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ROTORCRAFT WITH ADJUSTABLE WINGSPAN

CROSS-REFERENCE TO RELATED APPLICATION
|0001] This application claims the bencefit of priority of Singapore Patent Application No.
5 10202301258Q, filed on 5 May 2023, the content of which being hereby incorporated by

reference in its entircty for all purposcs.

TECHNICAL FIELD
[0002] The present invention generally relates to a rotorcraft with adjustable wingspan, and
10 more particularly, that is capable of folding (or retracting) and unfolding (or expanding) its
wing(s) during flight.

BACKGROUND
[0003] In recent years, unmanned aerial vehicles (UAVs), in particular quadrotors, have
15 become an integral part of many industries. Quadrotors have proven to be incredibly useful for
various applications such as delivering packages, inspecting building structures, surveillance,
etc. Their maneuverability is a significant advantage as it allows them to safely and efficiently
access hard-to-reach or dangerous locations, providing an altemative to human labor. However,
due to the acrodynamic lift being generated directly by the propellers, quadcopters are not the
20 most powcr-cfficient vchicles. This is because according to the momentum theory, the hovering
power is inversely proportional to the rotor radius. In contrast to these traditional multi-rotors,
fixed-wing aerial robots show much higher power efficiency by making advantage of their huge
airfoils, but conventionally, these are not suitable for operations in confined spaces due to their

forward velocity, as well as they lack the ability to hover and vertical take-off and landing.
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Similar to the fixed wings, rotating aerial vehicles have also shown high flight efficiency.

[0004] Monocopters are a class of samara-inspired rotorcrafts, which, unlike quadrotors,
rely on the aerodynamic lift being generated by their entire wing. They fly by constantly rotating
about their vaw axis, using a single wing to generate the lift required for hovering. Recent
research has proven that this configuration is far more efficient compared to the quadrotors. For
30  example, samara seeds are known for their ability to auto-rotate while falling to slow their
descent rate and disperse. Monocopters carry the inherent advantage of autorotation from
samara seeds, which helps them to descend gracefully in case of a power failure. The concept

of monocopters is not ncw and has been rescarched in different studics. Although the first
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implementation of this theory dates to the 1900s, the recent developments began with a

publication by MIT in 2008, namely, Houghton er al., “Flying-by-wire control of a
monocopter”, MIT, Project Report, 2008.

|0005] Somc of the applications of monocoptcrs include unpowcered lightweight sensor,

5 short-range urban surveillance, LiDAR inertial odometry, and passively scanning and mapping

thc surrounding cnvironment using Simultancous Localization and Mapping (SLAM).

Monocopters usually have two actuators to achieve flight and control: a motor and a servo to

control the flap. The concept of single actuator monocopter was first introduced in Win et al.,

“Achieving Efficient Control Flight with A Single Actuator”, 2020 IEEE/ASME International

10 Conference on Advanced Intelligent Mechatronics (AIM), 2020, pp. 1623-1631 (herein referred

to as the Win 2020 reference), where the authors utilized a single motor for directional as well

as altitude control of the monocopter. On the other hand, a recent study demonstrated the use

of monocopters in a two-flight mode capable rotorcraft, where the second flight mode is

obtained by implementing extra actuators for the second flight mode. The monocopters concept

15 has been extended to dual wings for the development of Transformable Hovering Rotorcraft in

Low, et al., “Design and dynamic analysis of a Transformable Hovering Rotorcraft (THOR) 7,

where the authors have utilized four actuators to control the altitude and dircction of the UAV.

The dual-wing configuration was also used as a cooperative configuration in Cai et al,

“Coopcrative Modular Singular Actuator Monocopters Capable of Controlled Passive

20 Separation”, International Conference on Robotics and Automation (ICRA), 2022, pp. 1989-

1995, where the authors presented the capability of the platform to fly in a dual-wing

configuration and passively separate during flight. There has also been disclosed a modular

version of the monocopter platform, whereby the adaptability and control of the platform using

different configurations was demonstrated.

]
o

[0006] Traditionally, the monocopters have been developed using lightweight materials
such as carbon fiber, foam, balsa wood or a combination of balsa wood and foam. This ensures
that the wing remains light as well as rigid, to provide lift when flying at a certain angle with
respect to the oncoming airflow. The first attempt to use a flexible, semi-rigid wing for a
monocopter was done in Win ef al., “Design and Control of the First Foldable Single-Actuator
30  Rotary Wing Micro Aerial Vehicle”, Bioinspiration & Biomimetics, vol. 16, no. 6, 2021, where
the authors introduced a foldable single actuator monocopter that can be folded up into a
compact pockctable form for storage when not in flight. Howcever, the concept of foldable

wing(s) for rotorcrafts during flight does not appear to have been researched. For rotorcrafts,
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being able to fold and unfold wing(s) during flight is advantageous as it enhances the
adaptability of the rotorcraft during flight and the usability/applicability of the rotorcraft for a
wider range of practical applications.
10007] A nced therefore cxists to provide a rotorcraft (which may also be referred to as a

5 rotating aerial vehicle or robot) with adjustable wingspan that seeks to overcome, or at least
amcliorate, onc or morc deficicncics in conventional rotorcrafts without adjustable wingspan,
and more particularly, that enhances the adaptability of the rotorcraft during flight and the
usability/applicability of the rotorcraft for a wider range of practical applications. It is against
this background that the present invention has been developed.

10
SUMMARY

[0008] According to a first aspect of the present invention, there is provided a rotorcraft
with adjustable wingspan, comprising:

a housing member having disposed thereon a flight controller operable to control a flight

15 of the rotorcraft;

a wing member coupled to the housing member at a first side thereof, wherein the wing
membcr is configurcd to producc an acrodynamic force for gencrating a lift when the rotorcraft
is rotating and the wing member is in an extended state;

a wingspan control svstcm coupled to the housing member and configured to control a

20 wingspan of the wing member during flight between the extended state and a folded state,
wherein the wingspan control system comprises a wing support frame configured to support the
wing member; and

a thrust unit configured to generate a thrust for rotating the rotorcraft, wherein the flight

controller is communicatively coupled to the thrust unit for controlling the thrust unit to control

]
o

the flight of the rotorcraft.
[0009] According to a second aspect of the present invention, there is provided a method

of forming the rotorcraft according to the above-mentioned first aspect of the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS
30  [0010] Embodiments of the present invention will be better understood and readily apparent
to one of ordinary skill in the art from the following written description, by way of example

only, and in conjunction with thc drawings, in which:
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FIG. 1 depicts a schematic drawing of a rotorcraft with adjustable wingspan, according
to various embodiments of the present invention;

FIG. 2 depicts a schematic flow diagram of a method of forming the rotorcraft with
adjustable wingspan, according to various cmbodiments the present invention;

5 FIG. 3A shows a bird having the ability to fold its wings and pass through gaps smaller
than their wingspan;

FIG. 3B shows a Peregrine falcon starting to dive;

FIG. 4 shows images of a first example rotorcraft with adjustable wingspan, which may
herein be referred to as a FROW-P (foldable rotary origami wing - passive) rotorcraft, according

10 to various example embodiments of the present invention;

FIG. 5 show images of a second example rotorcraft with adjustable wingspan, which
may herein be referred to as a FROW-A (foldable rotary origami wing - active) rotorcraft,
according to various example embodiments of the present invention;

FIG. 6 depicts a schematic drawing illustrating the unwinded (corresponding to the

15 expanded state) and winded (corresponding to the folded state) spring model for the FROW-P
rotorcraft, according to various example embodiments of the present invention;

FIG. 7A shows a plot of cxpcrimental data showing the displaccment of the string of
the wingspan control system of the first example rotorcraft subjected to different loads,
according to various cxamplc cmbodiments of the present invention;

20 FIG. 7B shows a plot illustrating the approximation of the centrifugal force F. generated
by the first example rotorcraft as the rotational speed (1, changes based on a centrifugal force
formula along with the relationship between the rotational speed (), and the string displacement
Ax obtained theorctically, according to various cxample cmbodiments of the present invention;

FIG. 7C shows the first example rotorcraft (FROW-P rotorcraft) rotorcraft rotating at

S
[

various rotational spceds during the flight, according to various cxample embodiments of the
present invention;

FIG. 8 shows a tablc (Tablc 1) comparing various cxample dimensions of the cxpanded
and folded configurations for the first and second example rotorcrafts (FROW-P and FROW-
A rotorcrafts), according to various example embodiments of the present invention,

30 FIG. 9 shows images of the second example rotorcraft (FROW-A rotorcraft) in flight in
the extended state (top image) and the folded state (bottom image), according to various

example embodiments of the present invention;
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FIG. 10A depicts a schematic drawing of the second example rotorcraft (FROW-A
rotorcraft), along with the incrtial reference frame (X, Y, Z), the body reference frame (x,y, z)
and the direction of rotation (1,, according to various example embodiments of the present

invention;

N

FIG. 10B dcpicts a schematic drawing of an cxample single blade clement of the
rotorcraft, along with representation of aerodynamic forces on the single blade element,
according to various example embodiments of the present invention,

FIGs. 11A and 11B depict plots of experimental results showing the effect of attitude
control on the flight of the sccond cxample rotorcraft (FROW-A rotorcraft) without attitude
10 stabilization (FIG. 11A) and with attitude stabilization (FIG. 11B), according to various
example embodiments of the present invention;

FIG. 12 depicts a plot of the experimental results showing the position of the FROW-A
rotorcraft, with (ps) and without (p) the attitude controller, according to various example
embodiments of the present invention;

FIGs. 13A and 13B depict plots of the closed-loop waypoint results for the FROW-A

rotorcraft obtained for the extended and folded configurations, according to various example

—_
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embodiments of the present invention;

FIGs. 13C and 13D depict plots of the trajectory tracking results for the FROW-A

rotorcraft obtained for the extended and folded configurations, according to various example
20  embodiments of the present invention;

FIGs. 14A and 14B show plots of experimental results showing the position (FIG. 14A)
and the attitude (FIG. 14B) of thc FROW-A rotorcraft passing through a narrow window,
according to various example embodiments of the present invention;

FIG. 14C shows a 3D plot of the trajectory followed by the FROW-A rotorcraft during

25  the experiment;

FIGs. 14D and 14E show selected frames extracted from a video depicting the FROW-
A rotorcraft passing through the narrow window during the experiment from a top view (FIG.
14D) and a side view (FIG. 14E);

FIG. 15 shows a plot of the experimental results showing the position control along with

30  the angular velocity and displacement Ax of the wingspan of the FROW-A rotorcraft, according

to various cxamplc cmbodiments of the present invention;
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FIG. 16A shows a plot of experimental results for the angular velocity of the FROW-P
rotorcraft during take-off and hovering, according to various example embodiments of the
present invention;

F1G. 16B shows a plot of cxpcrimental results (baromecter data) for the dive and recovery

5 ofthe FROW-P rotorcraft hand thrown from 30 m altitude in an outdoor experiment, according
to various cxamplc cmbodiments of the present invention;

FIGs. 17A to 17D depict the experimental results obtained from the FROW-P rotorcraft
dive and recovery experiment performed from a height of 30 m, according to various example
embodiments of the present invention;

10 FIG. 17E shows overlaying frames from a video showing the FROW-P rotorcraft dive
and recovery experiment performed, according to various example embodiments of the present
invention; and

FIG. 18 shows a plot of the change of altitude and wingspan of the FROW-P rotorcraft
over time for the FROW-P rotorcraft dive and recovery experiment shown in FIGs. 17A and

15 17E, according to various example embodiments of the present invention.

DETAILED DESCRIPTION

[0011] Various embodiments of the present invention provide a rotorcraft with adjustable

wingspan, and morc particularly, that is capablc of folding (or retracting) and unfolding (or
20 expanding) its wing(s) during flight.

10012] As discussed in the background, for rotorcraftts, being able to fold and unfold wing(s)

during flight is advantageous as it enhances the adaptability of the rotorcraft during flight and

the usability/applicability of the rotorcraft for a wider range of practical applications. In this

regard, various embodiments provide a rotorcraft (which may also be referred to as a rotating
25  aerial vehicle or robot) with adjustable wingspan that secks to overcome, or at least ameliorate,

one or more deficiencies in conventional rotorcrafts without adjustable wingspan, and more

particularly, that enhances the adaptability of the rotorcraft during flight and the

usability/applicability of the rotorcraft for a wider range of practical applications.

[0013] FIG. 1 depicts a schematic drawing of a rotorcraft 100 with adjustable wingspan
30  according to various embodiments of the present invention. The rotorcraft 100 comprises: a

housing member 104 having disposed thereon (thereby housing) a flight controller 108 operable

to control a flight of the rotorcraft 100; a wing member 112 coupled to the housing member 104

at a first side thereof, wherein the wing member 112 is configured to produce an acrodynamic
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force for generating a lift when the rotorcraft 100 is rotating and the wing member 112 is in an
extended state (which may also be referred to as an expanded state); a wingspan control system
116 coupled to the housing member 104 and configured to control a wingspan of the wing
member 112 during flight between the extended state (illustrated in FIG. 1) and a folded state

5 (not illustrated in FIG. 1), wherein the wingspan control system 116 comprises a wing support
frame 118 configurcd to support the wing member 112; and a thrust unit 120 contigurced to
generate a thrust for rotating the rotorcraft 100, wherein the flight controller 108 is
communicatively coupled to the thrust unit 120 for controlling the thrust unit 120 to control the
flight of the rotorcraft 100.

10 [0014] In various embodiments, the rotorcraft 100 is configured to operate as a rotating
rotorcraft whereby the flight of the rotorcraft 100 (e.g., lift thereof) is primarily achieved by
rotating/spinning the entire rotorcraft 100 (along with its wing(s)) about its yaw axis from the
thrust generated by the thrust unit(s) (e.g., motor-driven propeller(s)).

[0015] Accordingly, the rotorcraft 100 according to various embodiments of the present

15 invention is advantageouslv configured with adjustable wingspan, and more particularly, is
capable of folding (or retracting) and unfolding (or expanding) its wing(s) during flight for
cnhancing the adaptability of the rotorcraft 100 during flight and thc usability/applicability of
the rotorcraft 100 for a wider range of practical applications. These advantages or technical
ctfects, and/or other advantages or technical cffects, will become more apparent to a person

20 skilled in the art as the rotorcraft 100 is described in more detail according to various
embodiments and example embodiments of the present invention.

[0016] In various embodiments, the wing member 112 comprises a plurality of wing panels
arranged in series (successively in a direction in which the wing member 112 extends/expands)

and a plurality of foldable portions, each foldable portion being located between a

]
o

corresponding pair of immediately adjacent wing panels. In other words, each pair of
immediately adjacent wing panels is spaced apart by a corresponding foldable portion
therebetween. Accordingly, each foldable portion is configured to be able to fold thereat (or
foldable thereat) when the wing member 112 is being folded by the wingspan control system
116. Similarly, each foldable portion is configured to be able to unfold thereat (or unfoldable
30  thereat) when the wing member 112 is being unfolded by the wingspan control system 116.

[0017] In various embodiments, the wing member 112 is laminated with a film (e.g., plastic

film). In this rcgard, cach portion of the film locatcd between a corrcsponding pair of
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immediately adjacent wing panels forms the corresponding foldable portion located between
the corresponding pair of immediately adjacent wing panels.
[0018] In various embodiments, the wing support frame 118 is coupled to the wing member
112 at multiple foldable portions of the plurality of foldablc portions and at a last wing pancl
5 ofthe plurality of wing panels for supporting the wing member 112 and facilitating transitions
of the wing member 112 between the cxtended statc and the folded state. In various
embodiments, the above-mentioned multiple foldable portions may be alternate foldable
portions of the plurality of foldable portions. In various embodiments, the wing support frame
118 may be coupled to the above-mentioned multiple foldable portions via multiple hanger
10 supports, respectively.
[0019] In various embodiments, the wing support frame 118 is arranged alongside a leading
¢dge of the wing member 112 and is configured to function as a guide rail for the plurality of
wing panels. Accordingly, the wing support frame 118 may be coupled to the above-mentioned
multiple foldable portions and the above-mentioned last wing panel along the leading edge
15 portion of the wing member 112. In various embodiments, the thrust unit 120 is coupled to the
wing support frame 118 at a distal end portion thereof (e.g., distal end portion with respect to
the housing member 104).
[0020] In various embodiments, the wingspan control system 116 is configured to fold the
wing member 112 in an accordion manncr. For cxamplc, as described above, the wing member
20 112 is configured to include the plurality of wing panels arranged in series and the plurality of
foldable portions, whereby each pair of immediately adjacent wing panels is spaced apart by a
corresponding foldable portion. Furthermore, in various embodiments, the wing support frame
118 of'the wingspan control system 116 is coupled to multiple (¢.g.. alternate) foldable portions

along the leading edge portion of the wing member 112. In this manner, as the wing support

]
o

frame 118 retracts, the wing support frame 118 is able to fold the wing member 112 in an
accordion manner. Similarly, as the wing support frame 118 extends, the wing support frame
118 is able to unfold the wing member 112 in an accordion manner.

[0021] In various embodiments, in the case whereby the wingspan control system 116 is
configured to passively or automatically control the wingspan of the wing member 112 during
30  flight, the wingspan control system 116 further comprises a spring device and a string having a
first end coupled to the spring device and a second end coupled to the wing member 112 (e.g.,
at a distal end portion thercof with respect to the spring device or the housing member 104) for

controlling the wingspan of the wing member 112. In this regard, the spring device is configured
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to: when in the folded state, hold the wing member 112 in the folded state via the string with a
pre-loaded spring force pulling on the wing member 112 (e.g., at the distal end portion of the
wing member 112 towards the spring device or the housing member 104); and release the wing
member 112 towards the cxtended statc when the rotorcraft 100 is controlled by the flight
5 controller 108 to rotate at a rotational speed which generates a centrifugal force which exceeds
a spring force pulling on the wing member 112 produced by the spring deviee via the string,
thereby increasing the wingspan of the wing member 112 and storing elastic potential energy
in the spring device. In other words, the spring device is configured to release the wing member
112 towards the extended state when the centrifugal force generated by the rotating rotorcraft
10 100 overcomes the spring force pulling on the wing member 112.
[0022] In various embodiments, the spring device is configured to retract the wing member
112 towards the folded state when the rotorcraft 100 is controlled by the flight controller 108
to rotate at a rotational speed which generates a centrifugal force which is less than the spring
force pulling on the wing member 112 produced by the spring device via the string, thereby
15 reducing the wingspan of the wing member 112. In other words, the spring device is configured
to retract the wing member 112 towards the folded state when the centrifugal force generated
by the rotating rotorcraft is Icss than (or not sufficicnt to overcome) the spring force pulling on
the wing member 112. In various embodiments, the folded state is a fully folded state and the
cxtended state is a fully extended statc.
20 [0023] In various embodiments, the wing support frame 118 is a telescopic rod and the
spring device is a spiral spring device.
[0024] Accordingly, in various embodiments, the rotorcraft 100 is a monocopter.
10025] In various embodiments, in the case whereby the wingspan control system 116 is
configured to actively control the wingspan of the wing member 112 during flight, the wingspan
25  control system 116 further comprises a servo motor and a string having a first end coupled to
the servo motor (e.g., via a spool) and a second end coupled to the wing member (e.g., at a distal
end portion thereof with respect to the spring device or the housing member 104) for controlling
the wingspan of the wing member 112. In this regard, the servo motor is configured to: retract,
based on the servo motor receiving a wingspan control input to retract, the wing member 112
30  towards the folded state by reeling in (e.g., via a spool) the string (e.g., thereby pulling on the
wing member 112 at the distal end portion thereof), thereby reducing the wingspan of the wing
membcer 112; and relcase, bascd on the scrvo motor recciving a wingspan control input to

release, the wing member 112 towards the extended state by releasing the string for allowing
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the wing member 112 to extend towards the extended state via a centrifugal force produced
when the rotorcraft 100 is being rotated, thereby increasing the wingspan of the wing member
112. In other words, to expand the wing member 112 towards the extended state, the string may
be loosencd so as to allow/cnable the centrifugal force produced by the rotating rotorcraft 100
5 toextend the wing member 112 towards the extended state. In various embodiments, the folded
state is a fully folded statc and the extended statc is a fully cxtended statce.
[0026] In various embodiments, the above-mentioned wing member 112 is (or corresponds
to) a first wing member, the above-mentioned wingspan control system 116 is (or corresponds
to) a first wingspan control system, and the above-mentioned thrust unit 120 is (or corresponds
10 to) a first thrust unit. In this regard, in various embodiments, the rotorcraft 100 further
comprises: a second wing member coupled to the housing member 104 at a second side thereof,
wherein the second wing member is configured to produce an acrodynamic force for generating
a lift when the rotorcraft 100 is rotating and the second wing member is in an extended state; a
second wingspan control system coupled to the housing member 104 and configured to control
15 a wingspan of the second wing member during flight between the extended state and a folded
state, wherein the second wingspan control system comprises a second wing support frame
configurcd to support the sccond wing member; and a sccond thrust unit configured to gencrate
a thrust for rotating the rotorcraft 100, wherein the flight controller 108 is communicatively
coupled to the sccond thrust unit for controlling the sccond thrust unit (together with the first
20 thrust unit 120) to control the flight of the rotorcraft 100. Accordingly, the second wing
member, the second wingspan control system and the second thrust unit may be configured in
the same or corresponding manner as the first wing member 112, the first wingspan control
system 116 and the first thrust unit 120, respectively, but are arranged with respect to (to extend
from) the second side of the housing member 104 instead of the first side of the housing member
25 104, In various embodiments, the first and second sides of the housing member 104 are opposite
sides thereof.
[0027] Accordingly, in various embodiments and in the same or corresponding manner as
the first wing member 112, the second wing member comprses a plurality of wing panels
arranged in series and a plurality of foldable portions, each foldable portion being located
30 between a corresponding pair of immediately adjacent wing panels.
[0028] Accordingly, in various embodiments and in the same or corresponding manner as
the first wing member 112, the sccond wing member is laminated with a film (c.g., a plastic

film). In this regard, each portion of the film located between a corresponding pair of
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immediately adjacent wing panels forms the corresponding foldable portion located between
the corresponding pair of immediately adjacent wing panels.
[0029] Accordingly, in various embodiments and in the same or corresponding manner as
the first wing support frame 118, the sccond wing support frame is coupled to the sccond wing
5 member at multiple foldable portions of the plurality of foldable portions and at a last wing
pancl of the plurality of wing pancls for supporting the sccond wing member and facilitating
transitions of the second wing member between the extended state and the folded state.
[0030] Accordingly, in various embodiments and in the same or corresponding manner as
the first wing support frame 118, the second wing support frame is arranged alongside a leading
10 edge of the second wing member and is configured to function as a guide rail for the plurality
of wing panels. Similarly, the second thrust unit is coupled to the second wing support frame at
a distal end portion thereof.
[0031] Accordingly, in various embodiments and in the same or corresponding manner as
the first wingspan control system 116, the second wingspan control system is configured to fold
15 the second wing member in an accordion manner.
[0032] Accordingly, in various embodiments and in the same or corresponding manner as
the first wingspan control systcm 116 configurcd to activcly control the wingspan of the first
wing member 112 during flight, the second wingspan control system further comprises a servo
motor (or a sccond scrvo motor) and a string (or a sccond string) having a first cnd coupled to
20  the servo motor and a second end coupled to the second wing member for controlling the
wingspan of the second wing member. In this regard, the servo motor is contigured to: retract,
based on the servo motor receiving a wingspan control input to retract, the second wing member
towards the folded state by reeling in the string, thereby reducing the wingspan of the second
wing member; and release, based on the servo motor receiving a wingspan control input to
25  release, the second wing member towards the extended state by releasing the string for allowing
the second wing member to extend towards the extended state via a centrifugal force produced
when the rotorcraft is being rotated, thereby increasing the wingspan of the second wing
member.
[0033] In various embodiments, the first and second thrust units may each comprise a
30  propeller and a motor configured to rotate the propeller. It will be appreciated by a person
skilled in the art that the present invention is not limited to any particular type of thrust unit for
the first and sccond thrust units as long as the thrust unit is capablc of being opcerated to gencrate

thrust to facilitate or support a flight of the rotorcraft 100 as described herein according to
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various embodiments. It will be appreciated by a person skilled in the art that the first and
second wing members may be configured to have any shape as desired or as appropriate, as
long as the rotorcraft 100 can operate as a rotating rotorcraft. Accordingly, the first and second
wing members arc not limited to any particular wing shape. For examplc, it will be appreciated
5 by a person skilled in the art that the wing shape may be determined or configured via an
optimization proccss for cnhancing flight performance.
[0034] In various embodiments, the flight controller 108 may be software module(s)
realized by computer program(s) or set(s) of instructions executable by a computer processor
to perform various functions or operations. In various embodiments, the flight controller 108
10 may be implemented as hardware module(s) being functional hardware unit(s) designed to
perform various functions or operations. For example, a hardware module may be implemented
using discrete electronic components, or it may form a portion of an entire electronic circuit
such as an Application Specific Integrated Circuit (ASIC). Numerous other possibilities exist.
It will also be appreciated by a person skilled in the art that a combination of hardware and
15 software modules may be implemented.
[0035] FIG. 2 depicts a schematic flow diagram of a method 200 of forming the rotorcraft
100 with adjustable wingspan according to various cmbodiments thc present invention. The
method 200 comprises: providing or forming (at 202) a housing member 104, including
disposing thcrcon a flight controller 108 opcrable to control a flight of the rotorcraft 100;
20  providing or forming (at 204) a wing member 112 coupled to the housing member 104 at a first
side thereof, wherein the wing member 112 is configured to produce an acrodynamic force for
generating a lift when the rotorcraft 100 is rotating and the wing member 112 is in an extended
state; providing or forming (at 206) a wingspan control system 116 coupled to the housing

member 104 and configured to control a wingspan of the wing member 112 during flight

]
o

between the extended state and a folded state, wherein the wingspan control system 116
comprises a wing support frame 118 configured to support the wing member 112; and providing
or forming (at 208) a thrust unit 120 configured to generate a thrust for rotating the rotorcraft
100, wherein the flight controller 108 is communicatively coupled to the thrust unit 120 for
controlling the thrust unit 120 to control the flight of the rotorcraft 100.

30 [0036] The method 200 is for forming the rotorcraft 100 as described hereinbefore with
reference to FIG. 1, therefore, various steps or operations of the method 200 correspond to
forming, providing or configuring various componcnts, modulcs or portions of the rotorcraft

100 as described herein according to various embodiments, and thus such corresponding steps
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or operations need not be described or repeated with respect to the method 200 for clarity and
conciseness. In other words, various embodiments described herein in context of the rotorcraft
100 are analogously valid for the method 200 of forming the rotorcraft 100 having various
componcnts, modulcs, portions and configurations as described hercinbetore according to
5 various embodiments, and vice versa. FIG. 2 does not limit any particular order of
opcrations/stcps in which the method 200 can be performed to form the rotorcraft 100.
Furthermore, one or more operations/steps of the method 200 may be performed concurrently
or integrally as desired or as appropriate without going bevond the scope of the present
invention. For example, various components or parts of the rotorcraft 100 may be 3D printed
10 components or parts, such as but not limited to, the housing member 104, the first and second
wing members, along with various other components or parts of the rotorcraft 100, to form the
rotorcraft 100 as described herein according to various embodiments of the present invention.
[0037] It will be appreciated by a person skilled in the art that the terminology used herein
is for the purpose of describing various embodiments only and is not intended to be limiting of
15  the present invention. As used herein, the singular forms “a”, “an” and “the” are intended to
include the plural forms as well, unless the context clearly indicates otherwise. It will be further
understood that the tcrms “compriscs” and/or “comprising,” when uscd in this specification,
specify the presence of stated features, integers, steps, operations, elements, and/or components,
but do not preclude the presence or addition of onc or morc other featurcs, integers, steps,
20 operations, elements, components, and/or groups thereof.
|0038] Any reference to an element or a feature herein using a designation such as “first”,
“second” and so forth does not limit the quantity or order of such elements or features, unless
stated or the context requires otherwise. For example, such designations may be used herein as
a convenient way of distinguishing between two or more elements or instances of an element.
25  Thus, areference to first and second elements does not necessarily mean that only two elements
can be employed, or that the first element must precede the second element, unless stated or the
context requires otherwise. In addition, a phrase referring to “at least one of” a list of items
refers to any single item therein or any combination of two or more items therein.
[0039] In order that the present invention may be readily understood and put into practical
30  effect, vanious example embodiments of the present invention will be described hereinafter by
way of examples only and not limitations. It will be appreciated by a person skilled in the art
that thc present imvention may, howcver, bc cmbodicd in various diffcrent forms or

configurations and should not be construed as limited to the example embodiments set forth
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hereinafter. Rather, these example embodiments are provided so that this disclosure will be
thorough and complete, and will fully convey the scope of the present invention to those skilled
in the art.
10040] As discusscd in the background, for rotorcrafts, being able to fold and unfold wing(s)
5 during flight is advantageous as it enhances the adaptability of the rotorcraft during flight and
the usability/applicability of thc rotorcraft for a wider range of practical applications.
Accordingly, in various example embodiments, a rotorcraft provided with adjustable wingspan
that secks to overcome, or at least ameliorate, one or more deficiencies in conventional
rotorcrafts without adjustable wingspan, and more particularly, that enhances the adaptability
10 of the rotorcraft during flight and the usability/applicability of the rotorcraft for a wider range
of practical applications. In various example embodiments, through active or passive control,
the wingspan of the rotorcraft is controlled during its flight.
[0041] Various aerial vehicles capable of actively changing shape have been previously
developed. For example, self-foldability and self-deployability were explored in Tuna et al.,
15  “FOLLY: A Self Foldable and Self Deployable Autonomous Quadcopter”, 2018 6
International Conference on Control Engineering & Information Technology (CEIT), pp. 1-6,
2018. Active morphology of the shapc of the robot helped achicve multi-modal flying and
walking ability in Daler er al., “A bioinspired multi-modal flying and walking robot”,
Bioinspiration & biomimctics, 10(1), 016005, 2015, whercas, in Falanga ef af., “The foldable
20  drone: A morphing quadrotor that can squeeze and fly”, IEEE Robotics and Automation Letters,
vol. 4, no. 2, pp. 209-216, April 2019, active morphology contributed to negotiation through
narrow gaps, close inspection of surfaces, and object grasping. In Enrico ef /., “Bioinspired
wing and tail morphing extends drone flight capabilities”, Science Robotics 5.47 (2020):
eabc2897, active control over the folding of wings helps improve the robot’s maneuverability,
25  agility, and stability. Several designs have also been proposed that enable acrial vehicles to
passively change the shape of their body. For example, Bouman e/ af., *Design and autonomous
stabilization of a ballistically-launched multirotor”, 2020 IEEE International Conference on
Robotics and Automation (ICRA), pp. 8511-8517, 2020 and Mintchev ef al., “Foldable and
self-deployable pocket sized quadrotor”, 2015 IEEE International Conference on Robotics and
30  Automation (ICRA), pp. 2190-2195, 2015 demonstrated the automatic unfolding of an aerial
vehicle after launch, while Dufour et al., “A drone with insect-inspired folding wings”, 2016
[EEE/RSJ Intcrnational Confcrence on Intelligent Robots and Systems (IROS), 2016, pp. 1576-
1581, presented a manually foldable wing drone with rapid deployment capabilities. Although
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these aerial vehicles could be ideal for compact storage and rapid deployment, they do not focus
on repeatedly changing the shape after deployment and therefore require manual assistance to
be returned to their compressed forms.
10042] Various cxample cmbodiments present the design and development of a rotorcraft
5 with adjustable wingspan, which may herein be referred to as a Foldable Rotary Origami Wing
(FROW) rotorcraft (c.g., corresponding to the rotorcraft 100 with adjustablc wingspan as
described hereinbefore according to various embodiments of the present invention). For
example, one of the drawbacks of conventional monocopters during their flight is their large
footprint which hinders their ability to maneuver through tight spaces. However, for example
10 as illustrated in FIG. 3A, birds have the ability to fold their wings and pass/navigate through
gaps smaller than their wingspan. Accordingly, various example embodiments seek to provide
the FROW rotorcraft with the ability to fold its wing(s) during flight to reduce its footprint,
making such an aerial platform more flexible in its usability. Various example embodiments
introduce two different configurations of this aerial platform which have similarities in their
15 principle and design concept, however, they differ in their manner of controlling the wingspan
and practical applications. In particular, a rotorcraft (herein referred to as FROW-A rotorcraft
(i.c., FROW-Active)) with an active wingspan control systcm is provided for actively
controlling its wing folding using actuators and a rotorcraft (herein referred to as FROW-P
rotorcraft (i.c, FROW-Passive) with a passive wingspan control svstcm is provided for
20 passively (or automatically) controlling its wing folding and requires no actuators.
10043] In various example embodiments, the FROW-A rotorcraft is designed to actively
control (e.g., via control input by a user or operator) its wingspan in flight, thereby allowing for
alterations or adaptability in its footprint in flight. For example, this feature enables the
extended wing configuration (i.e., extended state) of the FROW-A rotorcraft to be utilized for
25  its power-efficient flight, while the folded wing configuration (i.c., folded state) facilitates
maneuvering through narrow spaces and obstacles when required. Reducing the footprint in
flight can also help in obtaining a stealthy approach to avoid radar detection as well as
aggressive maneuvers. In addition, modifving the wingspan also affects the rotational speed of
the rotorcraft. In this regard, according to various example embodiments, active control of
30  rotational speed may be performed to eliminate the need for a camera or Lidar sensor tuning
and allow direct synchronization with optimal rates as required while airborne.
[0044] In comparison to the foldable monocopter developed by the above-mentioncd Win

2020 reference, the FROW-P rotorcraft boasts a unique feature where it eliminates the need for
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manual assistance for both folding and unfolding its wing, thereby advantageously providing a
passive or automatic wingspan control system. For example, the configuration permits the wing
to automatically extend during takeoff and retract with ease when approaching landing. For
cxample, birds may fold up their wings behind their body to quickly plunge through the air.
5  Cape Gannet uses this ability to take nose dives toward the water to dive deeper, whereas
Pcregrine Falcon uscs the same principle to simply hurtle thousands of feet through the air at
high speeds to quickly descend towards its prey, such as illustrated in FIG. 3B. In this regard,
the FROW-P rotorcraft is designed to also enable a diving action. A previous work done by
Win ef al., “An Agile Samara-Inspired Single-Actuator Aerial Robot Capable of Autorotation
10 and Diving”, in IEEE Transactions on Robotics, vol. 38, no. 2, pp. 1033-1046, April 2022,
achieved the diving of a monocopter by utilizing its flap. By deflecting the flap to a large angle
of attack, the authors managed to deflect the airflow to enter a dive mode. However, the FROW-
P rotorcraft does not require an additional actuator to enable the monocopter to dive. In
particular, with the help of its passive wingspan control system (or passive wing folding
15 mechanism), the FROW-P rotorcraft can plunge through the air to dive and quickly descend.
For example, this type of maneuver may be employed for bypassing harsh weather conditions
when flying at high altitudes. The mancuver can also be cmploved for a morc acrobatic and
agile monocopter depending on the type of application. Changing various folding mechanism
paramcters allows the FROW-P rotorcraft to be flown with diffcrent wing spans. For cxample,
20 as will be described later below according to various example embodiments of the present
invention, the passive wingspan control system of the FROW-P rotorcraft may employ a spiral
spring for folding and unfolding the wing. In this regard, by changing/modifying various
parameters of this spiral spring (such as diameter, pre-loaded spring force, etc.), different
wingspans (e.g., different lengths of wingspan at the fully extended state) can be achieved.
25  Additionally, such parameters may be changed/modified to adjust the rotational speed profile
of the FROW-P rotorcraft. For example, since the wingspan of the rotorcraft is proportional to
the rotational speed, by tuning such parameters to adjust the wingspan, a desired rotational
speed profile (e.g., achieve a certain desired rotational speed when the wing is fully extended)
in flight can be achieved. For example, this relationship is reflected in Equation (4b) to be

30 descnbed later below according to various example embodiments of the present invention.
[0045] Accordingly, rotorcrafts with adjustable wingspan (FROW rotorcrafts) according to
various cxamplc cmbodiments advantagcously have improved versatility in this technical ficld,

such as improved adaptability during flight and usability for a wider range of practical
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applications. In this regard, various example embodiments advantageously provide the
following:
e the design and development of two cxample configurations of rotorcrafts with

adjustment wingspan, namely, the above-mentioned FROW-A and FROW-P rotorcrafts,

N

arc presented, which can fold their wing(s) based on active and passive control
mechanisms, respectively, during flight. In the folded state, the FROW-A and FROW-
P rotorcrafts can reduce the overall length of their wingspan by, for example, 39.18%
and 65.19%, respectively, while still in the air.
e Experimental verification is performed to observe the FROW rotorcraft’s performance
10 during the folding and unfolding of wing(s) during flight. For cxample, cxpcrimental
results for position hold during closed-loop waypoint and trajectory tracking
experiments are presented. Experimental results for extended/expanded and folded
modes/states while holding the position are also presented, verifying the practical use

by reducing the footprint and maneuvering through small gaps.

—
n
L )

Experimental proof for the passive wingspan control system (or passively foldable
mechanism) is presented, whereby successful flights using the platform featuring its
diving and recovery capability in flight are demonstrated.
Example rotorcrafts with adjustable wingspan (example FROW rotorcrafts or prototypes) will
now be described in further detail according to various example embodiments of the present
20  invention, including design principles, as well as various different parts and components
onboard example FROW prototypes. Dvnamic modeling and flight control of the example
rotorcrafts with adjustable wingspan will also be described according to various example

embodiments of the present invention.

25 Example Rotorcraft Configurations (Example Prototype Designs)
[0046] Examplc configurations of two cxamplc rotorcrafts with adjustable wingspan, as
well as corresponding two example prototype designs (FROW-P and FROW-A), will now be
described according to various cxample cmbodiments of the present invention, including design
and manufacturing of the wing(s) and onboard electronic components. For each of the two
30  example rotorcrafts, its wing contraction and expansion mechanism, its modeling and
verification of the modelling using experimental techniques will also be described according to

various example embodiments of the present invention.
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[0047] FIG. 4 show images of a first example rotorcraft 400 with adjustable wingspan
corresponding to the FROW-P rotorcraft, according to various example embodiments of the
present invention, including illustrations of the wing 412 being in an extended state (fully
cxtended) (which may also be referred as an cxpanded state) (top image) and a folded state

5 (fully folded) (bottom image). FIG. 5 show images of a second example rotorcraft 500 with
adjustable wingspan corrcsponding to thc FROW-A rotorcraft, according to various cxample
embodiments of the present invention, including illustrations of the wings 512a, 512b being in
the extended state (fully extended) (top image) and the folded state (fully folded) (bottom
image).

10 [0048] As shown in FIGs. 4 and 5, the first and second example rotorcrafts 400, 300 each
comprises: a housing member 404, 504 having disposed thereon (thereby housing) a flight
controller 408, 508 operable to control a flight of the rotorcraft 400, 500; a wing member 412,
512a coupled to the housing member 404, 504 at a first side thereof, wherein the wing member
412, 512a is configured to produce an aerodynamic force for generating a lift when the

15 rotorcraft 400, 500 is rotating and the wing member 412, 512a i1s in the extended state; a
wingspan control system 416, 516a coupled to the housing member 404, 504 and configured to
control a wingspan of thc wing member 412, 512a during tlight between the extended state and
the folded state, wherein the wingspan control system 416, 516a comprises a wing support
framc 418, 518a configurcd to support the wing member 412, 512a; and a thrust unit 420, 520a

20  configured to generate a thrust for rotating the rotorcraft 400, 500, wherein the flight controller
408, 508 is communicatively coupled to the thrust unit 420, 520a for controlling the thrust unit
420, 520a to control the flight of the rotorcraft 400, 500.
|0049] In various example embodiments, the rotorcraft 400, 500 is configured to operate as
a rotating rotorcraft whereby the flight of the rotorcraft 400, 500 (e.g., lift thereof) is primarily

25  achieved by rotating/spinning the entire rotorcraft 400, 500 (along with its wing(s) 412, 512a,
512b) about its yaw axis from the thrust generated by the thrust unit(s) 420, 520a, 520b.

[0050] Accordingly, the rotorcraft 400, 500 according to various example embodiments of
the present invention is advantageously configured with adjustable wingspan, and more
particularly, is capable of folding (or retracting) and unfolding (or expanding) its wing(s) during

30 flight for enhancing the adaptability of the rotorcraft 400, 500 during flight and the
usability/applicability of the rotorcraft 400, 500 for a wider range of practical applications.
[0051] In various cxamplc cmbodiments, the wing member 412, 512a compriscs a plurality

of wing panels 413, 513a arranged in series (successively in a direction in which the wing
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member 112 extends/expands as shown in FIGs. 4 and 5) and a plurality of foldable portions
414, 514a, each foldable portion 414, 514a being located between a corresponding pair of
immediately adjacent wing panels 413, 513a. In other words, each pair of immediately adjacent
wing pancls 413, 513a is spaccd apart by a corrcsponding foldable portion 414, 514a
5 therebetween. Accordingly, each foldable portion 414, 514a is configured to be able to fold
thercat (or foldable thereat) when the wing member 412, 512a is being folded by the wingspan
control system 416, 516a.
[0052] In various example embodiments, the wing member 412, 512a is laminated with a
film (e.g., a plastic film). In this regard, each portion of the film located between a
10 corresponding pair of immediately adjacent wing panels 413, 513a forms the corresponding
foldable portion 414, 514a located between the corresponding pair of immediately adjacent
wing panels 413, 513a.
[0053] In various example embodiments, the wing support frame 418, 518a is coupled to
the wing member 412, 512a at multiple foldable portions of the plurality of foldable portions
15 414, 514a and at a last wing panel of the plurality of wing panels 413, 513a for supporting the
wing member 412, 512a and facilitating transitions of the wing member 412, 512a between the
cxtended state and the folded statc. As shown in FIGs. 4 and 5, the above-mentioncd multiple
foldable portions may be altemnate foldable portions of the plurality of foldable portions 414,
514a. In various cxamplc embodiments, the wing support frame 418, 518a may be coupled to
20  the above-mentioned multiple foldable portions via multiple hanger supports 422, 522a,
respectively.
[0054] In various example embodiments, the wing support frame 418, 518a is arranged
alongside a leading edge of the wing member 412, 512a and is configured to function as a guide

rail for the plurality of wing panels 413, 513a. Accordingly, the wing support frame 418, 518a

]
o

may be coupled to the above-mentioned multiple foldable portions 414, 514a and the above-
mentioned last wing panel along the leading edge portion of the wing member 412, 512a. In
various embodiments, as shown in FIGs. 4 and 5, the thrust unit 420, 520a is coupled to the
wing support frame 418, 518a at a distal end portion thereof (e.g., distal end portion with respect
to the housing member 104 as shown in FIGs. 4 and 5).

30 [0055] In various example embodiments, the wingspan control system 416, 516a is
configured to fold the wing member 412, 512a in an accordion manner. For example, as
described above, the wing member 412, 512a is configured to include the plurality of wing

panels 413, 513a arranged in series and the plurality of foldable portions 414, 514a, whereby
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each pair of immediately adjacent wing panels 413, 513a is spaced apart by a corresponding
foldable portion 414, 514a. Furthermore, in various example embodiments, the wing support
frame 418, 518a of the wingspan control system 416, 516a is coupled to multiple (e.g., alternate)
foldablc portions 414, 514a along the lcading cdge portion of the wing member 412, 512a. In
5 this manner, as the wing support frame 418, 518a retracts, the wing support frame 418, 518a is
ablc to fold the wing member 412, 512a in an accordion manncr. Similarly, as the wing support
frame 418, 518a extends, the wing support frame 418, 518a is able to unfold the wing member
412, 512a in an accordion manner.
[0056] The first example rotorcraft 400 with adjustable wingspan corresponding to the
10  FROW-P rotorcraft (i.e., in the case whereby the wingspan control system 416 is configured to
passively or automatically control the wingspan of the wing member 412 during flight) will
now be described in further details according to various example embodiments of the present
invention.
[0057] In various example embodiments, the wingspan control system 416 further
15 comprises a spring device 424 and a string 426 having a first end coupled to the spring device
424 and a second end coupled to the wing member 412 (e.g., at a distal end portion of the wing
member 412 with respect to the spring device 424 or the housing member 404, such as at the
last wing panel as shown in FIG. 4) for controlling the wingspan of the wing member 112. In
this rcgard, the spring device 424 is configurcd to: when in the folded state, hold the wing
20 member 412 in the folded state via the string 426 with a pre-loaded spring force pulling on the
wing member 412 (e.g., at the distal end portion of the wing member 412 towards the spring
device 424 or the housing member 404); and release the wing member 412 towards the extended
state when the first example rotorcraft 400 is controlled by the flight controller 408 to rotate at
a rotational speed which generates a centrifugal force which exceeds a spring force pulling on
25  the wing member 412 produced by the spring device 424 via the string 426, thereby increasing
the wingspan of the wing member 412 and storing elastic potential energy in the spring device
424. In other words, the spring device 424 is configured to release the wing member 412
towards the extended state when the centrifugal force generated by the rotating rotorcraft 400
overcomes the spring force pulling on the wing member 412.
30 [0058] In various example embodiments, the spring device 424 is configured to retract the
wing member 412 towards the folded state when the first example rotorcraft 400 is controlled
by the flight controller 408 to rotatc at a rotational spccd which gencrates a centrifugal force

which is less than the spring force pulling on the wing member 412 produced by the spring



WO 2024/232827 PCT/SG2024/050292

21

device 424 via the string 426, thereby reducing the wingspan of the wing member 412. In other

words, the spring device 424 is configured to retract the wing member 412 towards the folded

state when the centrifugal force generated by the rotating rotorcraft 400 is less than (or not

sufficient to overcome) the spring force pulling on the wing member 412. In various cxamplc
5 embodiments, as shown in FIG. 4, the folded state is a fully folded state and the extended state

is a fully extendced state.

[0059] In various example embodiments, as shown in FIG. 4, the wing support frame 418

is a telescopic rod and the spring device 424 is a spiral spring device.

[0060] Accordingly, in various embodiments, the first example rotorcraft 400 is a

10 monocopter.

[0061] The second example rotorcraft 500 with adjustable wingspan corresponding to the
FROW-A rotorcraft (i.c., in the case whereby the wingspan control system 516a is configured
to actively control the wingspan of the wing member 512a during flight) will now be described
in further details according to various example embodiments of the present invention.

15 [0062] In vanous example embodiments, the wingspan control system 316a further
comprises a servo motor 524a and a string 526a having a first end coupled to the servo motor
524a (c.g., via a spool) and a sccond cnd coupled to the wing member 512a (c.g., at a distal end
portion of the wing member 512a with respect to the servo motor 524a or the housing member
504, such as at the last wing pancl as shown in FIG. 5) for controlling the wingspan of the wing

20 member 512a. In this regard, the servo motor 524a is configured to: retract, based on the servo
motor 524a receiving a wingspan control input to retract, the wing member 512a towards the
folded state by reeling in (e.g., via a spool) the string 526a (thereby pulling on the wing member
512aat the distal end portion thereof), thereby reducing the wingspan of the wing member 512a;

and release, based on the servo motor 524a receiving a wingspan control input to release, the

]
o

wing member 512a towards the extended state by releasing the string 526a for allowing the
wing member 512a to extend towards the extended state via a centrifugal force produced when
the second example rotorcraft 500 is being rotated, thereby increasing the wingspan of the wing
member 512a. In other words, to expand the wing member 512a towards the extended state, the
string 526a may be loosened so as to allow/enable the centrifugal force produced by the rotating
30  rotorcraft 500 to extend the wing member 512a towards the extended state. In various example
embodiments, as shown in FIG. 5, the folded state is a fully folded state and the extended state
is a fully cxtendced state.
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[0063] In various example embodiments, the above-mentioned wing member 512a is (or
corresponds to) a first wing member, the above-mentioned wingspan control system 516a is (or
corresponds to) a first wingspan control system, and the above-mentioned thrust unit 520a is
(or corrcsponds to) a first thrust unit. In this rcgard, in various cxample cmbodiments, the
5 second example rotorcraft 500 further comprises: a second wing member 512b coupled to the
housing member 504 at a sccond side thercof, wherein the sccond wing member 512b is
configured to produce an acrodynamic force for generating a lift when the second example
rotorcraft 500 is rotating and the second wing member 512b is in an extended state; a second
wingspan control system 516b coupled to the housing member 504 and configured to control a
10 wingspan of the second wing member 512b during flight between the extended state and a
folded state, wherein the second wingspan control system 316b comprises a second wing
support frame 518b configured to support the second wing member 512b; and a second thrust
unit 520b configured to generate a thrust for rotating the second example rotorcraft 500,
wherein the flight controller 508 is communicatively coupled to the second thrust unit 520b for
15 controlling the second thrust unit 520b (together with the first thrust unit 520a) to control the
flight of the second example rotorcraft 500. Accordingly, the second wing member 512b, the
sccond wingspan control systcm 516b and the sccond thrust unit 520b may be configured in the
same or corresponding manner as the first wing member 512a, the first wingspan control system
516a and the first thrust unit 520a, respectively, but arc arranged with respect to (to extend
20  from) the second side of the housing member 504 instead of the first side of the housing member
504. In various embodiments, as can be seen in FIG. 3, the first and second sides of the housing
member 504 are opposite sides thereof.
|0064] Accordingly, in various example embodiments and in the same or corresponding
manner as the first wing member 512a, the second wing member 512b comprises a plurality of
25  wing panels 513b arranged in series and a plurality of foldable portions 514b, each foldable
portion 514b being located between a corresponding pair of immediately adjacent wing panels
513b.
[0065] Accordingly, in various example embodiments and in the same or corresponding
manner as the first wing member 512a, the second wing member 512b is laminated with a film
30  (e.g., aplastic film). In this regard, each portion of the film located between a corresponding
pair of immediately adjacent wing panels 513b forms the corresponding foldable portion 514b

located between the corresponding pair of immediately adjacent wing pancls 513b.
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[0066] Accordingly, in various example embodiments and in the same or corresponding
manner as the first wing support frame 518a, the second wing support frame 518b is coupled to
the second wing member 512b at multiple foldable portions of the plurality of foldable portions
514b and at a last wing pancl of the plurality of wing pancls 513b for supporting the sccond
5 wing member 512b and facilitating transitions of the second wing member 512b between the
cxtended state and the folded state.
[0067] Accordingly, in various example embodiments and in the same or corresponding
manner as the first wing support frame 518a, the second wing support frame 518b is arranged
alongside a leading edge of the second wing member 512b and is configured to function as a

10 guide rail for the plurality of wing panels 513b. Similarly, the second thrust unit 520b is coupled
to the second wing support frame 518b at a distal end portion thereof.

[0068] Accordingly, in various example embodiments and in the same or corresponding
manner as the first wingspan control system 516a, the second wingspan control system 516b is
configured to fold the second wing member 512b in an accordion manner.

15 [0069] Accordingly, in various example embodiments and in the same or corresponding
manner as the first wingspan control system 516a configured to actively control the wingspan
of the first wing member 512a during flight, the sccond wingspan control systcm 516b
comprises a servo motor 524b and a string 526b having a first end coupled to the servo motor
524b (c.g., via a spool) and a sccond end coupled to the sccond wing member 512b (c.g., at a

20  distal end portion of the wing member 512b with respect to the servo motor 524a or the housing
member 504, such as at the last wing panel as shown in FIG. 5) for controlling the wingspan of
the second wing member 512b. In this regard, the servo motor 524b is configured to: retract,
based on the servo motor 524b receiving a wingspan control input to retract, the second wing
member 512b towards the folded state by reeling in (e.g., via a spool) the string 526b (thereby

25  pulling on the wing member 512a at the distal end portion thereof), thereby reducing the
wingspan of the second wing member 512b; and release, based on the servo motor 524b
receiving a wingspan control input to release, the second wing member 512b towards the
extended state by releasing the string 526b for allowing the second wing member 512b to extend
towards the extended state via a centrifugal force produced when the second example rotorcraft

30 500 is being rotated, thereby increasing the wingspan of the second wing member 512b.

[0070] The wing 412, 512a, 512b will now be further described according to various
cxamplc cmbodiments of the present invention. As described hereinbefore, in various cxample

embodiments, the wing 412, 512a, 512b is designed in such a way to allow/enable an accordion-
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style folding. This allows the wing 412, 512a, 512b to obtain a reduction in length in the desired
direction. As illustrated in FIGs. 4 and 5, the wing panels 413, 513a, 513b are configured to be
foldable downwards, thereby allowing the rotorcraft 400, 500 to fold its wing(s) and reduce its
footprint. For cxample, as shown in FIG. 3, the downwards folding allows thc wing support
5 frames 518a, 518b (e.g., carbon fiber rods) to extend across or over the wing panels 513a, 513b
without being blocked by the wing pancls 513a, 513b in the FROW-A rotorcraft 500. In a
traditional accordion fold mechanism, hanger supports may be connected to the middle of the
panels using a swivel mechanism. In contrast, various example embodiments attach the hanger
supports 422, 522a, 522b to the foldable portions 414, 514a, 514b. This helps in simplifying
10 the folding mechanism by removing the need for a swivel structure for the hanger supports. In
various example embodiments, the wing support frame 418, 518a, 518b is configured to provide
a firm support to the wing 412, 512a, 512b in flight and is able to retract to fold the wing 412,
512a, 512b as desired. In various example embodiments, the wing panels 413, 513a, 513b are
arranged to keep sufficient gaps between each other for the foldable portions 414, 514a, 514b

15 so as to spare enough room for attaching the hanger supports 422, 522a, 522b.
[0071] In various example embodiments, the wingspan control system 416, 516a, 516b
compriscs a wing support framc 418, 518a, 518b which functions as a guidc rail (c.g., a carbon
fibre rod) whereby connector supports (or hanger supports) 422, 522a, 522b are arranged to
conncct the wing pancls 413, 513a, 513b to the guide rail 418, 518a, 518b. In various cxample
20  embodiments, in both the FROW-P and FROW-A rotorcrafts 400, 500 as shown in FIGs. 4 and
5, the hanger supports 422, 522a, 522b are specifically aftixed to alternate foldable portions
414, 514a, 514b so as to maintain such alternate foldable portions 414, 514a, 514b at the same
level as the wing support frame 418, 518a, 518b during folding. As a result, the foldable
portions 414, 514a, 514b not attached to any hanger support and is in between two foldable

b
o

portions attached to hanger supports would fold down during folding. In various example
embodiments, in case of the FROW-P rotorcraft 400, the wing support frame 418 has a
telescopic configuration and has a first end portion affixed to the housing member 404 and a
second end portion (which may be referred to as the distal end portion) affixed to the distal end
portion of the of the wing 412 as shown in FIG. 4. Therefore, the wing support frame 418 is
30  fixed at both its end portions. Therefore, when folding, the second end portion of the wing
support frame 418 would be pulled towards the first end portion via the string 416 as shown in
FIG. 4. On the other hand, when unfolding, the sccond cnd portion of the wing support framc

418 would move away from the first end portion via the string 416. In various example
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embodiments, in case of the FROW-A rotorcraft 500, the wing support frame 518a, 518b is not

telescopic and is only fixed at its distal end portion. Therefore, when folding, the distal end

portion of the wing support frame 518a, 518b would be pulled towards the housing member

504 and the other cnd portion would protrude out from the other side as shown in FIG. 5.

5 Accordingly, the wing support frame 418, 518a, 518b acts as a guide rail for the wing panels

413, 513a, 513b which supports the folding mcchanism span-wisc such that the wing 412, 512a,

512b is guided to move only and stably in the spanwise direction during folding and unfolding.

It will be appreciated by a person skilled in the art that the wing shape is not limited to any

particular shape and may be configured or designed as desired or as appropriate as long as the

10 rotorcraft 400, 500 is able to operate as a rotating rotorcraft. For example, the wing shape may

be determined or configured via an optimization process for enhancing flight performance. As

an example, the wing shape may be configured to mimic that of a samara seed as closely as
possible to inherit the natural aerodynamic properties of the samara seed.

[0072] According to various example embodiments, the material for the wing 412, 512a,

15 512bis selected to attain a level of ngidity sufficient for producing advantageous acrodynamic

forces when the wing 412, 512a, 512b is expanded, while simultaneously possessing adequate

flexibility to facilitate folding. In this regard, the rigidity of diffcrent matcrials can be comparcd

using Young’s modulus. For example, the Young’s modulus of balsa wood is higher than that

of foam, and thus, balsa wood can withstand a highcr rotational spced comparatively. As an

20 illustrative example, for the wing panels 413, 513a, 513b, balsa wood panels (about 1 mm in

thickness) are meticulously cut out and laminated using a thin plastic film. The folded-up wing

412, 512a, 512b may then be subjected to hot air (e.g., about 150 °C) which helps to thermally

induce shape-memory effect of the folded position on the foldable portions 414, 514a, 514b to

facilitate the folding of the wing panels 413, 513a, 513b during folding. The hanger supports

25 422, 522a, 522b may then be installed on (coupled to) selected foldable portions 414, 514a,

514b (e.g., alternate foldable portions as described herein according to various example

embodiments), and the wing support frame 418, 518a, 518b may then be slotted in through the

hanger supports 422, 522a, 522b coupled to the selected foldable portions 414, 514a, 514b,

thereby mounting the wing 412, 512a, 512b on the wing support frame 418, 518a, 518b (e g.,

30  carbon fiber rod). In case of the FROW-A 500 as shown in FIG. 5 according to various example

embodiments, for example, the hanger supports 522a, 522b are slidable on the wing support

framc 518a, 518b functioning as a guidc rail, and thus thc wing support framc 518a, 518b is

slidably coupled to the wing 512a, 512b, thereby supporting the wing 512a, 512b thercon and
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the folding mechanism span-wise. Furthermore, as shown in FIG. 5, the wing support frame
518a, 518b at the distal end portion thereof is fixed to the distal end portion of the wing 512a,
512b and the thrust unit 520a. In case of the FROW-P 400 as shown in FIG. 4 according to
various cxample cmbodiments, the wing support frame 418 is a tclescopic rod configured such
5 that it does not protrude out from the opposite side of the housing member 404 as the wing 412
is being folded. For cxample, the number of collapsible scctions of the telescopic rod 418 is
configured to based on the desired number of folds in the wing 412 during folding or based on
the number of hanger supports 422 connected to the wing 412. As an illustrative example, as
shown in FIG. 4, the telescopic rod 418 has a first or main section and five collapsible sections
10 which is collapsible into (or within) the previous section. The first or main section is affixed to
the housing member 404 and a first hanger support 422 is affixed (e.g., firmly attached via glue)
to an end of the first hanger support 422 as shown in FIG. 4. Similarly, the first collapsible
section (collapsible into the main section) has a second hanger support affixed to an end thereof,
the second collapsible section (collapsible into the first collapsible section) has a third hanger
15 support affixed to an end thereof, and so on. The last collapsible section does not have a hanger
support affixed thereto but both the thrust unit 420 and the distal end portion of the wing 412

arc aftixced thereto as shown in FIG. 4. .
[0073] In various example embodiments, the second example rotorcraft 500 (corresponding
to the FROW-A rotorcraft) is designed such that cach wing 512a, 512b only folds/collapscs by
20 up to about 40% of its total (i.e., maximum) wingspan, leaving available wingspan of at least
about 60% of its maximum wingspan at the folded state (or folded mode) for generating
aerodynamic lift when the rotorcraft 500 is being rotated. Accordingly, this design for the
FROW-A rotorcraft helps to ensure adequate wing area remains available for lift generation
while the wings 512a, 512b are folded. From experimentations conducted, it was observed that
25  using only a single wing may cause the FROW-A rotorcraft’s rotational speed to be extremely
high and may thus place significant stress on the actuators (both the motor and servo
components). To overcome this technical challenge and alleviate pressure on the actuators,
according to various example embodiments, two wings 512a, 512b are incorporated into the
FROW-A rotorcraft 500 as shown in FIG. 5 instead of one wing to maximize acrodynamic lift
30  production in the folded mode. As shown in FIG. 5, each wing 512a, 512b overlaps with the
other wing support frame 518a, 518b protruding out from the other side of the housing member
(c.g., central hub) 504 in the folded statc which advantagcously optimizes the usc of availablc

space.
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[0074] In various example embodiments, the first example rotorcraft 400 (corresponding to

the FROW-P rotorcraft) is designed to be capable of achieving a reduction in the wingspan

(wing surface area) passively through a wingspan control system 416 comprising a spiral spring

424, In various cxample cmbodiments, the wing 412 is configured to fold/collapsc by up to

5 about 70% of its total (i.e., maximum) wingspan. With this configuration, when the wing 412

is in the folded state, the wing 412 is unablc to gencrate sufficient lift for the monocopter flight,

thereby putting the rotorcraft (the FROW-P rotorcraft) 400 in the dive mode. As observed in

the configuration of the FROW-A rotorcraft 500 shown in FIG. 5, the dual wings 512a, 512b

overlap with the wing support frames 518a, 518b, respectively, in the folded state. In contrast,

10 in various example embodiments, the FROW-P 400 is configured to avoid/minimise extra

portions of the wing support frame 418 protruding out (beyond the housing member 404). In

this regard, in various example embodiments and as described above, a telescopic rod is

employed as the wing support frame 418 as depicted in FIG. 4. The telescopic mechanism is

mechanically sufficiently rigid to avoid twisting of the wing 412 whilst being smooth in its

15 motion when retracting/collapsing to fold the wing 412 or expanding to unfold the wing 412.

As shown in FIG. 4, the wing support frame 418 may be coupled to (or affixed to) the housing

membcer 404 at a main or beginning scction thercof from which the wing support frame 418 is
extendable.

[0075] The contraction and cxpansion (or folding and unfolding) of the wing 412, 512a,

20 512b will now be further described according to various example embodiments of the present

invention. For the passively controlled FROW-P rotorcraft 400, in various example

embodiments, the folded wing 412 is held in tension using a spiral spring 424. FIG. 6 depicts a

schematic drawing illustrating the unwinded (corresponding to the expanded state) and winded

(corresponding to the folded state) spring model for the FROW-P rotorcraft 400. In particular,

25  FIG. 6 illustrates the modelling of the spiral spring force and the centrifugal force of the FROW-

P rotorcraft 400. In the unwinded and winded spring model, the cross-section of the spiral spring

424 is assumed to be rectangular and its thickness is even throughout its length. Furthermore,

it is assumed that the string 426 used for the folding mechanism is not elastic. For better

understanding, FIG. 6 shows a displacement parameter Ax and a minimum displacement

30  parameter xz. The minimum displacement parameter xz¢ denotes the length of the string 426

when the wing 412 is at the folded state (e.g.., when the wing 412 is fully folded/collpased).

Therefore, the total length of the string 426 is x5 when the wing 412 is fully folded/collapsed

and x4 + Ax when as the wing is being expanded by Ax.
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[0076] In various example embodiments, the spring force F; is determined or estimated as
follows:
F; = KAx + Fgq
(Equation 1)

n

where K; denotes the spring constant, Ax denotes the displacement of the string, and Fgq
denotes the pre-loaded spring force.

[0077] The centrifugal force F, acting on the FROW-P rotorcraft 400 can be estimated by
approximatcly dividing the rotorcraft 400 into two parts about the center of rotation as shown
in FIG. 6 and as follows:

10 F. = m0%r, = myQ%r,

(Equation 2)
where m1 and m» denote lumped masses located at distances 71 and 7, from the center of mass
of the rotorcraft 400, rcspectively, and {3, denotes the rotational speed of the FROW-P
rotorcraft 400. Accordingly, to calculate the centrifugal force F, acting on the FROW-P

—_
[

rotorcraft 400, two lumped masses 771 and #2; are considered at distance 71 and 72 from the center
of mass. It is assumed that the mass »# depicted in FIG. 6 is identical for both unwinded and
winded spring 424. This is because the distance 71 of mass mi from the center of mass does not
change significantly in both cascs. In othcr words, since the wholc body rotates uniformly, the
centrifugal force F, experienced by mass m» will be equal to that of mass m.
20 [0078] Accordingly, from the spring model for the FROW-P rotorcraft 400 shown in FIG.
6, it can be seen that the balance of forces between the spring force F; and the centrifugal force
F, acting on the FROW-P rotorcraft 400 determines the state of the wing 412, and thus the state
of the flight, of the FROW-P rotorcraft 400 as follows:
To fly F. > F;
25 To fold F <F
(Equation 3)
[0079] Accordingly, the spring device 424 is configured to: when in the folded state, hold
the wing 412 in the folded state via the string 426 with a pre-loaded spring force Fy, pulling on
the wing 412 (c.g., at the distal cnd portion of the wing member 112 towards the spring device
30 424 or the housing member 404); and release the wing 412 towards the extended state when the
rotorcraft 400 is controllcd by the flight controller 408 to rotatc at a rotational spccd which
generates a centrifugal force F. which exceeds a spring force F; pulling on the wing 412

produced by the spring device 424 via the string 426, thereby increasing the wingspan of the
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wing 412 and storing elastic potential energy in the spring device 424. Therefore, when the
rotorcraft 400 spins at a rotational spced which gencrates a centrifugal force £, which cxcceds
the spring force F; acting on the wing 412, the wingspan control system 416 expands the wing

412 outwards. On the other hand, when the centrifugal force F, generated by the rotating

[

rotorcraft 400 is less than (or not sufficient to overcome) the spring force F; pulling on the wing
member 412, the wing 412 is retracted towards the folded state based on the elastic potential
energy stored in the spring device 424.

|0080] For example, the constant K of the spiral spring 424 may be approximated by
experimentation where a set of weights are used to measure the extension in the length of the
10 string 426 under different loading conditions. In experiments conducted, the mechanical
properties of different, readily available, springs were tested for the selection of an appropriate
spiral spring which can provide the desired results. FIGs. 7A to 7C show the results of the
experiments performed from three different trials. In particular, FIG. 7A shows a plot of

experimental data showing the displacement Ax of the string subjected to different loads. FIG.

—
n

7B shows a plot illustrating the approximation of the centrifugal force £ as the rotational speed
{1, changes based on the centrifugal force formula (Equation 2) along with the relationship
between the rotational speed 2, and the string displacement Ax obtained theoretically. In other
words, FIG. 7B shows the relation between the rotational speed (), and the centrifugal force F;,
approximated using Equation 2. From FIG. 7A, the regression line shows that there is nearly a
20 linear relationship between the force applied and the displacement Ax of the string.

[0081] Considering a hypothetical equilibrium, where the forces F. and F; are equal, a
relation between the rotation speed (1, and the displacement Ax of the string can be determined
as follows:

mQZr = KAx + Fg

0 - K,Ax + Fyo
mr

[0082] As mentioned above, FIG. 7B shows a plot presenting the theoretical relationship

b2
N

(Equation 4a)

(Equation 4b)

between the rotation speed (1, and the displacement Ax of the string. Experiments were
30  conducted using the FROW-P prototype 400 for verification of this relationship. As depicted in
the frames captured of the flight in FIG. 7C, it can be seen that the experimental results followed

the relationship closely. Accordingly, FIG. 7C shows experimental proof of the relationship
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obtained depicting the FROW-P rotorcraft 400 rotating at various rotational speeds during the
flight. It can also be obscrved that the centrifugal force F; acting on the FROW-P rotorcraft 400
overcomes the spring force F; at around 43 rad/s and achieves full extension (i.e., the extended

state) at 54 rad/s.

N

[0083] For the activelv controlled FROW-A rotorcraft 500, in various cxamplc
embodiments, the FROW-A rotorcraft 500 employs a servo motor 524a, 524b to fold the
respective wing 512a, 512b. The servo 524a, 524b may be connected to a spool, which reels in
the string 526a, 526b connected to the other side (distal end portion) of the wing 512a, 512b,
thereby pulling on the wing 512a, 512b at the distal end portion thercof to fold the wing 512a,
10 512b. For the expansion of the wing 512a, 512b, the servo 524a, 524b relaxes the string 526a,
526b, and the rotating wing 512a, 512b expands under the influence of the centrifugal force
experienced by the wing 512a, 512b and the wing support frame 518a, 518b attached to the
wing 512a, 512b. Accordingly, the servo 524a, 524b is configured to: retract, based on the servo
524a, 524b receiving a wingspan control input to retract, the wing 512a, 512b towards the
15 folded state by reeling in the string 526a, 526b via a spool, thereby reducing the wingspan of
the wing 512a, 512b; and release, based on the servo 524a, 524b receiving a wingspan control
input to release, the wing 512a, 512b towards the extended state by releasing the string 526a,
526b for allowing the wing 512a, 512b to extend towards the extended state via a centrifugal
force produced when the rotorcraft 500 is being rotated, thereby increasing the wingspan of the
20  wing 512a, 512b. In various example embodiments, the flight controller 508 (e.g., based on a
Teensy microcontroller) may be configured to send the wingspan control input to the servo
524a, 524b upon rcceiving the corrcsponding control input, for cxample, from a uscr or
operator. In various example embodiments, the length/amount of the wing 512a, 512b to be
folded in the folded state is determined or designed to leave sufficient wing surface area to
25 support the flight of the FROW-A rotorcraft 500 in the folded state, which may be determined
based on experimentation. As an illustrative example, the FROW-A rotorcraft 500 may be
designed such that each wing 512a, 512b only folds/collapses by up to about 40% of its total
(i.e., maximum) wingspan, leaving available wingspan of at least about 60% of its maximum
wingspan at the folded state (or folded mode) for generating aerodvnamic lift when the
30  rotorcraft 500 is being rotated.
[0084] As an example illustration, FIG. 8 shows a table (Table 1) comparing various
example dimensions of the expanded and folded configurations for the first and second example

rotorcrafts (FROW-P and FROW-A rotorcrafts) 400, 500 according to various example
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embodiments of the present invention. For example, FIG. 9 shows images of the second
example rotorcraft (the FROW-A rotorcraft) 500 in flight in the extended state (top image) and

the folded state (bottom image).
|0085] According to various cxample cmbodiments, the rotorcraft 400, 300 opcrates bascd
5 onaflight controller 408, 508 (or a flight controller svstem, which may be custom-built) which
may be controlled by a human opcrator or through a closcd-loop feedback position controller
on a computer in a motion-capture environment. For example, the flight controller 408, 508
may be based on a Teensy microcontroller which may have an inbuilt memory card reader (e.g.,
a micro SD card reader) for data-logging capability. For the heading reference, a high-
10 performance three-axis magnetometer may be emploved on board for control in an open loop.
In various example embodiments, all electronic components such as the flight controller 408,
508, receivers, magnetometer, power regulator, and electronic speed controllers (ESCs) are
arranged and soldered on a Printed Circuit Board (PCB) (e.g., a custom-designed PCB), which
is disposed (e.g., mounted) on a housing member 404, 504 (e.g., 3D printed central hub) of the
15 rotorcraft 400, 500. The housing member 404, 504 also houses a power source (e.g., a Li-Po
battery) for powering the rotorcraft 400, 500 and may be configured or shaped as desired or as

appropriatc.

Dynamic Modeling and Control

20 [0086] The dynamic modeling of the example rotorcraft 400, 500 and the flight controller
408, 508 applied to control a flight of the example rotorcraft 400, 500 (e.g., to obtain altitude
and transitional control of the example rotorcraft 400, 500) will now be described according to

various example embodiments of the present invention.

b
o

Dynamic Modelling

[0087] As an illustrative example, FIG. 10A depicts a schematic drawing of the example
rotorcraft 500, along with the inertial reference frame (X,Y,Z), the body reference frame
(x,y,z) and the direction of rotation (), . Although the dynamic modelling and the flight
controller are described with respect to the example rotorcraft 500 as an illustrative example,
30  they also apply to the example rotorcraft 400 in the same or corresponding manner. The body-
frame x-axis is considered along the wingspan, the z-axis is considered perpendicularly upwards,
and the y-axis completes the triad according to the right-hand rule. FIG. 10B depicts a schematic

drawing of an example single blade element of the example rotorcraft 500, along with
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representation of aerodynamic forces on the single blade element. Accordingly, as depicted in
FIG. 10A, a right-handcd incrtial reference frame is defined using (X, Y, Z) € [ and the body
reference frame attached to the Centre of Gravity (CG) is defined using (x,y, z) € B. Using the

Newton-Euler formulation, the translational dynamics of the rotorcraft 500 can be expressed as:

[

mp! = RLFE + mG

(Equation 5)
where p' = [px, py, pz] is the position vector in the inertial frame, R, represents the rotational
transformation from body-framc to incrtial-framc, F? = [[QC, Fy,FZ]T is the force vector, and
G = [0,0, g]" is the gravity vector.
10 [0088] Similarly, the attitude dynamics equation of the example rotorcraft 500 can be
expressed as:

IBof + wBIBw? = 8

(Equation 6)

where I® € R®*? is the inertia matrix, w® is the angular velocity in the body frame, and % =

T .
[t Ty, T2] is the torque vector.

—_
w

[0089] The aerodynamic forces acting on the wing are modeled with the Blade Element
Theory (BET). Under the BET, the wing surface is split into » blade elements, and the overall
lift and drag contributions are obtained by summing up the individual contributions. The lift
and drag force contribution from each blade element may be calculated as follows:
20 dL =>CpUedr,  dD=>CypU2cdr

(Equation 7)
where C; and C; denote the lift and drag coefficients respectively, p denotes the density of air,
U denotes the relative air velocity encountered at the tip of the blade element (i.e., velocity of

the oncoming air encountered by the tip of the blade element), ¢ is the chord length of each

[\
o

blade element, and dr is the width of each blade element. dZ. and dD can be resolved into normal
and tangential forces as follows:

dN = dL cosf + dD sinf, dT = dL sinf — dD cosf
(Equation 8)

where 0 is the pitch angle between the relative air velocity and wing, as shown in FIG. 10B.
30

Cyclic Control

[0090] According to various example embodiments, the attitude of the example rotorcraft

500 is governed by a cyclic control. Contrary to the swash plate mechanism, the thrust units
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520a, 520b are used to provide a periodic thrust, which controls the roll and pitch of the

rotorcraft 500. For example, the cyclic control implemented may be based on a square cyclic

control technique, such as that disclosed in Bhardwaj et al., “P.1.D. based Sliding Mode Control

ot Asynchronous Multi-actuator Monocoptcr™, 2021 IEEE/ASME Intcrational Contcrence on
5 Advanced Intelligent Mechatronics (AIM), pp 239-246, 2021.

[0091] The amplitude of the cyclic command, T,y is mapped to the amplitude of the roll

and pitch input, ¢, and 6, tespectively. Ty, and the direction control variable i of pitch and

roll input are calculated as:

Yo=atn2(5).  Tump = ke @7+ 07
10 (Equation 9)
where k¢ is a constant to scale the effectiveness of roll and pitch actuation commands. The cyclic
commanded thrust for the thrust unit 520a, 320b includes both the altitude correction (collective
thrust) as well as direction correction (cyclic thrust), and may be computed as:

T = {To + Tamp, ifsin(p + ¢, +yg) > €
YT = Tamps otherwise

15 (Equation 10)
where T, denotes the thrust offset for maintaining altitude, ¥ denotes the current azimuth
heading, 1, denotes the offset value for angular correction induced due to gyroscopic precision
and other effects, and ¢ denotes the variable to control the duty cycle. In a manual flight, T, is
mapped directly to the throttle value from a radio controller. Likewise, the roll and pitch inputs

20 required to calculate Ty, arc mapped directly to the roll and pitch stick, respectively.

[0092] In various example embodiments, to conduct experiments in a motion capture
environment, a closed-loop flight controller is designed, including an attitude stabilizer control

and a position controller.

S
wn

Attitude Control

[0093] The example rotorcraft 500 is affected by both acrodynamic forces and gyvroscopic
precession, similar to other rotating platform aerial vehicles. Similar to them, the example
rotorcraft 500 has a natural precession circle that can either grow (unstable), remain constant
(marginally stable), or decrease (stable) depending on the physical characteristics. Ideally, the
30 physical dynamics of a rotating rotorcraft should be sctup so that the precession circle decreascs
without any control input. This seeks to ensure that when a disturbance occurs, the rotorcraft

would fly in spirals with decreasing radius. For example, various example embodiments note
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that the design of the example rotorcraft 500 may lead to unsteady precession motion, and
changing the wingspan mid-flight alters the moment of inertia, which mayv result in further
instability. To address this potential instability issue, various example embodiments provide a
proportional attitude stabilizer controller configured to regulatc the preccssion motion to
5 achieve a stable flight.

10094] In various cxamplc cmbodiments, the attitude stabilizer control command may be

generated as:
ac = Koo R
(Equation 11)
10 where k,. denotes a positive gain matrix and £ denotes the angular velocity vector. Through
this stabilization, the undesired angular velocities in the pitch and roll axis can be damped out.
Since the attitude stabilization of the example rotorcraft 500 is desired in the roll and pitch axis
only, #,. [3] can be ignored. The effect of attitude stabilization will be further explained later

below, along with the experimental results.

15
Position control
[0095] In various example embodiments, the position controller of the example rotorcraft
500 is based on the Sliding Mode Control (SMC) method. The sliding surface s may be defined
using the error in position as well as velocity to keep control over both states as follows:

20 s=ky(pa—p) — kv

(Equation 12)
where k, and k,, are the sliding surface gains matrices for the position and velocity components,
respectively.

[0096] The control law may then be defined using standard SMC method (e.g., as described
25 in Gao et al, “Vanable structure control of nonlinear systems: A new approach”, IEEE
Transactions on Industrial Electronics, vol. 40, no. 1, pp. 45-35, February 1993) as follows:
u = C - sat(s)

(Equation 13)

where € is the gain matrix, and sat(.) is a saturation function defined as,

sin(.), if [s| > s¢
S/Sp, otherwise

30 sat(.) = {

(Equation 14)

where sy is the boundary layer thickness of the sliding surface.
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[0097] The final control input for roll and pitch in the cyclic controller may then be obtained
by combining the controller outputs for roll and pitch axis from the attitude stabilizer control

and position control as follows:

o] = Gt o]

o

(Equation 15)
and T, = u[3]. The obtained roll and pitch commands from Equation (15) may then be fed into

Equation (9) to obtain motion in desired axis.

Experimental Results

10 [0098] The experimental setup used for conducting the indoor experiments for the example
FROW-A rotorcraft (or prototype) 500 will now be described, along with the experimental
results obtained for closed loop waypoint and trajectory tracking in both extended and folded
configurations (extended and folded states). Furthermore, the outdoor experiments conducted

for the example FROW-P rotorcraft (or prototype) 400 will be described along with the

—_
[

experimental results obtained.
[0099] The experiments were conducted in a motion-capture environment to verify the
position control of the example FROW-A rotorcraft 500. The motion-capture cameras captured
the position and attitude of the reflective markers mounted on the FROW-A prototype 500. This
position and attitude data was then sent to a computer running the controller code, which
20 computes the output commands for actuators. The outputs for motors and servos were sent
through Wi-Fi to the FROW-A rotorcraft 500. A second RC receiver under a human operator’s
control was also able to send control signals to the FROW-A rotorcraft 500, which can overrule
the output commands from the computer if desired.
[00100] In order to evaluate the impact of the attitude stabilizer on the flight performance,
25 the example FROW-A rotorcraft 500 was commanded to hover at a designated altitude, both
with and without the controllcr cngaged. The obtained results are presented in F1Gs. 11A and
11B. In particular, FIGs. 11A and 11B show experimental results showing the effect of attitude
control on the flight without attitude stabilization (FIG. 11A) and with attitude stabilization
(FIG. 11B). The top image in each of FIGs. 11A and 11B shows a plot of the angular velocities
30 overtime in the X and ¥ axis, and the bottom image in each of FIGs. 11A and 11B shows a plot
of the angle over time between the body-frame z and the world-frame Z. During flights without
attitude stabilization, it was observed that the example FROW-A rotorcraft 500 experienced

unstable motion, characterized by the increasing angular velocity of the X and Y axes, as
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illustrated in FIG. 11A. A second plot was generated to represent the deviation of the Tip Path
Plane (TPP) relative to the world frame. This was achieved by plotting the angular difference
between the body-frame z-axis and the world frame Z-axis. As can be seen from FIG. 11B, the
usc of attitudc control resulted in a stable flight with no uncontrollable precession motion. FIG.
5 12 depicts a plot of the experimental results showing the position of the example FROW-A

rotorcraft 500, with (ps) and without (p) the attitude controllcr. The drift obscrved during the
flight is due to the absence of position control. Therefore, FIG. 12 shows the position of the
example FROW-A rotorcraft 500 demonstrating the precession motion without the attitude
controller.

10
Closed-loop Waypoint Tracking
[00101] To test the closed-loop waypoint tracking of the example FROW-A rotorcraft 500,
the rotorcraft was tasked to fly towards waypoints forming a square shape of 2 m sides. Each
waypoint was set for a 20-second interval. FIGs. 13A and 13B depict plots of the closed-loop

15 waypoint results for the example FROW-A rotorcraft 500 obtained for the extended and folded
configurations. Alongside the position plots, Qy, Qy, 7 are also plotted as shown. From FIGs.
13A and 13B, it can be observed that both the extended and folded configurations performed
well for the waypoint experiment, however, the folded configuration tends to overshoot the
waypoint more compared to the extended configuration. This can be attributed to the higher

20 angular momentum of the rotorcraft in the folded state due to its higher Q. Spikes in {1y and
Qy can be observed in both the extended and folded configurations where the waypoints have
moved to a new position due to the change in the tip path plane of the rotorcraft. In FIGs. 13A
to 13D and FIGs. 14A and 14B, X4, Yy, Z4 denote the desired positions in the threc axes and

X, Y, Z denote the actual/measured position of the rotorcraft.

o
o

Closed-loop Trajectory Tracking

[00102] To test the closed-loop trajectory tracking of the example FROW-A rotorcraft 500,

the rotorcraft was tasked to fly in a helical trajectory, where the position in X, Y, and Z axes was

changed continuously. A 1 m radius circle was traced in the X and ¥ axes, changing the desired
30  position incrementally at each time step. FIGs. 13C and 13D depict plots of the trajectory

tracking results for the example FROW-A rotorcraft 500 obtained for the extended and folded

configurations. Ovcrall, both cxtended and folded configurations produccd satisfactory results

while tracking the trajectory. Similar to waypoint tracking, a higher angular velocity in the Z
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axis can be observed for the folded configuration. In certain instances (for example, around 30
seconds and 60 seconds), some peaks can be observed for the folded configuration, which can

be associated with the controller trying to correct the position.

5 Flight Test for Contraction and Expansion of the Wing

[00103] To tcst the contraction and cxpansion mcchanism of the wing during the flight,
several manual flight tests were performed. The wing was commanded to fold and expand fully,
and the flight characteristics were observed. It was observed that the example FROW-A
rotorcraft 500 took about 3 seconds to fully fold and extend its wings at the maximum folding

10 and unfolding speed achievable using the servos employed.
[00104] Experiments were also performed to test the mechanism’s performance while
tracking a square-shaped trajectory. To demonstrate the mancuverability of the example
FROW-A rotorcraft 500, a rectangular cutout in the shape of a narrow window (0.5 m x 0.4 m)
was placed along one of the edges of the square. FIGs. 14A to 14C show the performance of

15  the example FROW-A rotorcraft 500during the experiment, and FIGs. 14D and 14E show
selected frames extracted from a video depicting the example FROW-A rotorcraft 500 passing
through the narrow window during the cxperiment from a top view (FIG. 14D) and a side view
(FIG. 14E). In particular, FIGs. 14A and 14B show plots of experimental results showing the
position (FI1G. 14A) and the attitude (FIG. 14B) of the cxamplc FROW-A rotorcraft 500 passing

20 through the narrow window. FIG. 14C shows a 3D plot of the trajectory followed by the
example FROW-A rotorcraft 500 during the experiment. It was observed that while
transitioning from the expanded to the folded configuration, the altitude of the example FROW-
A rotorcraft 500 experienced some perturbations. This may be removed by further tuning of the

controller and the PWM offset value of motors.

]
o

[00105] The performance of the example FROW-A rotorcraft 500 was tested by gradually
changing the wingspan over a longer duration of time to ensure that the rotorcraft was
controllable at any length of wingspan possible with the wing folding mechanism. FIG. 15
shows plots of the experimental results showing the position control along with the angular
velocity and displacement Ax of the wingspan of the example FROW-A rotorcraft 500. A
30  gradual increase and decrease in the rotation speed can be observed as the wings are folded in
and expanded in a 15-sec duration. For this experiment, the angular velocity increased from
around 36 rad/s at maximum wingspan to around 65 rad/s at minimum wingspan. The position

graph shows that the example FROW-A rotorcraft 500 successfully followed the trajectory
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during the experiment. To avoid extra current being drawn by the continuous servos, they were
operating at 80% of their maximum power. However, once they reach their maximum
performance limit at this level, the power was changed to 100%. This leads to a sudden change
in the displacement Ax, which can be observed around 30 seconds into the experiment.

5 [00106] FIG. 16A shows a plot of experimental results for the angular velocity of the
example FROW-P rotorcraft 400 during take-off and hovering. It can be observed that the
rotational speed (or angular velocity) (1 rcaches about 58 rad/s on takc-oft to overcome the
spring force, gravity, and friction force. The plot also depicts the change in wingspan during
the takc-off. It can be obscrved that the wingspan slowly starts to incrcasc aftcr rcaching a

10 rotational speed of around 43 rad/s. During hover, the rotational speed 1, was about 54 rad/s.

FIG. 7C depicts the example FROW-P rotorcraft 400 taking off from stand still, where the
expansion of the wing can be noticed with the increase in the angular velocity.

[00107] The spring parameters of the example FROW-P rotorcraft’s folding mechanism
were carcfully choscn bascd on cxperimentation. Two key points were considered for the

15 selection of these parameters. Firstly, there should be enough spring force at the fully folded

statc, so that thc wing docs not unfold itsclf. This cnsurcs casicr handling of the rotorcraft for
storage or while taking off. Secondly, in case the motor is switched of while flying, the
rotorcraft is dcsigned to have a sufficient centrifugal force so that the wing docs not
automatically fold. This ensures that the wing does not fold and simply crash in the event of a
20 power failure. The natural tendency of the rotorcraft to auto-rotate will help it gradually descend.
A reverse thrust mechanism was implemented on the motor onboard the example FROW-P
rotorcraft 400 to rapidly decrease the angular velocity below the required amount, enabling the
example FROW-P rotorcraft 400 to dive.
[00108] FIG. 16B shows a plot of experimental results (barometer data) for the dive and

N
9]

recovery of the example FROW-P rotorcraft 400 from 30 m altitude in an outdoor experiment,
where the rotorcraft was hand thrown from a 30 m altitude to imitate a launch. After passing
through an initial dive phase for about 10 m, the ability to recover from a dive was demonstrated.
Several experiments were performed and results for three different experiments are shown in
FIG. 16B.

30 [00109] FIGs. 17A to 17D depict the experimental results obtained from the dive and
rccovery experiment for the cxample FROW-P rotorcraft 400 performed from a height of 30 m.
In particular, FIG. 17A depicts a plot of the barometric height, FIG. 17B depicts a plot of the
velocity calculated from the height data, FIG. 17C depicts a plot of the angular velocity and
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FIG. 17D depicts a plot of the PWM value of the thrust input to the trust unit. Furthermore, FIG.

17E shows overlaying frames from a video showing the outdoor experiment performed. The

experiment shows firstly the recovery of the example FROW-P rotorcraft 400 after it is hand

thrown from a height of 30 m. After flying back to ncarly the same altitude, the reverse thrust

5 mechanism is turned on to initiate the dive mode. Since the motors are rotating at high RPM,

the reverse thrust mechanism takes a couple of scconds to turn on, during which the cxample

FROW-P rotorcraft 400 falls while auto-rotating. The example FROW-P rotorcraft 400 was

allowed to fall for about 20 m and is recovered again to repeat the experiment for an even deeper

fall (25 m). The velocity for the example FROW-P prototype 400 was obtained using

10  differentiation, as a result, a lot of noise was obtained which was filtered to obtain the velocity

profile. In a similar manner, the angular velocity profile was obtained from the heading angle

data recorded from the magnetometer. During the first drop, the maximum velocity of the

example FROW-P prototype 400 was about -13 m/s, whereas, for the second drop, the

maximum velocity was about -18 m/s. The experiment shows the ability of the example FROW-

15 P rotorcraft 400 to fullv collapse its wing while in flight using the applied mechanism and

recover at various distances while falling with different velocities. FIG. 18 shows a plot of the

change of altitudc and wingspan of thc cxample FROW-P rotorcraft 400 over time for the
FROW-P rotorcraft dive and recovery experiment shown in FIGs. 17A and 17E.

[00110]  Accordingly, the cxample rotorcraft 400, 500 described herein according to various

20 example embodiments advantageously has the ability to fold its wings, actively or passively,

during flight. In particular, two different configurations (FROW-A and FROW-P) have been

described, featuring active or passive wing folding mechanisms depending on specific

application requirements. FROW-A and FROW-P rotorcrafts can reduce their overall footprint

(wingspan) by about 40% and 70%, respectively, while in flight. A cyclic controller may be

25  implemented for controlling the translational motion, where the direction is controlled by

pulsing the motors at a specific instance during each cycle of rotation. Experimental results

have been presented to prove the control of the example FROW-A and FROW-P rotorcrafts

400, 500 1in different modes while in flight. The example rotorcraft 400, 500 described herein

according to various example embodiments can thus enhance usability/applicability for a wider

30 range of practical applications, such as providing the ability to reduce the footprint of the

rotorcraft 500 while in flight actively, or by allowing the rotorcraft 400 to dive through the air

without any additional actuator. Expcrimental rcsults have been presented based on

experimentation performed on the example physical prototypes (example FROW-A and
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FROW-B prototypes) constructed through the design principles described herein according to
various example embodiments. The active wing folding mechanism described herein can
achieve stable flight and position control in both expanded and folded configurations. The stable
flight achicved during the folded wing configuration shows the ability of the rotorcraft 400, 500
5 to navigate through narrow spaces.
[00111]  The passively foldable rotorcraft 400 described herein according to various cxample
embodiments is a unique monocopter configuration is capable of expanding its wing 412 under
the influence of the centrifugal force generated while rotating if the centrifugal force is
sufficient to overcome the spring force produced by the spiral spring 424. The spiral spring
10 mechanism 424 operates to retract the wing 412, as soon as the centrifugal force is overpowered
by the spring force being produced by the spiral spring 424. The modeling of the spring force
and the centrifugal force for the rotorcraft 400 has been presented herein to show the
rclationship between the rotational speed and the displacement Ax of the wing 412. The modcl
has further been verified experimentally. For example, experiments conducted demonstrated
15 the ability of the rotorcraft 400 to fold its wing 412 and dive through the air and eventually
recover from the dive through the expansion of the wing 412.
[00112] While embodiments of the invention have been particularly shown and described
with reference to specific embodiments, it should be understood by those skilled in the art that
various changes in form and detail may be made therein without departing from the scope of
20  the invention as defined by the appended claims. The scope of the invention is thus indicated
by the appended claims and all changes which come within the meaning and range of

equivalency of the claims are therefore intended to be embraced.
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CLAIMS

1. A rotorcraft with adjustable wingspan, comprising:
a housing member having disposcd thercon a flight controller operable to control a flight
5 of the rotorcraft;

a wing member coupled to the housing member at a first side thercof, wherein the wing
member is configured to produce an aerodynamic force for generating a lift when the rotorcraft
1s rotating and the wing member is in an extended state;

a wingspan control system coupled to the housing member and configured to control a

10 wingspan of the wing member during flight between the extended state and a folded state,
wherein the wingspan control system comprises a wing support frame configured to support the
wing member; and

a thrust unit configured to generate a thrust for rotating the rotorcraft, wherein the flight
controller is communicatively coupled to the thrust unit for controlling the thrust unit to control

15 the flight of the rotorcraft.

2. The rotorcratt according to claim 1, wherein the wing member compriscs a plurality of
wing panels arranged in series and a plurality of foldable portions, each foldable portion being

locatcd between a corresponding pair of immediately adjacent wing pancls.

20
3. The rotorcraft according to claim 2, wherein
the wing member is laminated with a film, and
each portion of the film located between a corresponding pair of immediately adjacent
wing panels forms the corresponding foldable portion located between the corresponding pair
25  of immediately adjacent wing panels.

4. The rotorcraft according to claim 2 or 3, wherein the wing support frame is coupled to
the wing member at multiple foldable portions of the plurality of foldable portions and at a last
wing panel of the plurality of wing panels for supporting the wing member and facilitating

30  transitions of the wing member between the extended state and the folded state.

5. The rotorcraft according to claim 4, wherein
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the wing support frame is arranged alongside a leading edge of the wing member and is
configured to function as a guide rail for the plurality of wing panels, and

the thrust unit is coupled to the wing support frame at a distal end portion thereof.

5 6 The rotorcraft according to any one of claims 2 to 5, wherein the wingspan control

system is configurcd to fold the wing member in an accordion manncr.

7. The rotorcraft according to any one of claims 2 to 6, wherein
the wingspan control system further comprises a spring device and a string having a first
10 end coupled to the spring device and a second end coupled to the wing member for controlling
the wingspan of the wing member, and
the spring device is configured to:
when in the folded state, hold the wing member in the folded state via the string
with a pre-loaded spring force pulling on the wing member; and
15 release the wing member towards the extended state when the rotorcraft is
controlled by the flight controller to rotate at a rotational speed which generates a centrifugal
force which cxceeds a spring force pulling on the wing member produccd by the spring device
via the string, thereby increasing the wingspan of the wing member and storing elastic potential
cnergy in the spring device.
20
8. The rotorcraft according to claim 7, wherein the spring device is configured to retract
the wing member towards the folded state when the rotorcraft is controlled by the flight
controller to rotate at a rotational speed which generates a centrifugal force which is less than

the spring force pulling on the wing member produced by the spring device via the string,

]
o

thereby reducing the wingspan of the wing member.

9. The rotorcraft according to claim 7 or 8, wherein the wing support frame is a telescopic

rod and the spring device is a spiral spring device.

30 10.  The rotorcraft according to any one of claims | to 9, wherein the rotorcraft is a

monocopter.

11.  The rotorcraft according to any one of claims 2 to 6, wherein
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the wingspan control system further comprises a servo motor and a string having a first
end coupled to the servo motor and a second end coupled to the wing member for controlling
the wingspan of the wing member, and

the scrvo motor is configured to:

5 retract, based on the servo motor receiving a wingspan control input to retract,
the wing member towards the folded statc by recling in the string, thercby reducing the
wingspan of the wing member; and

release, based on the servo motor receiving a wingspan control input to release,
the wing member towards the extended state by releasing the string for allowing the wing
10 member to extend towards the extended state via a centrifugal force produced when the

rotorcraft is being rotated, thereby increasing the wingspan of the wing member.

12. The rotorcraft according to any one of claims 1 to 11, wherein
said wing member is a first wing member,
15 said wingspan control system is a first wingspan control system,
said thrust unit is a first thrust unit, and
the rotorcraft further comprises:
a second wing member coupled to the housing member at a second side thereof,
wherein the sccond wing member is contigurcd to producc an acrodynamic force for gencrating
20 alift when the rotorcraft is rotating and the second wing member is in an extended state;
a second wingspan control system coupled to the housing member and
configured to control a wingspan of the second wing member during flight between the
extended state and a folded state, wherein the second wingspan control system comprises a

second wing support frame configured to support the second wing member; and

]
o

a second thrust unit configured to generate a thrust for rotating the rotorcraft,
wherein the flight controller is communicatively coupled to the second thrust unit for

controlling the second thrust unit to control the flight of the rotorcraft.
13. The rotorcraft according to claim 12, wherein the second wing member comprises a
30  plurality of wing panels arranged in series and a plurality of foldable portions, each foldable

portion being located between a corresponding pair of immediately adjacent wing panels.

14.  The rotorcraft according to claim 13, wherein
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the second wing member is laminated with a film, and
each portion of the film located between a corresponding pair of immediately adjacent
wing panels forms the corresponding foldable portion located between the corresponding pair

of immediatcly adjacent wing pancls.

15.  The rotorcraft according to claim 13 or 14, wherein the sccond wing support frame is
coupled to the second wing member at multiple foldable portions of the plurality of foldable
portions and at a last wing panel of the plurality of wing panels for supporting the second wing
member and facilitating transitions of the second wing member between the extended state and

10 the folded state.

16.  The rotorcraft according to claim 13, wherein
the second wing support frame is arranged alongside a leading edge of the second wing
member and is configured to function as a guide rail for the plurality of wing panels, and
15 the second thrust unit is coupled to the second wing support frame at a distal end portion

thereof.

17.  The rotorcraft according to any one of claims 13 to 16, wherein the second wingspan

control system is configurcd to fold the sccond wing member in an accordion manncr.

20
18.  The rotorcraft according to any one of claims 13 to 17, wherein
the second wingspan control system further comprises a servo motor and a string having
a first end coupled to the servo motor and a second end coupled to the second wing member for
controlling the wingspan of the second wing member, and
25 the servo motor is configured to:

retract, based on the servo motor receiving a wingspan control input to retract,

the second wing member towards the folded state by reeling in the string, thereby reducing the
wingspan of the second wing member; and

release, based on the servo motor receiving a wingspan control input to release,

30  the second wing member towards the extended state by releasing the string for allowing the

second wing member to extend towards the extended state via a centrifugal force produced

when the rotorcraft is being rotated, thercby increasing the wingspan of the sccond wing

member.
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19. A method of forming the rotorcraft with adjustable wingspan according to any one of

claims 1 to 18.



