at:
https://www.youtube.com/watch?v=pVbJudrOTGY

in forward-flight obtained as a result of minimized wingtip-

induced losses. Our envisioned mode of operation relates to

an autonomously organized swarm of hybrid Micro Aerial

Vehicle robots, capable of autonomously combining them-

selves into a long-planform configuration in order to traverse

longer distances than what the individual vehicle endurance

would allow, and upon arrival disengage to resume any

separately pursued objectives.

This work’s contributions include: a) An analysis on

the multi-body rotational and flight dynamics, leading to

an extendable approach on how to control the proposed

ARM-VTOL aircraft; b) The presentation of core system

implementation aspects for a field deployable bi-vehicle

ARM-VTOL prototype, accompanied by the detailed design

of a novel wingtip-to-wingtip solid state magnetic coupling

mechanism that accommodates an inter-system communica-

tion link which facilitates the deployed Master-Slave control

topology; c) Field-proven experimental demonstration of the

ARM-VTOL system viability with results and videos from a

mission that includes vehicle-to-vehicle magnetic coupling

during hovering, and is followed by a combined-vehicle

automated mission comprising vertical climb, VTOL forward

transition, fixed-wing flight and maneuvering, and reverse-

transition to VTOL and landing.

The remainder of the paper is organized as follows: Sec-

tion II presents related work. Section III describes modeling

and control principles for the multi-body system, followed by

Section IV which presents system design and implementation

aspects. Section V demonstrates and discusses field test

results. Conclusions are drawn in Section VI.

2022 IEEE International Conference on Robotics and Automation (ICRA)
May 23-27, 2022. Philadelphia, PA, USA

978-1-7281-9680-0/22/$31.00 ©2022 IEEE 8

20
22

 IE
EE

 In
te

rn
at

io
na

l C
on

fe
re

nc
e 

on
 R

ob
ot

ics
 a

nd
 A

ut
om

at
io

n 
(IC

RA
) |

 9
78

-1
-7

28
1-

96
81

-7
/2

2/
$3

1.
00

 ©
20

22
 IE

EE
 |

 D
OI

: 1
0.

11
09

/IC
RA

46
63

9.
20

22
.9

81
15

42

Authorized licensed use limited to: UNIVERSITY OF NEVADA RENO. Downloaded on December 08,2022 at 17:26:11 UTC from IEEE Xplore.  Restrictions apply. 



CoM

FB

Aerodynamic
Center va

FB α

xB

yB
zB

xS

ySzS

FS
N= ...2,4,6

FB

FB
N

FB
N

Ixz= =xz dm 0

Ixy= =xy dm 0N

Ixy= =xy dm 0N

Ixz= =xz dm 0N

Ixz= =xz dm 0N

Ixy= =xy dm 0

N= ...1,3,5

N= ...2,4,6

N= ...1,3,5

N= ...2,4,6

Iyz= =yz dm 0

Iyz= =yz dm 0N

Iyz= =yz dm 0N

sw

sw
N

sw
N

FB

FB
N

FB
N

FB

FB
N

FB
N

N= ...1,3,5

i) ii) iii)

iv)

cw

sw
N

Fig. 2. i) Tri-TiltRotor single-vehicle reference frames definition. ii) N-vehicle Aspect-Ratio-Modular VTOL reference frames parametrized per odd /
even-numbered configurations. Corresponding wing chord and cumulative planform length, which is the principle leveraged to achieve an increased Aspect
Ratio aerial multi-robot platform in pursuit of its aerodynamic advantages. ii) − iv) Retained rotational symmetries per single-vehicle case (w.r.t. the
elected reference frames) resulting in a similarly structured rigid body inertia tensor for the N-vehicle assembly.

II. RELATED WORK

Modular and Reconfigurable robotic systems, broadly in-

troduced and treated in seminal works such as [13, 14],

encompass a vast field of designs and applications. Specifi-

cally w.r.t. the field of aerial robotics, reconfigurable linking

and composite formations have been illustrated in two sub-

fields, namely the domain of multirotors, as well as the

domain of fixed-wing aircraft [15]. In the multirotor space,

a definitive archetype is the work related to the Distributed

Flight Array [16–18]. Other relevant projects include [19–

24]. Many of these use magnetic elements for binding

flight elements together, and all address the dynamics and

controllability of the respective compound hovering vehicle.

Examples of multirotor arrays with variable frame geometry

include [25–31]. However, none of these consider fixed-

wing elements or control. In the fixed-wing space, aerial

linking was studied seriously in early experiments with

aerial refueling and range-extension for manned aircraft. The

most notable experiment of this era was Project TipTow,

as described in [32]. Recent studies in wingtip-to-wingtip

linking are treated in [33–37], and notably in [38–40], with

aircraft connected at the wingtips. The general case for meta-

aircraft controllability in various configurations is treated in

[41–43]. Pertinent and related to this are topics in aircraft

controllability with highly-flexible wing geometry [44–47];

all aforementioned efforts remain theoretical investigations

by nature however. To these authors’ awareness, the most rel-

evant records specifically about VTOL aircraft with wingtip-

to-wingtip linking are found in [48–50]. These include

patents that show relevant artwork, however it is unknown

whether they are accompanied by real-world experiments.

III. PROPOSED APPROACH

This section details the considered aircraft class and our

methodology in order to achieve an Aspect Ratio-Modular –

Vertical Take-Off and Landing (ARM-VTOL) robotic plat-

form by employing multiple reconfigurable MAV systems.

More specifically, our approach departs from the standard

Tri-TiltRotor (TTR) flying wing design [51, 52] and assumes

an array of such aircraft serially and rigidly connected

wingtip-to-wingtip such that they form a chain.

A. Modeling – Rigid Body Dynamics

We proceed to present the modeling approach of an ARM-

VTOL which is composed as a modular chain of TTR aircraft

with well-established dynamics in literature [53]. Figure 2

illustrates the employed choice of reference frames for

different multi-body configurations, namely the Body Frame

F N

B , and the Stability Frame F N

S . The Stability Frame is the

native frame for expressing the aerodynamic forces, and its

relationship to the Body Frame is F N

B = R(α)F N

S , where α
the Angle-of-Attack (AoA) of the multi-wing assembly.

By this selection of reference frames, which relies on the

N number of identical vehicles per configuration, F N

B is

placed at the resulting assembly’s Center-of-Mass (CoM).

The body mass m scales as: mN = N · m. As shown in

Figure 2, by having the aircraft conjoined at the wingtips,

the resulting Moment of Inertia Tensor I
N expressed w.r.t.

F N

B maintains a similar structure to the single-vehicle case

I, i.e. it maintains the structural symmetries that zero-out

its IN

xy and IN

yz products of inertia. The principal moments of

inertia, and the non-zero product IN

xz for such a configuration,

can be calculated using Steiner’s theorem (for each Nth

vehicle around F N

B-aligned axes and combine them), as well

as leveraging the assembly’s xz-axial symmetry respectively:

N : 1, 3, 5, . . .


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where sw the wing-span (tip-to-tip length) of a single vehicle.

These signify two important features, namely that a)

the Newton-Euler formulated dynamics of the ARM-VTOL

maintain a similar structure to [53], as well as b) the inertial

values are parametrized w.r.t. the known single-vehicle ones.

B. Modeling – Aerodynamics

Aerodynamics modeling on the other hand requires to

account for the modified downwash effects [54] achieved by

chaining together N identical Flying-Wing aircraft. As shown

in Figure 2, the total wing-span of the ARM-VTOL becomes

sN

w = Nsw, while the wing-chord cw remains constant. This

effectively increases the assembly’s aerodynamic Aspect

Ratio (AR), which is defined as AR = sw
2

Aw
, where Aw is the

wing planform’s F N

Sxy
-projected area. For the case of a near-

rectangular planform, it becomes AR ' sw
cw

, and therefore

for the N-Flying Wing array ARN ' N ·AR.

The pressure difference spillage around the wing-tips is

known to induce a reduction of the free-stream aerodynamic

lift coefficient CL0
of an ideal infinite-wing by the rule:

CL = CL0
/(1 +

CL0

π·AR
). Therefore with a N-vehicle con-

figuration we increase the effective lift coefficient by:

CN

L

CL

(N) =
N · (λ1 + λ2)

N · λ1 + λ2
, where: λ1 = π ·AR , λ2 = CL0

(3)

It is mentioned that for the induced drag coefficient CD

of a near-rectangular planform the corresponding relationship

is CD = CD0
+

C2

L

0.7π·AR
, where CD0

the ideal free-stream

drag coefficient, which again makes possible the estimation

of the factor that we affect the effective ARM-VTOL drag

coefficient
CN

D

CD
(N) in known terms of the single Flying Wing:

CN

D

CD

(N) =
N · (λ3 +

CN
L

CL
(N))

N · λ3 + 1
, where: λ3 =

CD0
0.7π ·AR

C2
L

(4)

Finally, Figure 3 shows the configuration of the wing

control surfaces for the ARM-VTOL. Per the standard Flying

Wing practice, these are employed as elevons, i.e. they serve

the combined functionality of elevator and aileron. It is noted

that the single aircraft strategy of assigning a “left” and

“right” elevon based on their relative position w.r.t. the CoM

is extended to the multi-vehicle assembly. Namely, for all

N aircraft, each of their corresponding elevons’ deflection

angles are assigned as δvl if that lies on the left of the F N

Sxz

plane, and as δvr otherwise. This directly retains the standard

Flying Wing mixing relationship where a virtual elevator

deflection angle δe is achieved via collective commanding,

and a virtual aileron deflection angle δa via differential

commanding respectively, i.e. for the ARM-VTOL:

[

δN
e

δN
a

]

=

[

1 1
−1 1

] [

δN
vr

δN

vl

]

, where:

{

δN
vr: all δn ∈ FN

Sy
−

δN

vl: all δn ∈ FN

Sy
+

(5)

These considerations signify another important feature, i.e.

that one entire side of the assembly is equivalent to a virtual

left wing, and the other side to a virtual right wing. Assuming

the standard forces model for aerodynamic Lift FL and Drag

FD [54], we obtain for the N-vehicle ARM-VTOL:

F
N

L =
1

2
ρv

2
a ·AN

w · CN

L(δv) , F
N

D =
1

2
ρv

2
a ·AN

w · CN

D(δv) (6)

where ρ the air density and va the airspeed. It is high-

lighted that AN

w = N · Aw is the cumulative planform

area and {CN

L, C
N

D} are determined as shown in (3),(4). It

is finally noted that the Lift and Drag coefficients char-

acterize the aerodynamic profile and are functions of the

elevon deflection angles; as all aircraft are identical and the

{δN

vl, δ
N

vr} are applied to the respective left-wing and right-

wing assembly control surfaces uniformly, the corresponding

{CL(δv), CD(δv)} relationships remain unaffected in the N-

vehicle case. Effectively, with our proposed ARM-VTOL we

are increasing the length –and thus the Aspect Ratio– of the

N-vehicle wings, while maintaining the aerodynamic profile.

C. Control

The control of the ARM-VTOL is considered w.r.t. the

standard two modes of operation of a single TTR vehicle.

Figure 3 illustrates the discussed formulations. We denote as

{Tl, Tr, Tt} the thrust generated by the left, right, and tail

rotors, as {γl, γr} the right and left rotor-tilt angles, and as

{lf = [lfx , lfy ], ltx} the front and tail rotor moment arms.

δvr

δvl

F
S

F
S

δvr
N

δvr
N

F
S

δvl
N

δvl
N

δvl
N δvl

N δvl
N

δvr
N

δvr
N

δvr
N

N= ...1,3,5

i)

N= ...2,4,6

ii)

Tr

Tl

Tt

γr

γl

ltx lfx

lfy

lfy

F
B

F
B

N

Tr

Tt

Lx

Tl
Lyf

Lyt

F
S

lSx

lSy

lSy

Lx

FLl FLr

N

N

N

N'

F
B

N

F
S

N

Ly
N'

iii)

Fig. 3. i) Single-vehicle elevons and their mapping to the N-aircraft
assembly, corresponding to a virtual left wing and virtual right wing of
the resulting ARM-VTOL. ii) Definitions for thrust and rotor-tilt angles,
as well as physical dimensions. Left / right wing aerodynamic centers
denoted with orange. iii) N-vehicle scaled moment arms for thrust and
lift forces; illustration of the employed equivalence of considering a scaled
ARM-VTOL rigid body with a virtual left, virtual right, and virtual tail-side
actuator (rotor / elevon) driven at the same value as the single-vehicle one.

In the Helicopter mode, aerodynamic effects are consid-

ered negligible, and the attitude actuation authority comes

from generation of roll, pitch, yaw-controlling moments via

left/right and front/tail differential thrusting, and left/right

differential tilting for thrust-vectoring:





mBx

mBy

mBz



 =





Lx(Tl sin γl − Tr sin γr)
Lyf (Tl sin γl + Tr sin γr)− LytTt

Lz(Tl cos γl − Tr cos γr)



 (7)
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where Lx = lfy , Lyf
= lfx , Lyt

= ltx , Lz =
√

l2fx + l2fy cos(arctan
lfx
lfy

) , while for hovering force equi-

librium the condition is mg − Tr sin γr − Tl sin γl − Tt =
0, where g the gravitational constant. For the N-vehicle

configuration, we follow the approach of jointly treating

actuator subsets as a virtual left, a virtual right, and a virtual

tail-side rotor using the rule:











{T N

l , γN

l }: all {Tn, γn} ∈ (FN

Bx
+

⋂

FN

By
−)

{T N
r , γN

r}: all {Tn, γn} ∈ (FN

Bx
+

⋂

FN

By
+)

T N
t : all {Tn, γn} ∈ FN

Bx
−

(8)

i.e. left, right, and tail thrust values and tilt angles are uni-

formly applied to the corresponding single-vehicle actuators.

By this strategy, we compute the N-vehicle equivalent scaled

moment arms, i.e. the equivalent to assuming a single col-

lective left, right, and tail actuator with their corresponding

thrust (and rotor-tilt) values numerically the same as in (7).

N : 1, 3, 5, . . .












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


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



















L
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N−1
∑

n=2,4,6,...

n · 2
sw

2

L
N
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L
N
yt = N · Lyt

L
N
z = Lz +

N−1
∑

n=2,4,6,...

(L n,1
z + L

n,2
z )

(9)

N : 2, 4, 6, . . .
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


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N-1
∑

n=1,3,5,...

n · 2
sw

2

L
N
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= N · Lyf

L
N
yt = N · Lyt

L
N
z =

N−1
∑

n=1,3,5,...

(L n,1
z + L

n,2
z )

(10)

where L n,1
z =

√

l2fx + (ln,1fy
)2 cos(arctan

lfx
l
n,1

fy

) with ln,1fy
=

n · sw
2

− lfy , and L n,2
z =

√

l2fx + (ln,2fy
)2 cos(arctan

lfx
l
n,2

fy

)

with ln,2fy
= n · sw

2
+ lfy . Together with (1),(2) we may there-

fore obtain an expectation of the relative scaling of attitude

control moments versus rigid body inertia, parametrized w.r.t.

the N number (and arrangement) of vehicles in the assembly.

It is re-highlighted as per Section III-A that the rotational

dynamics maintain the same structure, and with our strategy

of collectively commanding actuator subsets as virtual left,

right, and tail ones, we retain the single-vehicle Proportional-

Derivative stabilizing controller synthesis [55] by scaling

the gains by a constant factor based on the corresponding

inertial –versus– moment arm ratio, to maintain the same net

rotational acceleration. Regarding the ARM-VTOL’s vertical

hovering, it is straightforward that as long as each single

vehicle lies at force equilibrium, using the strategy (8), the

N-vehicle assembly also does.

In the Fixed-Wing mode, the single-aircraft attitude is con-

trolled via the generation of aerodynamic-derived moments,

and the specific control authorities are the elevator angle δe
and aileron angle δa, which correspond to the pitch and roll

control authority respectively. The aircraft yaw is controlled

via coordinated roll-and-pitch commanding, i.e. the com-

mon banking-turn approach [56, 57]. The Fixed-Wing mode

Proportional-Derivative controller is again assumed to be in

place for each single-vehicle, and to provide the required

stabilizing control which also enables its L1 guidance [58].

The roll and pitch-controlling moments are:

[

m′

Bx

m′

By

]

=

[

L
′

x(cosα(FLl − FLr) + sinα(FDl − FDr))
−L

′

y(cosα(FLl + FLr) + sinα(FDl + FDr))

]

(11)

where the {l, r}-subscripted Lift and Drag forces correspond

to the left and right wing contributions, L ′

x = lSy
, L ′

y =
lSx

. As before, we compute the N-vehicle equivalent scaled

moment arms using the (6) aerodynamic forces scaling:

N : 1, 3, 5, . . .











L
′N

x = N·(λ1+λ2)
N·λ1+λ2

· (L ′

x +

N−1
∑

n=2,4,6,...

n · 2
sw

2
)

L
′N

y = N·(λ1+λ2)
N·λ1+λ2

· N · L ′

y

(12)

N : 2, 4, 6, . . .











L
′N

x = N·(λ1+λ2)
N·λ1+λ2

·
N-1
∑

n=1,3,5,...

n · 2
sw

2

L
′N

y = N·(λ1+λ2)
N·λ1+λ2

· N · L ′

y

(13)

where the multiplicative first term comes from the increased

Aspect Ratio’s effect on the Lift coefficient per (3), while

for brevity we omit terms corresponding to the effect on the

Drag (4) as its moment contribution becomes comparatively

much smaller for small Angles-of-Attack per (11).

As discussed, in the ARM-VTOL assembly there is uni-

form allocation of virtual left wing and virtual right wing

elevon deflection angles, which per the (5) mapping deter-

mines a corresponding virtual elevator and virtual aileron

{δN

a, δ
N

e} that are used to command the N-vehicle attitude.

Similarly as before, we utilize the scaled inertial –versus–

moment arm ratios to scale the single-vehicle control syn-

thesis gains to retain the net rotational accelerations across

the controlled N-vehicle setup.

D. Discussion

Initially it is highlighted that the immediate advantage of

employing this meta-aircraft approach comes from the aero-

dynamic efficiency gained via combining N-vehicle wings

into a single planform, thus reducing by a factor of 1

N
the

number of wingtips, which as mentioned are under the effect

of pressure spillage. This implies a benefit stemming from a

larger number aircraft; this is the reasoning behind the level

of generalization in our accompanying analysis. Its results

also however inform of the importance of appropriately

adjusting the gain factors when the same (single-vehicle

case) control synthesis is applied. For instance, while the

pitch Degree of Freedom scaled inertia is similar across the

Helicopter and Fixed-Wing modes, the equivalent moment

arm becomes differently affected in the latter due to the

increased aerodynamic lift efficiency terms. If one disregards

this and applies a uniform scaling factor across the gains

of both modes, the Fixed-Wing controller will be overtuned

as a consequence and might lead to dangerous oscillatory

11
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