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MONOCOPTER

Technical Field

[0001] Various embodiments generally relate to a monocopter. In particular, various
embodiments generally relate to a monocopter (e.g. a micro aerial vehicle monocopter) that

may include a foldable (e.g. a semi-rigid) wing structure.

Background

[0002] Micro aerial vehicles have become increasingly useful and ubiquitous.

[0003] Generally, micro aerial vehicles are extremely light-weight (e.g. weighing less than
100 g) and have a small form factor. As such, micro aerial vehicles may be relatively safer
to operate indoors and/or in environments with humans or animals.

[0004] Conventionally, there are three main types of micro aerial vehicles: fixed-wing
micro aerial vehicles, rotary wings micro aerial vehicles, and flapping wings micro aerial
vehicles.

[0005] Fixed-wing micro aerial vehicles may be adept at executing long ranged missions,
but may not be suitable for applications within confined spaces due to its continuous forward
movement (or inability to hover).

[0006] Rotary wings micro aerial vehicles (e.g. of the helicopter type) may be capable of
hovering. However, they typically involve a complex design which may include multiple
actuators, a swashplate, etc. Furthermore, the rotary wings structures of such rotary wings
micro aerial vehicles tend to be bulky.

[0007] Flapping wings micro aerial vehicles, similar to rotary wings micro aerial vehicles,
tend to be bulky and difficult to store and transport.

[0008] Accordingly, there is a need to provide a more versatile aerial vehicle (e.g. micro

aerial vehicle) which addresses at least the above issues.

Summary

[0009] According to various embodiments, there may be provided a monocopter. The
monocopter may include a body chassis. The monocopter may further include a wing

structure extending from the body chassis, the body chassis being at a root of the wing
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structure. The wing structure may include a plurality of rigid wing segments distributed
along a spanwise direction extending between the root and a tip of the wing structure. The
wing structure may further include a plurality of flexible wing segments. Each flexible wing
segment adjoining a pair of adjacent rigid wing segments of the plurality of rigid wing
segments. The monocopter may further include a propulsion unit coupled to a rigid wing
segment of the plurality of rigid wing segments between a midspan of the wing structure

and the tip of the wing structure.

Brief description of the drawings

[00010] In the drawings, like reference characters generally refer to the same parts
throughout the different views. The drawings are not necessarily to scale, emphasis instead
generally being placed upon illustrating the principles of the invention. In the following
description, various embodiments are described with reference to the following drawings,
in which:

FIG. 1 is a schematic front view of a monocopter, according to various
embodiments;

FIG. 2A is a perspective exploded view of a monocopter including a wing structure
having a tapered wing planform, according to various embodiments;

FIG. 2B shows the monocopter of FIG. 2A, with the wing structure of the
monocopter in a folded configuration, according to various embodiments;

FIG. 2C is a side view of the body chassis of the monocopter of FIG. 2A, in a folded
configuration of the body chassis, according to various embodiments;

FIG. 2D is a side view of the body chassis of the monocopter of FIG. 2A, in an
unfolded configuration of the body chassis, according to various embodiments;

FIG. 3A is a perspective view of a monocopter which includes a wing structure with
at least one rigid closed-loop frame structure, according to various embodiments;

FIG. 3B is a bottom view of the monocopter of FIG. 3A, according to various
embodiments;

FIG. 3C is a perspective view of the monocopter of FIG. 3A mid-flight, according
to various embodiments;

FIG. 3D and FIG. 3E show various views of the monocopter of FIG. 3A folded,

according to various embodiments;
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FIG. 4 shows a variant of the wing structure for the monocopter of FIG. 1 or the
monocopter of FIG. 2A or the monocopter of fig. 3A, according to various embodiments;

FIG. 5A shows a “Table 17 listing some parts for building a prototype of the
monocopter of FIG. 3A, according to various embodiments;

FIG. 5B shows a “Table 2” listing specifications of the prototype of the monocopter
of FIG. 3A, according to various embodiments;

FIG. 5C shows a weight breakdown of the parts for building the prototype of the
monocopter of FIG. 3A, according to various embodiments;

FIG. 6A is a free-body diagram of a simulated monocopter, according to various
embodiments;

FIG. 6B is a side view of the simulated monocopter, with the wing structure of the
simulated monocopter in the folded configuration, according to various embodiments;

FIG. 7 depict two cases (i.e. “Case 1” and “Case 2”) of relative inflow angle { for a
blade element of the simulated monocopter of FIG. 6A, according to various embodiments;

FIG. 8 is a schematic representation of an experiment setup involving the prototype
of the monocopter of FIG. 3A, according to various embodiments;

FIG. 9 are results from a closed-loop waypoint tracking experiment with the
prototype of the monocopter of FIG. 3A, according to various embodiments;

FIG. 10 are results from a closed-loop trajectory tracking experiment with the
prototype of the monocopter of FIG. 3A, according to various embodiments;

FIG. 11 is a photograph showing the prototype of the monocopter of FIG. 3A in the
closed-loop trajectory tracking experiment, according to various embodiments;

FIG. 12 are results from a straight-line speed experiment with the prototype of the
monocopter of FIG. 3A, according to various embodiments; and

FIG. 13 are results from a flight time experiment with the prototype of the

monocopter of FIG. 3A, according to various embodiments.

Detailed description
[00011] Embodiments described below in the context of the apparatus are analogously
valid for the respective methods, and vice versa, as well as for a corresponding kit.
Furthermore, it will be understood that the embodiments described below may be combined,

for example, a part of one embodiment may be combined with a part of another embodiment.
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[00012] It should be understood that the terms “on”, “over”, “top”, “bottom”, “down”,
“side”, “back”, “left”, “right”, “front”, “lateral”, “side”, “up”, “down” etc., when used in the
following description are used for convenience and to aid understanding of relative positions
or directions, and not intended to limit the orientation of any device, or structure or any part
of any device or structure. In addition, the singular terms “a”, “an”, and “the” include plural
references unless context clearly indicates otherwise. Similarly, the word “or” is intended
to include “and” unless the context clearly indicates otherwise.

[00013] Various embodiments generally relate to a monocopter (e.g. an aerial vehicle with
a single rotating blade).

[00014] In particular, various embodiments may relate to a single-actuator monocopter
which may include a semi-rigid wing (e.g. semi-rigid wing structure). Specifically, the semi-
rigid wing may be a foldable, single wing structure of the monocopter. With the foldable
wing structure, the monocopter may be folded into a more compact size to reduce its
footprint (e.g. by about 65% to 75%, or about 68% to 70%, or about 69%). According to
various embodiments, the foldable wing structure of the monocopter may have, but is not
limited to, a flat-plate airfoil for facilitating easy folding of the wing structure.

[00015] According to various embodiments, although the foldable wing structure of the
monocopter may be limp when the monocopter is resting on an external floor surface (e.g.
an external ground), the monocopter may leverage on centrifugal forces, resulting from the
monocopter rotating about its center of gravity during flight, to straightened its foldable
wing structure.

[00016] According to various embodiments, a large portion of the entire monocopter may
form the foldable wing structure (e.g. single wing structure) for generating useful
aerodynamic forces. Thus, the monocopter of the various embodiments may be an efficient
(e.g. high-efficiency) aerial vehicle.

[00017] According to various embodiments, the monocopter may be capable of
accomplishing a controllable flight (e.g. in 5 degrees of freedom) by using only one thrust
unit (e.g. single propulsion unit, e.g. having a single motor or engine). Specifically, altitude
control of the monocopter may be achieved by the monocopter by way of regulating a force
or thrust generated from the thrust unit (e.g. propulsion unit) of the monocopter throughout
multiple rotations of the monocopter during its flight. Further, lateral control of the

monocopter may be achieved by the monocopter by way of pulsing the thrust unit (e.g.
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propulsion unit) of the monocopter at specific instances during each cycle of rotation of the
monocopter (or rotation of the wing structure of the monocopter) during its flight.

[00018] According to various embodiments, the monocopter may include a body (e.g. a
body chassis) for housing one or more electrical components (e.g. flight avionics, and/or
flight battery, i.e. power source, and/or electrical circuits/boards/cables/connectors).
Particularly, the body may include a first member and a second member. The flight battery
(e.g. two single cell lithium polymer batteries connected in series to supply power for
avionics and flight) may be mounted to the first member of the body. According to various
embodiments, the second member of the body may be or may include a purpose-designed
autopilot board. The flight avionics may be mounted on the autopilot board (i.e. second
member). According to various embodiments, the autopilot board (i.e. second member) may
provide most of the structural rigidity of the body. The body may further include a 3D-
printed structure, such as a flexible hinge, which may allow the body to be folded at the
flexible hinge.

[00019] According to various embodiments, the wing structure of the monocopter may
form the largest portion of the monocopter, while having a lowest mass proportion relative
to the other components of the monocopter. By having a low mass, a center of gravity of the
monocopter may be positioned or shifted nearer to the body (e.g. the body chassis) of the
monocopter, thereby allowing a large portion of the wing structure to interact with the
surrounding air for generating useful aerodynamic forces to enable the monocopter to
manoeuvre (e.g. turn or hover) or fly in the air.

[00020] The monocopter according to the various embodiments may be designed to rotate
counter-clockwise (i.e. when looking from a top view of the monocopter) or, alternatively,
may be designed to rotate clockwise, for flight. That is, an airfoil of the wing structure of
the monocopter may be configured with any suitable shape capable of generating useful
aerodynamic forces for flying the monocopter.

[00021] Additionally, according to various embodiments, the monocopter may be
configured to be a micro aerial vehicle. Accordingly, the monocopter may be easily
transportable and may be deployed swiftly for any application (e.g. military or civilian
applications, such as for surveillance, for research, or for search and rescue and
reconnaissance missions).

[00022] FIG. 1 is a schematic front view of a monocopter 100, according to various

embodiments.
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[00023] According to various embodiments, there may be provided the monocopter 100.
The monocopter 100 may be an aerial vehicle capable of flying in the air, wherein the aerial
vehicle may include a single wing structure 120 or blade.

[00024] With reference to FIG. 1, according to various embodiments, the monocopter 100
may include a body chassis 110, a wing structure 120 (or a single wing structure) extending
from the body chassis 110, and a propulsion unit 150 coupled to the wing structure 120.
[00025] The body chassis 110 of the monocopter 100 may be configured to hold or carry
one or more electrical components. The one or more electrical components may include, for
example, any one or a combination of a power source (e.g. at least one battery, solar
generator, etc.), a processor, a circuit board (e.g. printed circuit board), a magnetometer (e.g.
compass), an accelerometer, a gyroscope, a camera, an autopilot board (e.g. autopilot circuit
board or a controller), a flight board, a flight controller, etc. As an example, the body chassis
110 may be a casing or a frame with one or more compartments and/or one or more supports
(e.g. support plate) for holding or carrying the one or more electrical components.

[00026] As shown, according to various embodiments, the body chassis 110 of the
monocopter 100 may be at a root 121 (e.g. a first longitudinal end or proximal end) of the
wing structure 120 of the monocopter 100. In other words, the wing structure 120 of the
monocopter 100 may be extending from the body chassis 110, with the body chassis 110
disposed or positioned at the root 121 of the wing structure 120 of the monocopter 100. As
an example, the root 121 of the wing structure 120 (or a corresponding rigid wing segment
of the wing structure 120 at the root 121 of the wing structure 120) of the monocopter 100
may be affixed or attached (e.g. detachably attached) to the body chassis 110 of the
monocopter 100 via one or a combination of an adhesive, a screw, a nut and bolt assembly,
or any other suitable fastener or coupling element. According to various embodiments, the
wing structure 120 may form a joint (e.g. a rigid joint, or hinged / rotary joint, e.g. with one
or more hinges) with the body chassis 110, at the root 121 of the wing structure 120. For
example, when the joint is a rigid joint, the wing structure 120 may be immovable at the
root 121 of the wing structure 120 with respect to the body chassis 110. As another example,
when joint is a hinged / rotary joint, the wing structure 120 may be rotated about the root
121 of the wing structure 120 with respect to the body chassis 110.

[00027] According to various embodiments, the wing structure 120 may be a single unit
or single entity. In other words, according to various embodiments, the monocopter 100 may

include a single or only one wing (i.e. a single or only one wing structure 120).
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[00028] As shown in FIG. 1, according to various embodiments, the wing structure 120
of the monocopter 100 may include a plurality of rigid wing segments 130 and a plurality
of flexible wing segments 140. Each of the plurality of rigid wing segments 130 and/or each
of the plurality of flexible wing segments 140 may be a corresponding section or a
corresponding portion of the wing structure 120. Accordingly, the wing structure 120 may
be divided or sliced into multiple segments (e.g. sections), whereby some of the segments
form the plurality of rigid wing segments 130 and some other segments form the plurality
of flexible wing segments 140. As shown, the plurality of rigid wing segments 130 may be
distributed along a spanwise (or lengthwise) direction extending between the root 121 and
atip 122 (e.g. a second longitudinal end opposite the first longitudinal end, or a distal end)
of the wing structure 120. Further, as shown, each flexible wing segment may be between
(e.g. interposing, or directly between) and/or may be adjoining a pair of adjacent or
neighboring (e.g. immediately adjacent or neighboring) rigid wing segments 130 of the
plurality of rigid wing segments 130. Accordingly, as shown, the plurality of rigid wing
segments 130 and the plurality of flexible wing segments 140 of the wing structure 120 of
the monocopter 100 may be arranged in an alternating pattern or arrangement, with respect
to one another, along the spanwise direction. Hence, the wing structure 120 may be divided
or sliced into multiple segments (e.g. sections) along its span with alternating rigid wing
segment and flexible wing segment.

[00029] According to various embodiments, each flexible wing segment of the wing
structure 120 may serve as a hinge, interconnecting a corresponding pair of adjacent or
neighboring rigid wing segments 130 of the plurality of rigid wing segments 130 of the wing
structure 120. According to various embodiments, the wing structure 120 may be foldable
at the plurality of flexible wing segments 140. Accordingly, the wing structure 120 of the
monocopter 100 may be foldable or capable of being rolled, at the plurality of flexible wing
segments 140, into a compact size or form (herein referred to as a “folded configuration” of
the wing structure 120) to reduce its footprint (e.g. for storage, transportation, etc., of the
monocopter 100).

[00030] According to various embodiments, the wing structure 120 of the monocopter
100 may have (in other words, include) an airfoil, for example, any one of a laminar flow
airfoil, a symmetrical airfoil, a cambered airfoil, or a flat-plate airfoil, etc., which may be
capable of generating an aerodynamic force when the wing structure 120 interacts with a

stream of air. According to various embodiments, each of the plurality of rigid wing
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segments 130 and each of the plurality of flexible wing segments 140 of the wing structure
120 may be a segment of a single wing structure 120 having a uniform airfoil type (e.g. from
the root 121 to the tip 122 of the single wing structure 120). For example, all of the plurality
of rigid wing segments 130 and all of the plurality of flexible wing segments 140 may have
a flat-plate airfoil. For ease of illustration, various embodiments of the monocopter 100 may
be described herein or illustrated with the wing structure 120 of the monocopter 100 having
a flat-plate airfoil. Nevertheless, it is understood that the wing structure 120 of the
monocopter 100 of the various embodiments is not limited thereto. Thus, for example, the
wing structure 120 of the monocopter 100 of the various embodiments may have any one of
a laminar airfoil, a symmetrical airfoil, or a cambered airfoil, etc.

[00031] According to various embodiments, a spanwise dimension (e.g. a length,
measured along the spanwise direction) of each of the plurality of rigid wing segments 130
may be larger or longer than a spanwise dimension of each of the plurality of flexible wing
segments 140. Further, each of the plurality of rigid wing segments 130 and each of the
plurality of flexible wing segments 140 may be extending from a leading edge 123 (e.g.
front edge) of the wing structure 120 to a trailing edge 124 (e.g. rear edge) of the wing
structure 120. As such, according to various embodiments, a total area or volume of the
plurality of rigid wing segments 130 of the wing structure 120 may be larger than a total
area or volume of the plurality of flexible wing segments 140 of the wing structure 120. In
other words, according to various embodiments, the plurality of rigid wing segments 130
may be a major part or portion of the wing structure 120. In such a configuration, the wing
structure 120 may be less susceptible to (in other words, may be sufficiently supported
against) unintentional twisting forces acting on the wing structure 120 when the monocopter
100 is manoeuvring or flying in the air. According to various embodiments, the plurality of
flexible wing segments 140 may further be configured to provide sufficient support against
any unintentional twisting forces acting on the wing structure 120 when the monocopter 100
is manoeuvring or flying in the air.

[00032] According to various embodiments, the wing structure 120 of the monocopter
100 may have a wing planform (e.g. a shape or outline of the wing structure 120 across a
horizontal plane of the wing structure 120, when the wing structure 120 is in an unfolded
configuration) which may be tapered. For example, the wing planform of the wing structure
120 may be of a tapered quadrilateral shape. Specifically, the wing structure 120 may be

tapered along the spanwise direction, in a manner such that a root chord of the wing structure
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120 (e.g. a width of the wing structure 120 at the root 121) may be larger or longer than a
tip chord of the wing structure 120 (e.g. a width of the wing structure 120 at the tip 122).
According to various other embodiments, the wing planform of the wing structure 120 may
be any one of a rectangular shape (e.g. with a leading edge 123 and a trailing edge 124 of
the wing structure 120 being parallel with each other), a triangular shape, a compound
tapered shape, an elliptical shape, or a “samara” shape (described later with reference to
FIG. 4), etc.

[00033] According to various embodiments, the propulsion unit 150 of the monocopter
100 may be configured to generate a force or a thrust. For example, the propulsion unit 150
may include a propeller type propulsion unit, or jet type propulsion unit, or propulsive
nozzle type propulsion unit, etc. According to various embodiments, the propeller type
propulsion unit may include at least one motor (e.g. brushless motor) or engine and at least
one propeller coupled to the motor or engine. As shown in FIG. 1, the propulsion unit 150
may be coupled to a corresponding rigid wing segment of the plurality of rigid wing
segments 130 of the wing structure 120 of the monocopter 100. In particular, the propulsion
unit 150 may be disposed between a midspan of the wing structure 120 and the tip 122 of
the wing structure 120 (i.e. between a midpoint or center or middle of the wing structure
120 and the distal end of the wing structure 120). For example, the propulsion unit 150 may
be disposed proximally or near to the tip 122 of the wing structure 120, specifically, coupled
to a second, or a third, etc., rigid wing segment from the tip 122 of the wing structure 120.
Accordingly, when the propulsion unit 150 is coupled to the second, or the third, etc. rigid
wing segment from the tip 122 of the wing structure 120, the one or more rigid wing
segment(s) at and/or from the tip 122 of the wing structure 120 may serve to protect the
propulsion unit 150 of the monocopter 100 from a direct impact of a spinning or rotating
monocopter 100 during flight onto an external structure (e.g. an external wall or building).
Additionally, the one or more rigid wing segment(s) at and/or from the tip 122 of the wing
structure 120, together with one or more corresponding flexible wing segment(s) of the wing
structure 120, may serve as a dampener of the monocopter 100 for absorbing an impact force
to the monocopter 100 from any direct impact of the monocopter 100 onto an external
structure. According to various other embodiments (not shown), the propulsion unit 150
may be at the tip 122 (e.g. at the second longitudinal end) of the wing structure 120,
specifically, coupled to a corresponding rigid wing segment at the tip 122 of the wing

structure 120.



10

15

20

25

30

WO 2023/043378 PCT/SG2022/050669

10

[00034] The various components of the monocopter 100 (e.g. the propulsion unit 150, the
body chassis 110, etc.) may be arranged in a manner such that the center of gravity of the
monocopter 100 (e.g. when the wing structure 120 of the monocopter 100 is in an unfolded
configuration) may be near or proximal to the body chassis 110 of the monocopter 100.
Specifically, the center of gravity of the monocopter 100 may be between the midspan of
the wing structure 120 and the root 121 of the wing structure 120 (e.g. when the wing
structure 120 of the monocopter 100 is in an unfolded configuration). According to various
embodiments, the monocopter 100 may be configured to spin or rotate about its center of
gravity during flight. As such, a large portion (e.g. most) of the wing structure 120,
specifically, the portion of the wing structure 120 between the tip 122 or the point where the
propulsion unit 150 may be disposed on the wing structure 120 and the center of gravity of
the monocopter 100, may be utilized for generating useful aerodynamic forces for
manoeuvring or flying the monocopter 100 in the air.

[00035] FIG. 2A is a perspective exploded view of a monocopter 200 including a wing
structure 220 having a tapered wing planform, according to various embodiments.

[00036] According to various embodiments, there may be provided the monocopter 200.
[00037] According to various embodiments, the monocopter 200 may contain any one or
more or all the features and/or limitations of the monocopter 100 of FIG. 1. In the following,
the monocopter 200 is described with like reference characters generally referring to the
same or corresponding parts/features of the monocopter 100 of FIG. 1. The description of
the parts/features made with respect to the monocopter 200 may be applicable with respect
to the monocopter 100, and vice versa.

[00038] According to various embodiments, the monocopter 200 may, similar to the
monocopter 100 of FIG. 1, include a body chassis 210, a wing structure 220 extending from
the body chassis 210, and a propulsion unit 250 coupled to the wing structure 220.

[00039] The wing structure 220 of the monocopter 200 may, similar to the wing structure
120 of the monocopter 100 of FIG. 1, include a plurality of rigid wing segments 230 and a
plurality of flexible wing segments 240. As shown in FIG. 2A, the plurality of rigid wing
segments 230 may include, but is not limited to, ten rigid wing segments 230 (e.g. ten
sections). Further, the plurality of flexible wing segments 240 may include, but is not limited
to, nine flexible wing segments 240 (e.g. nine sections).

[00040] Particularly, as shown in FIG. 2A, according to various embodiments, the

plurality of rigid wing segments 230 of the wing structure 220 may include a plurality (e.g.
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nine pieces) of discrete rigid panels 231. As shown, the plurality of discrete rigid panels 231
(i.e. slabs, leaves, or flat piece) of the wing structure 220 may be spaced apart from each
other with a plurality of discontinuities 232 (e.g. gaps) among or between the plurality of
discrete rigid panels 231. In other words, each discontinuity of the plurality of
discontinuities 232 may be between a pair of adjacent or neighboring discrete rigid panels
231. As an example, according to various embodiments, each pair of adjacent or neighboring
discrete rigid panels 231 may be spaced between about 0.6 mm to about 1.7 mm (e.g. 1 mm)
apart from each other. In other words, each discontinuity 232 may be about 1 mm wide.
According to various embodiments, each of the plurality of discrete rigid panels 231 may
be made of a rigid or substantially rigid material, such as wood, metal, carbon fiber, rigid
plastic or polymer, or Styrofoam, etc.

[00041] Further, as shown in FIG. 2A, the plurality of flexible wing segments 240,
according to various embodiments, may be part of at least one flexible sheet 241. According
to various embodiments, the at least one flexible sheet 241 may be attached across the
plurality of discrete rigid panels 231 in a manner so as to expose a plurality of portions of
the at least one flexible sheet 241 at the plurality of discontinuities 232 (i.e. among or
between the plurality of discrete rigid panels 231) to form the plurality of flexible segments
of the wing structure 220. In other words, the at last one flexible sheet 241 may cover across
the plurality of discontinuities 232. As shown in FIG. 2A, as an example, according to
various embodiments, the at least one flexible sheet 241 may be a single flexible sheet (e.g.
single continuous flexible sheet without any discontinuities 232) attached to a single surface
(e.g. a bottom surface 225, i.e. “pressure surface”) of the wing structure 220. Accordingly,
as shown, according to various embodiments, a shape of the single flexible sheet may
correspond (e.g. may be similar or identical) to a shape of the wing planform of the wing
structure 220 (e.g. a shape of the bottom surface 225 of the wing structure 220). As another
example, according to various other embodiments (not shown), the at least one flexible sheet
241 may be either (i) two discrete flexible sheets or (ii) a single flexible sheet folded in a
manner so as to be attached to opposite surfaces (e.g. the bottom surface 225 and a top
surface 226, i.e. “suction surface”, opposite the bottom surface 225) of the wing structure
220. As yet another example, according to various other embodiments (not shown), the at
least one flexible sheet 241 may be a plurality of discrete flexible sheets. The plurality of
discrete flexible sheets, according to various other embodiments, may correspond to a

number of discontinuities 232 among or between the plurality of discrete rigid panels 231,
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and may be for covering across the plurality of discontinuities 232. According to various
embodiments, the flexible sheet 241 may be made of a flexible material, such as flexible
plastic or polymer, paper, cardboard, leather, etc.

[00042] As shown in FIG. 2A, according to various embodiments, each rigid wing
segment 230 (or each discrete rigid panel 231) and/or each flexible wing segment 240 (or
each exposed portion of the flexible sheet 241) may be extending from a leading edge 223
(e.g. front edge) of the wing structure 220 to a trailing edge 224 (e.g. rear edge) of the wing
structure 220.

[00043] Further, as shown in FIG. 2A, the wing structure 220 of the monocopter 200 may
include a tapered wing planform. In particular, a chord of each of the plurality of rigid wing
segments 230 (e.g. rigid panels 231), measured along a direction extending between the
leading edge 223 and the trailing edge 224 of the wing structure 220, may progressively be
longer, in a direction from the root 221 (e.g. first longitudinal end) of the wing structure 220
to the tip 222 (e.g. second longitudinal edge) of the wing structure 220. Specifically, a chord
of a respective rigid wing segment at the tip 222 of the wing structure 220 may be longer
than a chord of another respective rigid wing segment at the root 221 of the wing structure
220.

[00044] Further, as shown in FIG. 2A, according to various embodiments, the leading
edge 223 of the wing structure 220 may form a straight (e.g. substantially straight) line. In
particular, the leading edges 223 of each of the rigid wing segments 230 (e.g. rigid panels
231) may be aligned along a straight line (e.g. reference line). According to various
embodiments, as shown, the (straight) leading edge 223 of the wing structure 220 may be
perpendicular (e.g. substantially perpendicular) to a straight edge of the wing structure 220
at the root 221 of the wing structure 220. Further, as shown, according to various
embodiments, the root 221 and the tip 222 of the wing structure 220 may include or may be
a pair of parallel (e.g. substantially parallel) straight edges of the wing structure 220.
[00045] FIG. 2B shows the monocopter 200 of FIG. 2A, with the wing structure 220 of
the monocopter 200 in a folded configuration, according to various embodiments.

[00046] According to various embodiments, in order for the wing structure 220 of the
monocopter 200 to be capable of being folded into the configuration as shown in FIG. 2B,
a spanwise dimension (e.g. length, measured along the spanwise direction) of each of the
plurality of rigid segments may progressively increases or become larger in a direction from

a respective rigid segment at the first longitudinal end (i.e. root 221 or proximal end) of the
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wing structure 220 to a respective rigid segment at the second longitudinal end (i.e. tip 222
or distal end) of the wing structure 220.

[00047] Referring back to FIG. 2A, the monocopter 200 may include (e.g. further include)
a coupling element 254 (e.g. a motor mount, e.g. 3D-printed motor mount, or a bracket) for
coupling the propulsion unit 250 (e.g. a body of the motor 252 or engine) to the wing
structure 220 of the monocopter 200. As shown, the coupling element 254 may include a
clip for attaching the coupling element 254 to an edge (e.g. the leading edge 223) of the
wing structure 220 at a respective rigid wing segment. In other words, the coupling element
254 may enable to the propulsion unit 250 (or the motor 252 of the propulsion unit 250) to
be mounted to the edge (e.g. the leading edge 223) of the wing structure 220. According to
various embodiments, in mounting the propulsion unit 250 directly onto the edge of the
wing structure 220, a more compact-sized folded structure (i.e. folded monocopter 200) may
be achieved.

[00048] As shown in FIG. 2A, according to various embodiments, the monocopter 200
may include (e.g. further include) a reinforcing plate 260 attached to the rigid wing segment
of the plurality of rigid wing segments 230 that the propulsion unit 250 may be or is being
coupled. As an example, the reinforcing plate 260 may include or may be a carbon fiber
plate or a metal plate. As shown, a shape of the reinforcing plate 260 may correspond to a
shape of the rigid wing segment 230 (e.g. upper or lower surface of the rigid wing segment)
that the propulsion unit 250 may be coupled.

[00049] FIG. 2C is a side view of the body chassis 210 of the monocopter 200 of FIG. 2A,
in a folded configuration of the body chassis 210, according to various embodiments; and
[00050] FIG. 2D is a side view of the body chassis 210 of the monocopter 200 of FIG.
2A, in an unfolded configuration of the body chassis 210, according to various
embodiments.

[00051] With reference to FIG. 2A to FIG. 2C, the body chassis 210 of the monocopter
200 may include a first member 211, a second member 212, and a hinge 213 interconnecting
the first member 211 and the second member 212. According to various embodiments, the
first member 211 may be a first holder for holding or carrying a first electrical component
(i.e. of the one or more electrical components) and the second member 212 may be a second
holder for holding or carrying a second electrical component (i.e. of the one or more
electrical components). As an example, the first member 211 (e.g. a container or casing)

may be configured to hold or carry a power source while the second member 212 (c.g. a
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support plate) may be configured to hold or carry a flight board. In addition, the power
source may be electrically connected to the flight board, so that the flight board may be
capable of drawing power from the power source.

[00052] According to various embodiments, the hinge 213 of the body chassis 210 may
be or may include a flexible hinge 213. For example, the hinge 213 of the body chassis 210
may be of a same material (e.g. a polymer) as the first member 211 and the second member
212, but may differ structurally from the first member 211 and the second member 212 in
that the hinge 213 may include a plurality of pleats or corrugations or may be a living hinge
213 or may be a series of articulated joints to enable the hinge 213 to be flexible (or capable
of bending without breaking). Accordingly, it may be possible for the entire body chassis
210 to be manufactured via a 3D-printing process using a single material for 3D-printing
the body chassis 210.

[00053] As shown in FIG. 2C, the body chassis 210 may be folded at the hinge 213 with
the first member 211 brought towards (e.g. abutting, contacting, or stacked against, etc.) the
second member 212, such that an inner surface of each of the first member 211 and the
second member 212 may form an angle (o) of 0°. Alternatively, the body chassis 210 may
be unfolded towards the arrangement as shown in FIG. 2D, with the inner surface of each
of the first member 211 and the second member 212 forming an angle (o) of 180°.

[00054] According to various embodiments, the body chassis 210 may be configurable or
may be capable of changing or shifting the center of gravity (and, in turn, a center of
rotation) of the monocopter 200 (i.e. when the wing structure 220 is in the unfolded
configuration), by folding or unfolding the body chassis 210 at the hinge 213. For example,
when the body chassis 210 is folded, the center of gravity of the monocopter 200 may be at
a first point along the wing structure 220. When the body chassis 210 is unfolded, the center
of gravity of the monocopter 200 may be shifted to a second point along the wing structure
220. Accordingly, according to various embodiments, when the body chassis 210 is in the
folded configuration as shown in FIG. 2C, a moment of inertia of a spinning or rotating the
monocopter 200 during flight may be low (or decreased), thereby causing the monocopter
200 to fly with a higher spin rate (e.g. during hovering of the monocopter 200). On the other
hand, when the body chassis 210 is in the unfolded configuration as shown in FIG. 2D, the
moment of inertia may be increased, resulting in a lower spin rate of the monocopter 200

during flight or hovering of the monocopter 200.
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[00055] Referring back to FIG. 2A, according to various embodiments, the monocopter
200 may include the one or more electrical components which may be held by the body
chassis 210. In particular, the monocopter 200 may include at least the power source (e.g.
depicted with reference numeral 371 in FIG. 3B).

[00056] Additionally, as shown in FIG. 2A, the monocopter 200 may include an electrical
element 270. The electrical element 270 may be electrically connected to the propulsion unit
250 (e.g. the motor 252 of the propulsion unit 250) and to the one or more electrical
components (e.g. to at least the power source) of the monocopter 200. Accordingly, the
propulsion unit 250 may receive power (e.g. electrical power) from the power source via the
electrical element 270 of the monocopter 200. According to various embodiments, the
electrical element 270 may include or may be a flexible wire, flexible cable, polymide flex,
flexible printed circuit board (PCB), or flexible circuit etc.

[00057] According to various embodiments, the monocopter 200 may further include a
controller (e.g. autopilot board, depicted with reference numeral 372 in FIG. 3B).
Accordingly, according to various embodiments, the electrical element 270 may further
connect the controller to the propulsion unit 250.

[00058] FIG. 3A is a perspective view of a monocopter 300 which includes a wing
structure 320 with at least one rigid closed-loop frame structure 334, according to various
embodiments; and

[00059] FIG. 3B is a bottom view of the monocopter 300 of FIG. 3A, according to various
embodiments.

[00060] According to various embodiments, there may be provided the monocopter 300.
[00061] According to various embodiments, the monocopter 300 may contain any one or
more or all the features and/or limitations of the monocopter 100 of FIG. 1 and/or the
monocopter 200 of FIG. 2A. In the following, the monocopter 300 is described with like
reference characters generally referring to the same or corresponding parts/features of the
monocopter 100 of FIG. 1 and/or the monocopter 200 of FIG. 2A. The description of the
parts/features made with respect to the monocopter 300 may be applicable with respect to
the monocopter 100 and/or the monocopter 200, and vice versa.

[00062] According to various embodiments, the monocopter 300 may, similar to the
monocopter 100 of FIG. 1 and/or the monocopter 200 of FIG. 2A, include a body chassis
310, a wing structure 320 extending from the body chassis 310, and a propulsion unit 350

coupled to the wing structure 320.
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[00063] The wing structure 320 of the monocopter 300 may, similar to the wing structure
120 of the monocopter 100 of FIG. 1 and/or the wing structure 220 of the monocopter 200
of FIG. 2A, include a plurality of rigid wing segments 330 and a plurality of flexible wing
segments 340.

[00064] The plurality of rigid wing segments 330 of the wing structure 320 of the
monocopter 300 may, similar to the plurality of rigid wing segments 230 of the wing
structure 220 of the monocopter 200 of FIG. 2A, include a plurality of discrete rigid panels
331.

[00065] The plurality of rigid wing segments 330 of the wing structure 320 of the
monocopter 300 may, however, differ from the plurality of rigid wing segments 230 of the
wing structure 220 of the monocopter 200 in that one or more or all of the plurality of
discrete rigid panels 331 of the wing structure 320 of the monocopter 300 may include a
closed-loop frame structure 334 (e.g. an annular-shaped frame structure 334), with each
closed-loop frame structure 334 defining a through-hole 334a therewithin. As shown in FIG.
3A and FIG. 3B, each through-hole 334a may be, but is not limited to, a rectangular-shaped
through-hole 334a within the closed-loop frame structure 334.

[00066] The plurality of flexible wing segments 340 of the wing structure 320 of the
monocopter 300 may, similar to the plurality of flexible wing segments 240 of the wing
structure 220 of the monocopter 200 of FIG. 2A, include at least one flexible sheet 341 (e.g.
a single flexible sheet). As shown in FIG. 3B, the at least one flexible sheet 341 may cover
across the through-hole 334a of each of the closed-loop frame structure 334 of the one or
more of the plurality of discrete rigid panels 331 of the rigid wing segments 330 of the wing
structure 320 of the monocopter 300.

[00067] With reference to FIG. 3A, the monocopter 300 may include (e.g. further include)
aleg member 380 (e.g. a rod) for propping at least a portion of the wing structure 320 of the
monocopter 300 against an external surface (e.g. an external floor surface 390).
Accordingly, the leg member 380 may be extending away from a bottom surface 325 (e.g.
the pressure surface) of the wing structure 320 of the monocopter 300. For example, the leg
member 380 may be disposed on and extending from any one of a corresponding rigid wing
segment (e.g. underside of the rigid wing segment) of the plurality of rigid wing segments
330 of the wing structure 320, or may be disposed on and extending from the coupling
element 352 coupled to a corresponding rigid wing segment of the plurality of rigid wing

segments 330 of the wing structure 320, or may be disposed on and extending from a motor
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352 of the propulsion unit 350. According to various embodiments, the leg member 380 be
sized (or dimensioned) to lift the propulsion device (e.g. at least the propeller 351 of the
propulsion device) off or away from the external floor surface 390 when the monocopter
300 is rested or placed on the external floor surface 390, with the bottom surface 325 of the
wing structure 320 of the monocopter 300 (i.e. in the unfolded configuration) directed to the
external floor surface 390 (as shown in FIG. 3A). Accordingly, the propulsion device (e.g.
the propeller 351 of the propulsion device) may be started while the monocopter 300 is on
the external floor surface 390. In other words, the monocopter 300 may take off from the
external floor surface 390, for example, from the take-off position of the monocopter 300
as shown in FIG. 3A. According to various other embodiments (not shown), the propulsion
device may be started when the monocopter 300 (e.g. when configured as a micro aerial
vehicle) is held within an operator’s (e.g. a human) hand. The monocopter 300 (e.g. when
configured as the micro aerial vehicle) may then be thrown in the air by the operator, with
the wing structure 320 in the unfolded configuration, to enable the monocopter 300 to fly in
the air.

[00068] FIG. 3C is a perspective view of the monocopter 300 of FIG. 3A mid-flight,
according to various embodiments.

[00069] With reference to FIG. 3C, the spinning or rotating monocopter 300 may generate
a centrifugal force during its flight which straightens the wing structure 320 of the
monocopter 300. Particularly, the centrifugal force may extend (e.g. push) the plurality of
rigid wing segments 330 and the plurality of flexible wing segments 340 outwards (e.g. from
the center of gravity of the monocopter 300), thereby straightening or “flattening” the wing
structure 320 of the monocopter 300 during its flight. More particularly, the spinning mass
of (at least) the propulsion unit 350 (e.g. propeller 351 and motor 352), disposed between a
midspan of the wing structure 320 and a tip 322 of the wing structure 320 and which may
be rotating about the center of gravity of the monocopter 300 (e.g. the center of gravity being
proximal to the body chassis 310, or between the midspan of the wing structure 320 and the
body chassis 310) during its flight, may create or contribute to creating the centrifugal force
for straightening or “flattening” the wing structure 320 of the monocopter 300.

[00070] FIG. 3D and FIG. 3E show various views of the monocopter 300 of FIG. 3A
folded, according to various embodiments.

[00071] As shown in FIG. 3D and FIG. 3E, the monocopter 300 (in particular, the wing

structure 320 of the monocopter 300) may be folded or rolled into a smaller size, such that
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the folded monocopter 300 may be capable of being within an operator’s hand (e.g. when
the monocopter 300 is configured as a micro aerial vehicle). According to various
embodiments, the folded monocopter 300 may be launched from the operator’s hand in a
manner such that the centrifugal force of the spinning or rotating the monocopter 300 may
unfold and straightens the wing structure 320.

[00072] FIG. 4 shows a variant of the wing structure 420a for the monocopter 100 of FIG.
1 or the monocopter 200 of FIG. 2A or the monocopter 300 of fig. 3A, according to various
embodiments.

[00073] According to various embodiments, the variant of the wing structure 420a may
include a plurality of wood panels 430a.

[00074] The plurality of wood (e.g. balsa wood) panels 430a may be arranged with a
plurality of discontinuities 432a among or between the plurality of wood panels 430a. The
plurality of wood panels 430a may be joined together by a single sheet of laminated plastic
441a. The plurality of wood panels 430a may be produced by using a laser to precisely cut
out the plurality of wood panels 430a from a larger piece of wood. The plurality of wood
panels 430a may then be placed within a laminating pouch (e.g. of 125 microns) leaving a
tiny gap (e.g. a discontinuity 432a of approximately 1 mm) between each pair of adjacent
wood panels 430a. A lamination process may then be carried out. Thereafter, any excess
plastic surrounding the plurality of wood panels 430a may be cut (e.g. manually trimmed)
away. Optionally, one side of the laminated plastic may be removed (e.g. from a bottom
surface or a top surface of the variant of the wing structure 420a), leaving only the plurality
of wood panels 430a and one side of laminated plastic 441a sheet forming an assembled
variant of the wing structure 420a. The variant of the wing structure 420a may be capable
of being folded at its flexible plastic 441a side. The variant of the wing structure 420a (i.e.
a semi-rigid wing structure) may be folded into a neat pre-determined configuration, for
example having a triangular or a rectangular shape (e.g. similar to the folded configuration
of the wing structure 220, as shown in FIG. 2B).

[00075] As shown in FIG. 4, a wing planform of the variant of the wing structure 420a
may be of a “samara” shape. That is, a spanwise dimension of one or more rigid segments
at an intermediate region of the variant of the wing structure 420a, between the first
longitudinal end (i.e. root) 421a and the second longitudinal end (i.e. tip) 422a, of the variant

of the wing structure 420a may be larger than a spanwise dimension of each of a respective
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rigid segment at the first longitudinal end 421a and a respective rigid segment at the second
longitudinal end 422a of the wing structure.

[00076] Further, as shown in FIG. 4, an electrical element 470 may be attached (e.g.
adhered) to the variant of the wing structure 420a.

[00077] FIG. 5A shows a “Table 17 listing some parts for building a prototype of the
monocopter 300 of FIG. 3A, according to various embodiments;

[00078] FIG. 5B shows a “Table 2” listing specifications of the prototype of the
monocopter 300 of FIG. 3A, according to various embodiments; and

[00079] FIG. 5C shows a weight breakdown of the parts for building the prototype of the
monocopter 300 of FIG. 3A, according to various embodiments.

[00080] According to various embodiments, a prototype of the monocopter 300 (herein
may be referred to as “monocopter prototype”) was assembled using 3D-printed
components, a laminated wing structure, a custom autopilot board (i.e. electronic
component) and a propulsion unit. According to various embodiments, the monocopter
prototype may be easily assembled within about 10 minutes. The wing structure of the
monocopter prototype may include one or more closed-loop frame structure (e.g. balsa wood
with through-holes) for weight reducing (or weight-saving). The through-holes may be
assumed to not affect the acrodynamics of the wing structure significantly as the plastic film
of the wing structure may still cover an entire surface (e.g. entire bottom surface and/or
entire top surface) of the wing structure to form an aerodynamic surface.

[00081] The weight breakdown of the parts of the monocopter prototype is shown in FIG.
5C. As shown, the battery and propulsion system may form about 49% of the weight of the
monocopter, whereas the wing may form about 12% of the weight of the monocopter. The
battery, in particular, contributes a major fraction of the weight at about 38% (e.g. 26 g),
while the 3D-printed structural components and autopilot board may in combination form
about 38% (e.g. 26 g) of the weight of the monocopter.

[00082] Inits unfolded state, the monocopter prototype may be about 35cm in total length.
However, once folded, the monocopter prototype’s footprint may be reduced by about 65%
to 75%, or about 68% to 70%, or about 69%.

[00083] The monocopter prototype was flown and its current and power consumption
were measured using the INA219 current sensor included in a custom autopilot board. The

final specifications of the flying monocopter prototype are listed in Table 2 of FIG. 5B.
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[00084] The prototype of the monocopter may achieve a flight efficiency of about 7.1
g/W.

[00085] Additionally, according to various embodiments, a motion-captured camera
system, in which a hybrid Proportional Stabilizer Controller and Proportional-Integral (PI)
Position Controller may be employed, may be used to achieve a closed-loop feedback
control of the monocopter prototype.

[00086] According to various embodiments, the monocopter prototype may include a
custom autopilot board, which may enable the monocopter prototype to be passively stable
during flight. The autopilot board may allow the monocopter prototype to be controlled via
the closed-loop feedback control in the motion-captured environment and/or by a human
operator. The components of the autopilot board may include one or more sensors, a
microcontroller, a power regulator, an electronic speed controller, etc., which may be
arranged or assembled in a compact-sized manner (e.g. having a narrow and/or rectangular
form factor). Particularly, the various components of the autopilot board may be packaged
in a manner which may facilitate in folding the monocopter prototype in a more compact
manner to minimize its footprint. For an Attitude Heading Reference System of the autopilot
board, a combination of a magnetometer and an inertial sensor may be employed. The
former may be “LIS3MDLTR”, which may be an ultra-low-power high-performance 3-axis
magnetometer, capable of an update rate of S00Hz. The latter may be “ICM20649”, which
may include a gyroscope and an accelerometer. The gyroscope may have a full-scale range
of 4000 degrees per second, thus making it suitable for high rotation speed measurements
of the monocopter prototype. As to the microcontroller, “Espressif ESP32” may be
employed, for example, in Sparkfun MicroMod configuration. This may allow the
microcontroller to be swapped or replaced easily in the event the microcontroller becomes
damaged. ESP32 may come with WiFi connectivity, allowing flight telemetry and
reconfiguration of parameters wirelessly. An Electronic Speed Controller may be directly
soldered onto the control board, and may be capable of receiving control signals directly
from the microcontroller as well as providing power to the propulsion unit of the
monocopter prototype. The control board may also be configured to include datalogging
capability, for example, using a MicroSD card. Additionally, two time-of-flight laser
ranging sensors for potential sensing applications as well as a current sensor to measure the

power consumption during the flight may be added. Further, a Power Distribution Board
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may connect two 1S lithium polymer batteries in series (i.e. forming a power source) and
may transmit or provide power to the control board.

[00087] According to various embodiments, the monocopter prototype may be designed
to be light-weight. For example, a total of four 3D-printed parts and two carbon rods may
be used to construct the monocopter prototype. Two of the 3D-printed parts may be used to
hold the battery (i.e. the power source) and flight board together. One other 3D-printed part
may hold a base of the wing structure (e.g. by inserting the 3D-printed part into a tight-fit
slot at the base of the wing structure and/or taped or adhered to the base of the wing
structure) and may connect to one of the two carbon rods acting as a main hinge between
the wing structure and the body (e.g. body chassis). The last 3D-printed part (e.g. which
may be a coupling element) may be configured to couple the propulsion unit of the
monocopter prototype to the wing structure of the monocopter prototype. A second carbon
rod may be employed as a leg member (e.g. a support, a post, etc.) for supporting a portion
of the monocopter prototype before and/or during take-off of the monocopter prototype. In
particular, the leg member may prevent a propeller (e.g. of the propulsion unit) from
touching (e.g. contacting and/or grazing) an external floor surface (e.g. ground) on which
the monocopter prototype is placed.

[00088] FIG. 6A is a free-body diagram of a simulated monocopter, according to various
embodiments;

[00089] FIG. 6B is a side view of the simulated monocopter, with the wing structure of
the simulated monocopter in the folded configuration, according to various embodiments;
and

[00090] FIG. 7 depict two cases (i.e. “Case 1” and “Case 2”) of relative inflow angle  for
ablade element of the simulated monocopter of FIG. 6A, according to various embodiments.
[00091] According to various embodiments, to simulate and optimize the wing planform
of the monocopter, according to the various embodiments, a dynamic model may be first
created. FIG. 6A shows all the forces and torques acting on a simulated monocopter
typically during its flight. The world frame may be denoted as YW and the body-fixed frame
may be denoted as Wb with its center fixed to the center of gravity of the monocopter, x-
axis aligned with the longitudinal direction of the wing structure and y-axis along chordwise
direction of the wing structure.

[00092] In the simulation, the battery module (i.e. power source) may be fixed at the

folded configuration of the body chassis (i.e. a = 0°), thereby resulting in a smaller rotational
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moment of inertia of the simulated monocopter, with the center of gravity of the simulated
monocopter located near the root of the wing structure.

[00093] The forces and torques acting on the simulated monocopter include the weight
W, thrust and torque from motor Fm and tm respectively, and aerodynamic forces from the
wing structure. In general, the monocopter may be modelled or simulated as a rigid body in
a 6 degrees of freedom environment, where the monocopter may be able to freely translate
and rotate in any direction. MATLAB Simscape Multibody may be used for the simulation,
where an application of 6-DOF joint automatically applies the standard formulations of 6-
DOF motion which may be commonly used for simulation of aircraft and spacecraft.
Simscape Multibody provides multibody simulation environment using a graphical
programming interface representing relationships between bodies using joints, constraints,
force elements and sensors. Forces and moments can be specified at component level, such
as individual blade elements, and resolved forces and moments may be automatically
computed and applied to the entire body through component relationships. Using Simscape
Multibody may help ensure that human errors may be minimized in the process of manually
writing, assembling and running the code for integrating the equations of motion and
resolving the numerous forces and moments.

[00094] The geometries of autopilot board, 3D-printed components, battery, motor and
propeller may be drawn in SolidWorks and imported into Simscape Multibody, with their
exact weights applied. Hence, the mechanical properties of these elements may be precisely
accounted for in the simulation. The wing structure may be generated using flat rectangular
blocks to form a generic shape, which may be optimized using the simulation. In order to
model the aerodynamic forces, Blade Element Theory may be applied. In particular, the
wing structure may be split into ns. blade elements (e.g. np. rigid wing segments). In the
simulation, it is set to nye = 10 where i = 1 represents the innermost blade element. dN;j and
dA; represent the normal and axial forces respectively acting on the i-th blade element and
ci and A; represent the chord length and width of that blade element. The aerodynamic forces
are assumed to act on the quarterchord location of each blade element.

[00095] The lift and drag forces generated from each blade element may be calculated
using:

[00096] dL = >pUZcCyydr,

[00097]  dD == pU2c Cpdr,
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[00098] where dL and dD may be the lift and drag forces respectively acting on the blade
element, p may be the density of air, U may be the relative air velocity interacting with the
blade element, ¢ may be the chord length of the blade element, C; and Cp may be coefficients
of lift and drag respectively, and dr may be the width of the blade element. As the wing
structure may be constantly flying into its own wake during hover and in most aspects of
the flight, it may be assumed to be less efficient than in its ideal state. To account for this,
the drag coefficients may be multiplied with a constant p such that Cp = uCq. This value of
u may be experimentally found by flying an arbitrary configuration of the monocopter and
then fine-tuning the simulated parameters to match the results. The values of Cj and Cq may
be flat-plate airfoil coefficients obtained and linearly interpolated from NACA Technical
Report 3221.

[00099] dL and dD forces may be resolved into normal and axial forces (dN and dA
respectively) before being applied back into the model. In Simscape Multibody, the relative
inflow angle can be found by attaching a transform sensor to measure velocities with respect
to a non-rotating follower on the blade element, as shown in FIG. 7. The two cases consider
all inflow velocity situations, allowing the model to be simulated in almost any scenario. dN

and dA forces may be then calculated using:

dN = dLcos({) + dDsin({)
dA = —dLsin({) + dDcos({)

dN = —dLcos({) + dDsin({)
dA = dLsin({) + dDcos({)

[000100] Case 1 {

[000101] Case 2 {

[000102] where { may be the relative inflow angle of air. Due to the configuration of the
monocopter, its center of gravity may be located in between the first and second blade
element. As the monocopter typically rotates about its center of gravity, this may lead to a
negative flow on the first blade element and a very small positive flow on the second blade
element due to their close proximity to the center of rotation. The aerodynamic force
contribution from these two elements may hence be assumed to be negligible. For the rest
of the blade elements, the normal and axial forces may be assumed to be acting at the
quarter-chord location.

[000103] The thrust unit (e.g. propulsion unit) may include or may be a brushless motor
directly attached to a propeller. In order to consider the gyroscopic effects of a spinning
mass (i.e. the motor bell and propeller), these components may be modelled to spin in the
simulation with an estimated rotation speed of 240 rotations per second at 100g of thrust,

modelled with a direct linear relationship to the motor force. The accuracy of the simulated
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model may be cross-checked with an actual prototype during mid-design phase, on
parameters such as the rotation speed )z and thrust T required for hover.

[000104] In order to simplify the simulation, each blade element may be assumed to be a
foldable or discrete piece or panel of the semi-rigid wing structure. With reference to FIG.
6B, each blade element may make an angle of about 60° from one another, forming an
equilateral triangle in a compact form factor, when the wing structure is in the folded
configuration.

[000105] Due to the folding methodology, as illustrated in FIG. 6B, the width of each

blade element A; (e.g. measured in mm) may follow the following relationship:

5, if i = 1,2
—162(@ — 2),if i > 2

[000107] where 6 may be the parameter which may define the width of the first blade

[000106] A; = { P

element, and hence indirectly defining the length of the wing structure, and i may be the
blade element designation and i € Z*.

[000108] The flexibility of the wing structure during flight may also be considered for the
simulation. Each blade element may be linked to the other using a revolute joint which
allows rotational degree of freedom along y-axis of Ws. A spring stiffness value of ky and
damping coefficient of 6y may be applied to all the joints between the blade element. As the
wing structure may also have limited flexibility along the x-axis, a single revolute joint
along the x-axis may be applied between the Sth and 6th blade elements with a spring
stiffness and damping coefficients of kx and ox respectively. The values of the coefficients
may be selected such that wing structure deformation during the flight may be similar
between real life and simulation.

[000109] FIG. 8 is a schematic representation of an experiment setup involving the
prototype of the monocopter of FIG. 3A, according to various embodiments.

[000110] Experiment setup: Real-life experiments with the monocopter prototype was
conducted in a motion-captured flying arena. It is within a rectangular flying space of 7 m
x 5 m x 2.3 m in size. The entire volume is covered by 8 Optitrack Prime 41 cameras. The
cameras project infra-red light into the flying space which are reflected by infra-red
reflective markers mounted onto the monocopter prototype. Real-time position and
orientation data from the camera system is fed into MATLAB where controller outputs are
computed. The output is then sent through a RC module to the monocopter prototype. The

RC module, connected to the computer and human operator, using a RC transmitter unit, is
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also able to send control signals to the monocopter prototype at the same time. The
monocopter prototype carries two RC receivers and combines the input from both closed-
loop control and human operator control. This setup, as depicted in FIG. 8, allows the human
operator to take over the flight in the event of an emergency.

[000111] FIG. 9 are results from a closed-loop waypoint tracking experiment with the
prototype of the monocopter of FIG. 3A, according to various embodiments.

[000112] Closed-loop waypoint tracking experiment: the monocopter prototype is tasked
to follow a waypoint trajectory. It consists of a square shape, with a side of 2 m, one side at
1 m in height and the other side at 1.8 m in height. The four corners of the square are at (1.-
1,1), (1,1,1.8), (-1,1,1.8), and (-1,-1,1). Each waypoint is set for 30 seconds before moving
onto the next. In the experiment, the monocopter prototype approaches the waypoint and
stabilizes much faster than in the simulation. However, similar to the simulation, the
monocopter prototype tends to overshoot the waypoint during the approach. QX, QY and
Q7 values are also plotted. QZ is noticeably less than the simulated value, most likely due
to components such as the body not modelled for acrodynamics in the simulation creating
high drag. As observed in the simulation, at the instances where the waypoint is shifted to
the next, spikes in QX and QY can be observed, indicating the tip path plane of the
monocopter prototype is highly tilted at these points. The results are shown in FIG. 9. The
PWM values sent to the motor are also shown. At the instance of waypoint shifting, high
frequency fluctuations in motor command values can be observed and this may be due to
square cyclic controller.

[000113] FIG. 10 are results from a closed-loop trajectory tracking experiment with the
prototype of the monocopter of FIG. 3A, according to various embodiments; and

[000114] FIG. 11 is a photograph showing the prototype of the monocopter of FIG. 3A in
the closed-loop trajectory tracking experiment, according to various embodiments.
[000115] Closed-loop trajectory tracking experiment: the monocopter prototype is tasked
to follow a continuous trajectory that shifts the desired position incrementally with every
time step. The trajectory is a simple square shape of 2 m length on each side. The corners
of the square are at points (-1,-1,1.6),(1,-1,1.6),(1,1,1.6), and (-1,1,1.6). A duration of 10
seconds is given to move along each side of the square, resulting in a movement speed of
0.2 ms~! . The desired position linearly moves along the square throughout the experiment.
The flight performance of the monocopter prototype in its XYZ position and world frame

rotational speeds are shown in FIG. 10. Unlike the previous waypoint tracking experiment,
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the current experiment does not involve abruptly changing desired setpoint. Hence, the
movements are gentle and no large changes in tip path plane are observed. A physical object
in the shape of a wide but short window is placed along one of the sides of the square. This
is to demonstrate that the monocopter prototype is manoeuvrable (e.g. nimble) enough to
fly through a window. The monocopter prototype was seen flying through this window
multiple times, from which frames are extracted and shown in FIG. 11.

[000116] FIG. 12 are results from a straight-line speed experiment with the prototype of
the monocopter of FIG. 3A, according to various embodiments.

[000117] Straight-line speed experiment: In this experiment, the monocopter prototype is
pushed to its limit of lateral speed. It is tasked to fly between two points (1,1,1.5) and (-1,-
1,1.5), back and forth at increasing speed at each round using trajectory control similar to
the previous experiment. A duration of 10 seconds is given for each time it moves, allowing
enough time for it to stabilize at the end point before moving off again. In FIG. 12, it can be
observed that the monocopter prototype is able to follow a desired or intended location in X
and Y coordinates, where Z is observed to start fluctuating when faster speed is required.
OX and QY are seen to fluctuate more at faster speeds, indicating greater changes to tip
path plane. QZ is less effected as the monocopter prototype’s rotation speed is not affected
as much by fast flights. Large fluctuations in motor command can also be observed at the
points where desire trajectory begins moving. In the last plot where the monocopter
prototype’s lateral velocity and desired velocity are plotted, it is more apparent that the
monocopter prototype’s lateral velocity seems to peak at around 2.6 ms™ .

[000118] FIG. 13 are results from a flight time experiment with the prototype of the
monocopter of FIG. 3A, according to various embodiments.

[000119] Flight time experiment: In order to find out the monocopter prototype’s flight
time, the monocopter prototype was flown at coordinate (0,0,1) with stabilizer and position
controller enabled. FIG. 13 shows that the monocopter prototype’s altitude dropped as the
battery’s voltage dropped. This may be improved with a better tuning or controller. It can
also be observed that even with the proportional stabilizer control and PI controller for
position, the monocopter prototype did not deviate much laterally, whereby the most
deviation was at 0.4 m. The battery’s voltage and current levels were also plotted, and the
voltage appeared to drop sharply right before the end of the flight, indicating that the lithium
battery was used to its maximum capacity. The total energy used for the flight was found to

be at 2.6Wh, while the battery’s rated capacity is 3.2Wh. This may be due to the fact that
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the battery may have degraded in capacity over several charge cycles. The mean power draw
for hover flight of the monocopter prototype was found to be about 9.78W.

[000120] Various embodiments may thus provide a versatile aerial vehicle or miniature
aerial vehicle.

[000121] Particularly, various embodiments may provide a monocopter which may
include a foldable wing structure (i.e. foldable wing or semi-rigid wing).

[000122] Accordingly, the monocopter with the foldable wing structure may be easy to
store and transport, and may be easily deployable when needed.

[000123] While the invention has been particularly shown and described with reference
to specific embodiments, it should be understood by those skilled in the art that various
changes, modification, variation in form and detail may be made therein without departing
from the scope of 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 monocopter comprising:
a body chassis;

a wing structure extending from the body chassis, the body chassis being at a root

of the wing structure, wherein the wing structure comprising:

a plurality of rigid wing segments distributed along a spanwise direction

extending between the root and a tip of the wing structure, and

a plurality of flexible wing segments, each flexible wing segment adjoining

a pair of adjacent rigid wing segments of the plurality of rigid wing segments; and

a propulsion unit coupled to a rigid wing segment of the plurality of rigid wing

segments between a midspan of the wing structure and the tip of the wing structure.

2. The wing structure of claim 1,

wherein each flexible wing segment serves as a hinge interconnecting the pair of
adjacent rigid wing segments of the plurality of rigid wing segments in a manner such that

the wing structure is foldable at the plurality of flexible wing segments.

3. The wing structure of claim 1,

wherein the plurality of rigid wing segments of the wing structure comprises a
plurality of discrete rigid panels spaced apart from each other with a plurality of

discontinuities among the plurality of discrete rigid panels,

wherein a single flexible sheet is attached across the plurality of discrete rigid
panels in a manner so as to expose a plurality of portions of the single flexible sheet at the
plurality of discontinuities among the plurality of discrete rigid panels to form the plurality

of flexible segments of the wing structure.
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4. The wing structure of claim 3,
wherein each of the plurality of discrete panels is made of wood,

wherein the single flexible sheet is made of flexible plastic.

5. The wing structure of claim 3,

wherein one or more of the plurality of discrete rigid panels comprises a closed-
loop frame structure, each closed-loop frame structure defining a through-hole

therewithin.

6. The wing structure of claim 5,

wherein the single flexible sheet covers across the through-hole of each of the

closed-loop frame structure of the one or more of the plurality of discrete rigid panels.

7. The wing structure of claim 1, further comprising:

a reinforcing plate attached to the rigid wing segment of the plurality of rigid wing

segments that the propulsion unit is being coupled.

8. The wing structure of claim 7,

wherein the reinforcing plate comprises a carbon fibre plate.

9. The wing structure of claim 1,

wherein a spanwise dimension of each of the plurality of rigid wing segments is

larger than a spanwise dimension of each of the plurality of flexible wing segments.

10.  The monocopter of claim 1,
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wherein the propulsion unit comprises a propeller type propulsion unit.

The monocopter of claim 1,

wherein the body chassis comprises a first member, a second member, and a hinge

interconnecting the first member and the second member.

12.

13.

unit.

14.

The monocopter of claim 11,

wherein the hinge of the body chassis comprising a flexible hinge.

The monocopter of claim 11, further comprising:
a power source attached to the first member; and

an electrical element that electrically connects the power source to the propulsion

The monocopter of claim 13, further comprising:
a controller attached to the second member; and

wherein the electrical element further electrically connects the controller to the

propulsion unit.

15.

16.

The monocopter of claim 1, further comprising:

a coupling element for coupling the propulsion unit to the wing structure.

The monocopter of claim 15,

wherein the coupling element is attached to a leading edge of the rigid wing

segment of the wing structure.



