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Abstract: Many drone platforms have matured to become nearly optimal flying machines with
only modest improvements in efficiency possible. “Chimera” craft combine fixed wing and rotary
wing characteristics while being substantially less efficient than both. The increasing presence of
chimeras suggests that their mix of vertical takeoff, hover, and more efficient cruise is invaluable
to many end users. We discuss the opportunity for flapping wing drones inspired by large insects
to perform these mixed missions. Dragonflies particularly are capable of efficiency in all modes
of flight. We will explore the fundamental principles of dragonfly flight to allow for a comparison
between proposed flapping wing technological solutions and a flapping wing organism. We chart one
approach to achieving the next step in drone technology through systems theory and an appreciation
of how biomimetics can be applied. New findings in dynamics of flapping, practical actuation
technology, wing design, and flight control are presented and connected. We show that a theoretical
understanding of flight systems and an appreciation of the detail of biological implementations may
be key to achieving an outcome that matches the performance of natural systems. We assert that an
optimal flapping wing drone, capable of efficiency in all modes of flight with high performance upon
demand, might look somewhat like an abstract dragonfly.

Keywords: drone; dragonfly; insect; biomimetic; biological inspiration; aerodynamics; design

1. Introduction

From emergence until death, the flight performance of the dragonfly is tested. Typi-
cally, males establish and fight to maintain a territory with favourable oviposition sites after
a short period of orientation following emergence. This involves perpetual, dangerous,
aerial combat against male rivals, with only the best aviators achieving the territory needed
to breed. Mating requires an aerial pursuit of females that innately stresses the flight perfor-
mance of males. Upon successfully overcoming the female’s defences against weak fliers,
successful mating often requires the males to carry the female’s inert mass. Throughout
all of this aerial combat, aerial predators are a constant threat, requiring defensive air
combat maneuvers at regular intervals. Most combat is over a water surface, under which
predators lurk and from which a dragonfly is unlikely to extract itself. Finally, feeding is
an effort in pursuit and counter-evasion against prey animals, the evolution of which is
also locked in a deadly loop with the dragonfly’s evolving flight performance. It is a life of
aerial combat, pursued for 300 million years, by the oldest extant form of flying insect, the
archetypal member of Palaeoptera [1,2].
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It can be argued that dragonflies have made the least accommodation for other practi-
calities of existence of any flying insect. Long, unencapsulated, permanently horizontal
wings sprout from a heavily muscled thorax, while their large, high-resolution eyes float
on a delicate retractable gimbal neck to stabilise sensory input, all optimised for flight and
combat. Dragonflies are so highly adapted to flight that their limbs are more suited to
aerial grappling than walking; a grounded dragonfly serves no evolutionary purpose and
the bloodless wings of adult insects do not heal. Evolution has committed the dragonfly to
its aerial life. The single-role lifestyle of adult Odonata is the motivation for our attempt
here to understand their critical system level characteristics, so that we can chart a course
to a high performance flapping wing drone.

Dragonflies have been shown in quantitative studies to demonstrate superior flight
performance compared to most other insects. Scale must be considered in this assessment,
as the Odonata order contains relatively large species, particularly in terms of wingspan.
The nature of aerodynamics ensures that larger species with longer wings have a physics
advantage in some aspects of flight. Dragonfly mastery of the air has been shown in a
number of studies based on high speed video analysis of normal flight, aerial combat, and
predation. High-performance turning flight has been shown, with loads in turns exceeding
40 m/s2 [3] and an ability to takeoff while carrying more than three times their own
body weight [4]. Dragonflies have been shown to pursue prey animals using the chasing
strategies found in missiles [5] and to have exceptionally high success rates in capturing
aerial prey [6,7]. They have been found to exhibit advanced guidance laws that camouflage
their apparent motion with respect to their opponent [8,9] using means that have not been
convincingly identified. It has been demonstrated that they have a surprisingly efficient
glide performance comparable to that of model aircraft with substantially higher Reynolds
numbers (Re). Observed lift-to-drag ratios range from 3.5 to over 10 [10–12]. Some species
of dragonfly have been observed to migrate across hundreds of kilometres [13], a difficult,
energetic achievement for such a small organism. Energy scavenging by dragonflies has
also been observed: they soar on thermal updrafts and on rising air currents caused by
slopes [14]. The evolutionary argument and the measured realities of dragonfly mastery of
flight align, indicating that they may be the apex insect flyer. The challenge is to understand
the ingredients of this design so that technological systems might be able to achieve some
of the same characteristics.

1.1. Biomimetics and Bioinspiration

Biomimetics is a broad approach, without a standard methodology. The range of
techniques is a spectrum from “inspiration” to “mimicry”. The two extremes on this
spectrum have limitations. Inspiration might entail simply looking at the outside of a
biological system such as a dragonfly, which might help the engineer to decide what
application to create: for example, an insect-styled drone. This allows the imagination to
be channeled and certainly is a valid engineering approach, complete with expectations
and requirements. However, the solution is the result of engineering and does not create
a particular head start for the engineer. Inspiration might even create undue constraints,
since the operating principles applied might be quite different than in the organism.
Mimicry creates problems of technological incompatibility between the solutions grown
by biology and the highly refined mechanisms in common engineering use. Essentially
the components required to make a copy often do not exist. For example, conventional
technologies for motion are rotational, yet the known rotating motor in nature is a flagellum
with parts on a molecular scale [15], while large motive systems are based on muscle.
Artificial muscles, on the other hand, remain elusive. The problems of copying solutions
becomes even deeper when organs and cellular mechanisms start to be considered, showing
clear limitations to the mimicry approach.

Srinivasan has advocated an approach that accepts the differences in component
technology but ensures that the principles of operation are preserved [16]. In many cases,
it is inviolable system characteristics that allow the organism to operate, not details of
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implementation. We will assert that this is the case with dragonflies, despite all appearances.
This approach requires an understanding of both the class of technological system being
created and of the biological system being mimicked. This argument is supported by the
failures of early ornithopters. Despite detailed bird anatomy and observations, there was,
at first, no understanding of aircraft. Subsequent work identified the role of mass, balance,
and wings, allowing a progression from Cayley [17], to Lilienthal [18], and culminating
with the Wright Brothers [19]. In the case of flight, it seems that the path to success required
a systematic approach to research into underlying principles and that biomimicry did not
provide a substantial shortcut, other than for inspiration.

Dragonfly ocelli are an accessible anecdote of biomimicry used to create a unique
technological sensory capability. Dragonflies have evolved a highly specialised second
set of eyes and reflexes for stabilisation of flight using the horizon, even in dim light.
Evolution has chosen specific spectral bands of ultraviolet and green to maximise dis-
crimination between sky and ground [20]. Construction of functional synthetic ocelli for
aircraft required photodiode arrays with sensitivity to appropriate spectral bands; it did
not require the building of an eye [21]. The reasons such a device had not been conceived
of before were that (i) Stange in the 1970s [22] was not aware that unmanned aircraft was
an issue, hence the 20 year gap before a follow-up study [23] and implementations [24],
(ii) the world that is visible in the ultraviolet region is outside the human experience,
(iii) inertial sensors have been adequate for drones with steady flight patterns and heavily
aided by global positioning systems, and (iv) the need for extreme agility and rapid inertial
realignment in very small aircraft that exceed current inertial sensor capabilities had not
yet appeared. This also shows that knowledge of both the system being mimicked and the
class of technological system being created is almost a necessity for the successful adoption
of biomimetic concepts.

Aeronautical systems are highly optimised in ways that are not generally appreciated
when the rule-based design of conventional aircraft is undertaken. In this case, convention
conceals complexity. For the sake of comparison, we present 3D models of a wing, a rotor,
and a dragonfly wing in Figure 1. It is likely that all are close to their maximum possible
performance, by whatever means that might be measured, but one appears to have more
degrees of freedom and is used in more complex ways.

Figure 1. An aircraft wing (a), a rotor (b), and a dragonfly wing (c), each highly optimised for
its function.

The remainder of the paper will explore key interrelated systems that are substantially
different to fixed wing, multirotor, or wing/rotor chimera craft, but are critical to the flight
of a conceptual biomimetic high-performance drone. We will also present experimental
evidence showing how critical these functions are. We will propose a technology path to
achieving this ambitious goal.
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2. Wing Performance and Structure

Micro air vehicles (MAVs) designed to mimic the flight of dragonflies must have well
understood aerodynamics. There have been numerous studies on the aerodynamic design
and control of dragonfly biomimetic MAVs [25]. Some of the most basic factors include Re,
wing aspect ratio (AR), and wing structural properties.

The flow on and around an aircraft is affected by aircraft size and flight speed. Re, the
ratio of inertial forces to viscous forces, is a non-dimensional parameter used to scale and
compare flow regimes of air vehicles:

Re =
Ure f Lre f

ν
, (1)

where Ure f is the reference velocity, Lre f is the reference length, and ν is the kinematic
viscosity of the fluid. The smaller the Re, the larger the viscous effects. Re is proportional
to reference length and reference velocity. Re decreases with decreasing wing size. Insects
operate at low Re (104 to less than 102), where both inertia and viscous effects are important.
This regime is characterised by an unsteady laminar flow, involving strong vortices [26].
At low Re, the viscous effects are so large that the leading-edge vortex (LEV) is separated,
resulting in little lift generation and high drag [27]. Insects take advantage of unsteady
aerodynamics associated with low Re using a variety of documented mechanisms: a
rapid pitch-up, a delayed stall of the LEV, wake capture, clap-and-fling mechanisms, and
interactions between the LEV, the trailing-edge vortex (TEV), and the tip vortex [28], to
generate the necessary lift. We will continue our analysis without further consideration of
these mechanisms because they are each Re-specific techniques and do not appear to be
necessary to explain the dragonfly design.

Compared to fixed wing flight, the aerodynamics of dragonfly flight is more complex.
Researchers have proposed a variety of different methodologies to produce aerodynamic
analysis, either using experimental techniques or simulation. One study reconstructed
the glide paths of dragonfly flight by filming the flight in a large enclosure [10]. The
aerodynamic forces were measured from isolated wings and bodies in a steady air flow at
an Re from 700–2400 for the wings and 2500–15,000 for the bodies. Using these methods, it
was found that dragonfly wings demonstrate superior steady-state aerodynamic properties
compared to wings of other insects. In another study, the aerodynamic characteristics of
dragonfly wing and conventional airfoils were compared by measuring the lift and drag
coefficients at an Re of 7880 and 10,000 using a force balance system [29].

Hu et al. [30] investigated the aerodynamic effect of wing–wing interaction on the
dragonfly flight using a flapping model dragonfly. The model was submerged in a tank of
mineral oil and mounted on a six-component force sensor that measured the forces and
torques, comprising wing aerodynamic force, wing mass, and wing inertial force. Results
from the experiment showed that wing–wing interaction increases fore wing (FW) lift
in forward flight while reducing hind wing (HW) lift at all wing beat phase differences.
Using computational fluid dynamics (CFD), it was found that aerodynamic performance
improved due to FW–HW interaction during gliding motion for angles of attack ranging
from 0 to 25◦ [31]. CFD has been used to estimate the aerodynamic performance of free
flying dragonflies [32]. The spanwise features of vortex interaction between the FW and
HW were investigated, and it was found that the flow structure around both wings resulted
in increased horizontal force (thrust) generation.

A key difference between dragonflies and flies are their long slender wings. Figure 2
shows a robber fly wing on the left and a dragonfly wing on the right. AR is generally a
strong indicator of how a wing performs. The AR of a wing is defined by the ratio of the
wingspan to the mean chord as follows:

AR =
b2

re f

Sre f
, (2)
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where bre f is the reference wingspan, and Sre f is the reference wing area.

Figure 2. The difference between the wing shapes of two large flying insects—a robber fly, Phellus
piliferus (left), and a dragonfly, Libellula pulchella (right)—can be described, to a first order approxi-
mation, by aspect ratio.

Wingtip vortices have a deleterious effect on wing performance; hence, the amount
of energy lost due to induced drag can be reduced by reducing the area of the wing tip,
by making it pointed or slender, as in [33]. AR and wing area quantify the shape and
size of the wing and consequently are an indication of aerodynamic efficiency. Higher
AR is indicative of a wing that is relatively narrower. While flow is attached, reduction
in AR causes the lift coefficient (CL) to reduce for a given angle of attack. Increasing
the AR by making a longer and thinner wing improves aerodynamic performance, a
tactic commonly employed in modern sailplanes. A longer wing results in a smaller
wingtip vortex, which results in a less induced drag, which reduces forward flight energy
costs. Reduced induced drag is particularly beneficial for natural flyers that glide at low
speed, because at low speed, induced drag dominates the total drag. Long wings are
aerodynamically beneficial, but carry obvious consequences for practicality on the ground.
It is likely that the evolutionary feature of Odonata having a limited ability to walk is
related to their long, fragile, permanently deployed wings.

The wings of dragonflies are a frequently depicted subject of art and jewellery. Amaz-
ingly, however, the precise details of a reasonable number of dragonfly’s wings have
only recently been recorded and analysed. Capturing even one live dragonfly intact is
often a significant undertaking for the uninitiated. Capturing a large number of flying
insect species in a systematic fashion is a difficult and expensive project, often a lifelong
pursuit. Our project of capturing the wing geometry of 75 Odonata species required the
use of scientifically and historically significant museum collections. Examples of these
fragile specimens are shown on the left of Figure 3, including some broken specimens
with limbs, wings, and abdomens detached. A passive optical technique for measurement
was developed that could function through the glass display case [34]. Photos were taken
from a linear sequence of positions using a robotic slide, shown on the right of Figure 3.
Approximately 100 images of 4016 × 6016 pixels were captured and processed to construct
a 3D model of the wings. All specimens remained intact and undisturbed [35].

To obtain a 3D image, the structure from motion technique was used by the 3DF
Zephyr software [36] to stitch the captured photographs together. The technique captures
colour, visible textures, and structures of the wing. The first 3D reconstructions [34] and
quantitative comparisons [37] of a substantial number of Odonata species were published
in the year 2020, despite scientific interest in the Odonata for millennia. Typical outcomes
are shown in Figure 4.
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Figure 3. Left: Museum specimens are fragile and cannot be removed from their cases. Intact and
damaged specimens are shown. Right: A dragonfly wing being scanned by a robotic photogrammetry
assistant at the South Australian Museum [34].

Figure 4. Models of wings reconstructed using an automated photogrammetry technique for measur-
ing insect wing geometry [34].

Dragonfly wings have a comparatively high AR. They are corrugated [38–40], with
complex vein patterns along chord and span. The veins contain blood on emergence, which
enables the wings to unfurl. Soon after emergence, the blood supply is cut off, so the wings
and veins are not living tissue [2]. Spanwise, the corrugations vary and flatten as they reach
the wing tip. In [29], Kesel compared the aerodynamic efficiency at low Re of an extruded
2D corrugated aerofoil section and a flat plate section. For an ultra-low Re, between
2000–3000, aerodynamic performance of corrugated aerofoils at several angles of attack
from 0◦ to 15◦ have been studied in addition to the lift-to-drag ratio [41]. Subsequent work
has visualised airflow over the wings using particle image velocimetry (PIV) compared
against computational fluid dynamics [42–45]. These flow studies have shown the effect of
different levels of structural detail on flow separation of both real wings and manufactured
wings, at various angles of attack. The general principle of corrugated wings has been
shown to be the formation of profile valleys in which rotating vortices develop. These
vortices reduce friction and maintain attached flow at higher angles of attack than on a flat
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plate or a conventional aerofoil [29]. Aerofoils formed by transects of a dragonfly wing are
shown in Figure 5.

Figure 5. Reconstructed aerofoils of Aeshna cyanea (Müller, 1764) FW [29].

Typically, corrugation enhances aerodynamic performance, while stiffening the wing.
However, in the range of very low Re, it has been found that corrugations may produce un-
desirable aerodynamic effects [46]. Fixed wing aircraft interpretations should be used with
caution, however, since drag might be desirable in some modes of flapping flight. CFD was
employed to analyse the flow fields and surface pressure distributions of corrugated and
flat-plate wings at low Re ranging from 200–2400. It was found that the lift coefficient was
lower for the corrugated wing, particularly at lower angles of attack. Strongly corrugated
wings are definitely stiff, yet aerodynamically they are a solution to a specific range of Re.
Research continues on the systematic measurement of smaller insect wings. Our compre-
hensive data set of dragonfly wings allowed for detailed computational flow visualisation
and the manufacture of reconstructed 3D test wings for physical flow field visualisation.

Experimental analysis of flow over the full 3D wing, complete with measured micron-
scale features, was performed to explore the effect of reconstructed natural surface texture
on flight performance at low Re. The flow patterns were analysed at an angle of attack of
10◦ and Re = 5× 103, Re = 8× 103, and Re = 12× 103, showing better performance than
that found in previous studies based on extruded 2D corrugated aerofoils [47].

The influence of corrugated FW/HW at low Re was investigated by the authors. The
results were compared with the same size and planform flat wing. The PIV technique was
applied on the manufactured wings. The flow characteristics and boundary layer of the
bioinspired wings were measured. Figure 6 shows the instantaneous spanwise vorticity
around corrugated profiles and flat profiles at Re = 3× 103 with α = 0◦ and α = 10◦. The
fabricated corrugated wing provides substantially better aerodynamic performance than a
flat wing in terms of delaying flow separation.

Figure 6. Comparison of span-wise vorticity (color bar) and instantaneous velocity field around the
reconstructed FW and HW (left) and flat FW and HW (right), at Re = 3× 103 and α = 10◦. The laser
light sheet incident from the top side created a shadow underneath the wing.

Analysis of a fully replicated HW, complete with 10 micron scale texture, in gliding
flight, at low Re, was performed to study its aerodynamic characteristics. Computational
results were verified against experimental results with good agreement. Figure 7 compared
lift and drag measurements of corrugated and flat wings at α = 10◦ and Re = 22× 103

(left) and pressure distribution from a corrugated wing at α = 10◦ and Re = 6× 103 (right).
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Figure 7. Comparison of aerodynamic lift and drag measurements of corrugated and flat wings at
α = 10◦ and Re = 22× 103 (left) and pressure distribution from numerical and experimental results
of corrugated wing at α = 10◦ and Re = 6× 103 (right).

Lessons from the Dragonfly Wing

A stiff wing, weighing less than 2% of the body of the animal, achieves a better lift-to-
drag ratio than a flat structure and performs at low Re where conventional aerofoils are
poor. Dragonfly wings appear to be more efficient than expected, particularly at low speed,
while still retaining attached flow at high angles of attack, yielding both high lift and high
drag on demand. Drag and lift are both associated with the damping property identified
in Section 4, which allows nearly all energy put into the wing by the flight motor to be
delivered in a controlled fashion to the air. The electron microscope images in Figure 8
show the detail of the dragonfly wing. The precise and self-similar features suggest a
highly evolved weight and stiffness optimisation that will be quite hard to replicate and
yet may be necessary for an efficient implementation.

Figure 8. Scanning electron microscope image of a Neurobasis daviesi wing.

3. Body Articulation

A distinctive dragonfly feature that has received less attention than the wings is the
long abdomen that comprises up to 35% of their body weight [48]. We will show that this
adaptation is not potentially useful, but actually vital for a functional biomimetic drone. The
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abdomen has evolved to serve many purposes. It houses the digestive tract, has anatomical
features related to reproduction, and must bend for mating and oviposition [2]. Less obvi-
ous roles are in maintaining balance, enhancing stability, and achieving maneuverability
in certain situations. The ability to change posture can modify the position of the centre
of mass with respect to the origin of aerodynamic forces on the body [49], allowing body
posture to be used for flight control. The use of posture changes for control has been
observed in land animals, including geckos [50] and cheetahs [51,52]. In insects, posture
changes, in the form of strong abdominal steering reflexes, have been observed in response
to mechano-sensory or visual stimuli. For instance, a study presented in [53,54] showed
that desert locusts (Schistocerca gregaria) respond to an angled wind stimulus during teth-
ered flight with large leg and abdominal movements. Fruit flies (Drosophila melanogaster)
demonstrate similar responses to visual rotation [55–57]. In addition, modulation of the
vertical abdominal angle has been observed in honeybees (Apis mellifera) responding to the
speed of a translating visual pattern [58]. Hawkmoths (Manduca sexta) also show strong
abdominal responses to mechanical and visual stimuli [59,60]. Dragonflies have been
observed to use head movements to target their prey [5], and several videos by Rüppell
show dragonfly abdominal movements during flight [61].

As mentioned earlier, the flight dynamics and aerodynamics of flapping wing sys-
tems are more complex (and scientifically contested) than that of fixed and rotary wing
aircraft. Mathematical modelling helps gain insight into the complexities associated with
flapping flight. Several flight dynamics models for insects have been developed in the
literature [60,62–68]; however, most of the models are data-driven for specific insects and,
as such, are specific and restrictive in application. Flapping flight dynamics models in the
literature, based on laws of classical physics, have neglected effects due to morphological
changes. Most studies have focused on hovering or tethered flight. Although hover is
important for a dragonfly, it is not their primary mode of flight, as they spend most of
their flight time in forward motion [69]. There has been little effort to quantify these ef-
fects [70] and little attempt, until recently, to consider the effects of these posture changes on
flight performance [71]. The following analysis considers the potential roles of abdominal
articulation in an abstracted fixed wing glider at constant speed.

3.1. Equations of Motion

The non-linear equations of motion for a fixed wing aircraft are adapted here to
include an abdomen/tail modelled as an added mass, mT , concentrated at the tip of a
massless rod [71]. For the purposes of isolating inertial forces from aerodynamic forces on
the tail, the aerodynamic effects of the tail were ignored, as these effects are expected to
have little influence on the aerodynamics of the aircraft, compared to the wings, legs, and
thorax. The central body (head to thorax region) has six degrees of freedom (DoF) in flight.
The abdomen has three additional rotational degrees of freedom, constrained to move with
the central body about a joint at point j (see Figure 9). Note that, when the reference frame
of a vector or tensor is not explicit, the default is the body-fixed reference frame B.

The translational and rotational dynamic equations are represented by Equations (3)
and (4), respectively [71,72]:

.
V I
B =

1
m

(
F

)
− 1

m

(
mT

[
[R]BT

(
[
.

ωTB]T × [ρtj]
T + [ω̃TB]T([ω̃TB]T [ρtj]

T)
)

,

+
( .

ωBI × ([R]BT [ρtj]
T + ρjb)

)
+
(

ω̃BI ω̃BI × ([R]BT [ρtj]
T + ρjb)

)
+
(

2 ω̃BI [R]BT([ω̃TB]T [ρtj]
T)
)])

−
(

ω̃BI V I
B

)
,

(3)
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.
ωBI =

1
JCb

(
M−

[
mT
(
[R]BT [ρtj]

T + ρjb

)[
[R]BT

(
[
.

ωTB]T × [ρtj]
T + [ω̃TB]T([ω̃TB]T [ρtj]

T)
)

+
(

ω̃BI ω̃BI × ([R]BT [ρtj]
T + ρjb)

)
+
(

2 ω̃BI [R]BT([ω̃TB]T [ρtj]
T)
)
+

.
V I
B + ω̃BI V I

B

]])
,

(4)

where ρtb is the position of the tail mass with respect to point b in the body frame. ωBI

and
.

ωBI are, respectively, the angular velocity and acceleration of the body frame with
respect to the inertial frame. [ωTB]T and [

.
ωTB]T are the angular velocity and acceleration

of the tail mass with respect to the body frame, respectively. Here, mT is the mass of the
abdomen/tail, and m is the total mass of the aircraft, while F and M represent the total
force and moment acting on the aircraft respectively.

Figure 9. Definition of coordinate systems: Inertial (I), Body (B), and Tail (T).

The change in centre of gravity (cg) position with respect to point b, written in the
body frame, is expressed as

4ρcb =
mTρtb

m
. (5)

where

ρtb = [R]BT [ρtj]
T + ρjb . (6)

The inertia matrix of the whole system about point b is given by

JCb = JBb + JTb , (7)

where JTb is expressed as

JTb = mT
[
(ρtb ρtb)I− ρtb ρtb

]
,

(8)

and I is a 3× 3 identity matrix.
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The elements of the inertia tensor J are

[J] =

 Jxx −Jxy −Jxy
−Jyx Jyy −Jyz
−Jzx −Jzy Jzz


.

(9)

3.2. Flight Simulation for Maneuvering

A dynamics model can be expressed as a function of its states X and inputs U,

.
X = f (X, U) (10)

y = g(X, U) (11)

Depending on the variables of interest, the output vector y elements can be arbitrary
combinations of states and inputs. Matlab’s trim algorithm, which uses sequential quadratic
programming [73], was used to evaluate the desired trimmed flight condition values. The
states for the aircraft considered were

X = (u, v, w, p, q, r, φ, θ, ψ, x, y, H)T , (12)

where (u, v, w) are the body velocity components, (p, q, r) are the body frame angular
velocities, and (φ, θ, ψ) are the Euler angles that describe the roll, pitch, and yaw of the
body, respectively. (x, y, H) represents the position of the body relative to the inertial frame.
The control inputs are

U = (δe, δa, Tn, φT , θT , ψT)
T , (13)

where δe is the elevator deflection, δa is the aileron deflection, and Tn is the thrust, assumed
to align with the longitudinal axis, hence producing no moments. (φT , θT , ψT), respectively,
are the roll, pitch, and yaw of the abdomen/tail, relative to the body frame.

The flight dynamics model of the conceptual aircraft was simulated in the MAT-
LAB/Simulink environment [74] and the physical properties of the conceptual aircraft
with articulated tail/abdomen are shown in Table 1. The fore and hind wing areas were
combined to form a single wing with elevons. Depending on the desired flight control
response, elevons operate in concert to function as elevators and ailerons. The aircraft
was initially trimmed for steady level flight using the elevons as an elevator before the
maneuver was initiated with tail/abdomen actuation.

Table 1. Aircraft model physical properties [71].

Parameter Value Parameter Value

mB (kg) 0.325 mT (kg) 0.06

Body length, lB (m) 0.3 Tail length, lTmax (m) 0.4
Max. body diameter, dBmax (m) 0.14 Tail diameter, dT (m) 0.05

Jxx
B
b (kg m2) 0.00187 bre f (m) 1.4

Jyy
B
b (kg m2) 0.01117 cre f (m) 0.19434

Jzz
B
B (kg m2) 0.00934 S (m2) 0.26865

cgBb (m)
[−0.064; 0;

0.003] ARP (m) [0.025; 0; 0]

Simulation Results and Analysis

In steady state flight, translational and rotational velocity components in the body
frame are constant, so u̇ = v̇ = ẇ = ṗ = q̇ = ṙ = 0. All analyses we present assume
no sideslip. Trim analysis was carried out for level cruise at speed V0 = 10 m/s and a
height of H0 = 100 m. The tail position was fixed at (ρtj0 = 0.264 m), (ρjb0

= 0.3 m), and
the abdomen/tail was undeflected (θT0 = 0). The model was trimmed without actuator
dynamics using the Matlab/Simulink linear analysis tool [74]. The trim results for level
cruise are presented in Table 2.
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Table 2. Results for steady level flight trim conditions.

V0 (m/s) H0 (m) ρjbx0
(m) ρtjx0

(m) θT0 (
◦) θ0 (◦) δe0 (

◦) Tn0 (N)

10 100 0.264 0.3 0 −0.252 −1.79 0.825

A quasi-steady analysis for a pull down maneuver was performed to confirm the
response of the abdominal pitch angle (θT) to the control signal input. At altitude 100 m and
speed 10 m/s, the duration of the total analysis was 10 s. To examine the longitudinal flight
of the aircraft, the abdominal pitch angle control signal was applied as a step response by
adding −5 ◦ to the trim value of level cruise. Trimmed level cruise thrust was maintained.
Figure 10 shows the time course of flight path, altitude, airspeed, and pitch angle in the
simulation. The flight path indicates a decreasing altitude from level cruise.

Figure 10. Pull down flight simulation results.

Lateral-directional flight performance was investigated for an abdominal yaw angle
(ψT) control input. While maintaining all other controls at their level cruise trim values, an
abdominal yaw angle doublet input (symmetrical pulse of equal magnitude and opposite
in sign) control signal of 0.5◦, of duration 0.5 s, was applied 1 s into the simulation. The
duration of the analysis was 10 s. Longitudinal and lateral coupling flight performance
of the aircraft was examined. The flight path, altitude, airspeed, and Euler angles of the
simulation are presented in Figure 11. It is clear that the aircraft responds by starting to
turn with decreasing altitude.

3.3. Integrated Function of Morphological Modifications in Flight

The wings are not the sole contributors to the maneuverability exhibited by insects.
Morphological modifications in flight, such as articulation of the abdomen, are used
to improve maneuverability or as an alternative source of control in certain scenarios.
For instance, despite not having aerosurfaces for roll, pitch, and yaw control such as
conventional aircraft, two modes of turning flight have been observed in dragonflies [75].
In the conventional mode of turn, the dragonfly produces more lift and thrust on one side
than the other. It then rolls into a bank such that the lift vector has a sideward component,
resulting in a turn equivalent to that of a fixed wing aircraft. The “yaw” turn, which is
the second turning mode, is achieved without banking; rather, the longitudinal axis of the
dragonfly turns, which has now been modelled and simulated, as shown in Figure 11.
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Figure 11. Turning flight simulation results.

Energy savings have been recorded to achieve longitudinal balance and pull up
maneuvers by manipulating moments using abdominal articulation as alternative control
effectors to conventional aerosurfaces [71]. Overall, a 4–5% average in propulsive power
savings was recorded using abdominal movements for the correction of comparatively mild
imbalances in steady cruise. Generally, in manned fighter aerial combat, the aircraft with
the ability to maintain a higher specific energy and excess power has a greater maneuver
advantage [76]. We have reported [71] an average of 1% more specific energy and 1.83%
more excess power using abdominal deflection to initiate a steady pull up maneuver, in
comparison with using the elevator. In most small electrically powered aircraft, at least
50% of the power available is used for propulsion [77]. Using morphological modifications
during flight can save energy and substantially reduce peak power requirements.

3.4. Lessons from Abdominal Control

Dragonflies can grapple and carry prey and females. They can also catch prey with
their mouth-parts well ahead of their centre of gravity. With no abdomen, they would
have no means to immediately balance the load, losing valuable lift simply to induce an
aerodynamic torque to offset mass. Dragonfly flight, like all flying wings, is on the edge of
being unstable [78]. A forward shift of the centre of gravity with respect to the aerodynamic
centre would certainly allow them to recover stability. Analogous situations for a drone
can also be conceived of, particularly if it can drop and collect loads, or if it consumes fuel.
Careful consideration shows that the dragonfly and insects generally have their shape and
articulation for multiple reasons and that dynamic control of balance is particularly useful.
It is challenging to conceive of an alternate solution that is more efficient.

4. Wing Beat System Dynamics

Appreciation of the criticality of each part of a dragonfly requires an understanding of
power in the system. An understanding of the power and control of dynamics unravels the
reason for the evolution of rigid wings [79] and explains why the dragonfly has retained
individual control of each wing beat [75,80–84] and why a technological dragonfly should
probably use controlled reciprocating actuators rather than rotating actuators.

In previous studies [79], we have shown that the stiffness of the wing–thorax–actuator
structure affects the system level performance of the aerial platform. We compared a
pliable mechanism operating in a resonant mode with a more rigid mechanism, in the
three dominant modes of flight: hover, glide, and manoeuvre. In hover, wings are driven
against inertial, aerodynamic, and elastic forces. The power required to sustain hover can
be expressed as the sum of power required to overcome aerodynamic forces (PAero) and
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the power required to sustain the continuous acceleration and deceleration of the wing,
(PInertia), i.e.,

PHover = PAero + PInertia (14)

Some studies have observed that the use of elastic mechanisms can recover power
required to overcome Pinertia [85–87]. We have demonstrated a negative impact on perfor-
mance in gliding and agile flight for systems employing low rigidity and resonant system
dynamics to sustain hover. In our study, the inertial and elastic forces were modelled as
linear functions, proportional to angular acceleration and position, respectively, i.e.,

ElasticForce = Kφ (15)

InertialForce = Iφ̈ (16)

where K and I are the spring constant and inertia, respectively, whilst φ, the flapping
angle, is the relative angular difference between the minimum and maximum position of
the wing during flapping. The aerodynamics was modelled using a quasi-steady blade
element model, the details of which are found in [79]. Gains of as low as 14% in hover
efficiency were observed through the employment of resonance, which were reduced even
further when considering a real implementation. A 50–70% reduction in manoeuvring
limits was observed when employing resonance compared to a system without an elastic
recovery system (i.e., K = 0). Figure 12 shows the instantaneous response of the normalised
damping force to a unit force input. From this, we observe that by implementing elastic
storage, the ability of the system to modulate aerodynamic forces was reduced, even
though these forces are critical to manoeuvrability. Additionally, critical glide speed was
reduced. Critical glide speed is the speed at which aeroelastic instabilities begin to occur as
wings twist and flutter. Fung [88] presented a set of criteria relating critical speed to the
stiffness of the system based on Kussner’s formula. According to Fung, critical speed is
proportional to the square root of stiffness,

√
K.

Figure 12. Response of two damped systems with and without elastic storage mechanisms to an
instantaneous step input (Top). The aerodynamic forces are represented by a quadratic function. The
dashed and solid lines represent systems with and without elastic storage, respectively. The damping
force (Bottom) is the performance metric for determining the manoeuvrability of the system.

These findings support the argument that dragonflies have evolved an apparatus
that allows them to efficiently expend energy towards modulating aerodynamic forces
as opposed to recovering inertial loss incurred by having heavy wings. The ability to
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modulate aerodynamic forces is what makes the dragonfly an outstanding natural flyer.
This is supported by studies that show that the dragonfly has an aerodynamics-dominated
design as opposed to an inertia-dominated design [11,89–91].

In addition to having a relatively rigid wing–actuator system, another factor that
allows dragonflies to efficiently modulate aerodynamic forces is the control of wing kine-
matics. Studies have shown that dragonflies have an exceptional amount of control over
the dynamics of their wing to the extent that they are able to actively modulate wing
stroke, flapping frequency, stroke plane angle, the upstroke-to-downstroke ratio, the phase
between fore and hind wings, and the angle of attack of the wing [75,80–84,92,93]. Ob-
servations of dragonflies in nature show that they employ various wing kinematics to
effect different manoeuvres. However, most robotic flapping platforms rely on rotary
mechanisms with transmissions that highly constrain wing kinematics [94–99], whilst other
designs rely on resonant mechanisms that constrain them to efficient flight only when
hovering [85,95,100,101].

Therefore, we make the case that the design of a wing–thorax–actuator system that is
able to mimic the capabilities of the dragonfly will require relatively rigid structures that
do not rely on resonant modes for achieving flight. In addition, it requires a reciprocating
actuator, or set of actuators, that have a high level of control over wing kinematics.

Lessons from System Dynamics

We have shown that the balance of aerodynamic and inertial power use in the system
is the key to efficiency. In the absence of resonance, efficiency requires that any kinetic
energy generated by the wing actuation system should be used to create aerodynamic force.
Resonance in the form of elasticity in the wing or flapping mechanism can recover some
kinetic energy at the expense of control, as the mechanism then takes on the characteristics
of a flywheel that must be modulated to control the system. Low inertia and stiffness are
very important, as it supports the per-wingbeat control enjoyed by dragonflies. We noted
that flexibility can limit high speed flight by allowing aerostructural divergence.

5. Actuation

Examples of actuation for technological flapping wing systems have commonly cen-
tred around rotary electromagnetic actuators (motors), piezoelectric actuators, and di-
electric elastomer actuators. While attempting to mimic biology with available technical
solutions, these forms of actuation impose constraints that distance the engineered solution
from the biological system. Rotary actuators require a transmission to convert rotation to
reciprocation. This typically results in mechanisms with a fixed flapping amplitude, where
the motor rotation rate controls flapping frequency. Each element in the drive train has
rotational inertia, limiting the rate of change of the fixed flapping amplitude. A limited
stroke angle and a limited ability to change rate quickly indicate limited control options.
Although some success has been achieved with rotational systems, they are so far removed
from the way a dragonfly is actuated that further analysis is not useful when considering a
biomimetic design [102–105].

The use of servo actuation, which couples the wing rotation to a motor through a
gearbox, has become popular and has demonstrated liftoff capability [106,107]. Due to the
large torques required to generate flapping motion, the small motors require a reduction
gearbox to amplify the torque at the cost of increasing the rotor speed. This increases the
inertial load of each wing beat, resulting in a return spring to improve efficiency and allow
the system to operate around resonance. This system’s limitation is incorporating a large
enough return spring without exceeding the gearbox maximum strength. We have already
shown that high inertia is a very limiting situation.

Piezoelectric actuators have restricted operational bandwidth, requiring them to be
used at their resonant frequency for high efficiency and power density. This also means
that the change of operating point to produce more or less power comes at a high price
in efficiency [108]. The necessity to operate piezo and electroactive polymer actuators at
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high voltages comes with additional complexity of control and power electronics. Often,
systems under test are tethered, allowing a craft to achieve liftoff without fully addressing
the question of drive electronics. The need to generate a high voltage source from a low
voltage source costs substantial mass and adds inefficiency. There is a substantial gap
between the state of the art of these actuators and a viable flying system.

Our analysis will focus on linear electric motors, the simplest case of which is a
solenoid. The electrical requirements of a coil-based actuator are vastly different to that of
a piezoelectric actuator. Linear electric motors can be designed to operate at the voltages of
common batteries. The power electronics design is also simplified with the use of a simple
solid state H-bridge. This converts the DC supply to an AC source, which can be used
to control the reciprocation of the actuator. The losses inside the H-bridge transistors are
proportional to the resistance of the gates used, which are typically low. However, due to
the dominance of ohmic losses in the actuators, and their low impedance, the losses across
the gates will be significant.

Insects actuate their wings using muscles that act either directly on the wing base
or indirectly by deforming the thoracic exoskeleton [109]. Indirect actuation is found in
insects that use asymmetrical flight muscles, allowing them to flap at higher frequencies
but with elasticity tuned to improve efficiency [110]. Odonata have a direct connection to
symmetrical flight muscles, causing them to flap more slowly but with more control over
the entire flapping cycle.

A direct actuation electromechanical system weighing 4.0 g was developed using
magnets as a “virtual spring” to allow for high frequency flapping at resonance [111]. This
system was capable of lift-off with a lift-to-weight ratio of 1.25; however, this system was
uncontrolled [112]. Attempts to use reciprocating electromagnetic actuators to achieve
liftoff have been successful while requiring significant electrical power [113]. Although
the electrical performance of this actuator was low, it provides a compelling analog to
biological muscles and can be designed, tested, and iterated using existing industrial
equipment and controlled with simple electronics.

Actuator configurations have typically consisted of a single magnet and coil as shown
in Figure 13, left. Our recent work has looked at the performance of actuators with multiple
magnets and coils shown in Figure 13, right [114]. These actuators utilise two magnets with
axially opposing magnetic fields. The additional coil provides further displacement while
reducing peak currents that cause high ohmic losses. The additional magnet provides a
higher peak magnetic field, further reducing input current for a fixed force.

Figure 13. The force profile of a single magnet within a coil (left) and the force profile of a dual
magnet within a coil (right).
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5.1. Actuator Modelling

A linear electromagnetic actuator consists of only two major components, a coil of
conductive wire and a permanent magnet. When the field of the magnet interacts with the
magnetic field of the coil, the actuator generates a force. The force of the actuators can be
estimated with an integral model of the actuator adapted from Furlani and Song [115,116]
as demonstrated by us in [117]. Their force profile is characterised by

K f (z) =
ABrBz(z)

µ0
(17)

where Br is the remnant field of the magnet, Bz(z) is the magnetic field produced by the
coil at displacement z, A = πM2

d/4, and µ0 is the permeability of free space. The magnetic
field of the coil can be determined by taking the integral of the current loops of the coil
along its axial length [115,116], (18)

Bz(z) =
∫ L

0

∫ D2
2

D1
2

µo Nir2

2π(r2 + z2)3/2 dr dz (18)

Bz(z) =
µ0Ni

2L(D1 − D2)
(L + 2z) ln α1 +

µ0Ni
2L(D1 − D2)

(L− 2z) ln α2 (19)

where

α1 =
D2 +

√
D2

2 + (L + 2z)2

D1 +
√

D2
1 + (L + 2z)2

α2 =
D2 +

√
D2

2 + (L− 2z)2

D1 +
√

D2
1 + (L− 2z)2

These equations can be used to calculate the force profile of the actuators presented
in Figure 13. Figure 14, left, shows the force profile of a 58 mg actuator when the coil
current is set to one amp, allowing the force profile to be demonstrated in newtons per
amp over the displacement of the magnet relative to the coil. To increase the force output,
the actuator would require an increased input current. The losses in the coils, however,
are proportional to the square of the current, causing significant losses when high forces
are required. A limitation of using a single coil stems from the force profiles crossing zero
newtons per amp. Thus, a narrow operating range is required to maintain control, leaving
some of the magnetic field unused. Changing to a dual magnet actuator increases the peak
force that can be generated per amp. Shown on the right in Figure 14 is the force profile of
a two-magnet and two-coil actuator of the same total mass, as the actuator is shown on the
left in Figure 14. The resulting force peak is reduced, yet displacement is larger.

We demonstrated that the performance of linear electromagnetic actuators was re-
duced due to operating significantly above the natural frequency of the mechanism [117].
Tuning this system reduced the power consumption by a factor of 7, from 15 kW/kg [113]
(relative to the mass of the craft) to 2 kW/kg. Further modifications of the actuator shown
in [114] have demonstrated that, for a fixed mass, an improved design in conjunction with
operating at the natural frequency of the system can bring the power-to-weight ratio to
between 910 and 260 W/kg. Resonant linear electromagnetic actuators can achieve an
efficiency of over 15% at the milligram scale, equivalent to Drosophila melanogaster flight
muscles, where power output is approximately 60 W/kg for sustained flight with muscle
efficiency of around 10% [118].

The argument is illustrated in the approach taken in [119], where the fundamental
assumption on wing design is that the operating frequency is the natural frequency of
the wing actuation system. This inevitably results in examples where wings with higher
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inertia can perform better than lower inertia wings [120], which is evidence of conflicting
requirements. Electromagnetic actuators allow for the choice to pursue the same avenue of
high stiffness mechanisms tuned for resonant operations. However, taking inspiration from
nature drives the development of stiff, light wings that reduce the reliance on resonance to
broaden the efficient operating range and allow for precise control.
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Figure 14. The force profile of a single magnet within a coil (left) and the force of a two-magnet and
two-coil actuator (right).

5.2. Lessons from Actuators

A MAV designed to use the same path to efficient and powerful flight as the dragonfly
might be able to use electromechanical actuators that have a large degree of design freedom,
minimal transmission losses, low inertia, and very modest electronics requirements. We
have established both theoretically and experimentally that performance comparable to
insect muscle is attainable, both for efficiency and force development.

No studies have been done with wings of the same weight and stiffness as dragonfly
wings. Most artificial wings are around an order of magnitude heavier. The weight
difference in these artificial wings dramatically changes the balance of power consumption
in the system, tilting them heavily towards needing resonance for efficiency, thus diverging
from the dragonfly biological exemplar in a fundamental way.

6. Discussion

The dragonfly is one part of the solution space for making a flapping wing drone. It
happens to be apparently aerodynamically efficient and maneuverable, but other factors
such as cost and complexity may make it less desirable than other solutions. We will reduce
what we know about the solution, drawing from the lessons of each system analysed.

The wings are to be light and stiff, to the limit of available technology, ideally lighter
than 2% of the weight of the craft. This maximises the amount of instantaneous control
that the actuators have over the wings and increases the speed at which aerostructural
divergence limits flight. The wings should have high aerodynamic performance through a
combination of a two-dimensional planform, for example a high aspect ratio, and three-
dimensional surface features that produce lift and retain an attached flow to high angles
of attack. This combination of features leads to a heavily damped, low-inertia load on
the actuators.

The actuators managing this wing should operate across a broad range of frequencies
without a loss of efficiency. The low residual kinetic energy in the system means that the
modulation of individual wing beats becomes achievable, including intermittent flapping,
variations in amplitude and frequency, and variations in force profiles within a wing beat.
These features indicate an actuator with a substantial scope for control, a direct drive, low
inertia, and minimal elastic behaviour at the frequencies in question.

The drone could serve multiple functions, including carrying and dropping payload.
It might consume fuel from a fuel cell (the dragonfly analogue is fat deposits). In an outdoor
environment, it might become wet. These events will cause shifts in the centre of gravity
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that need to be compensated with energetically expensive aerodynamic moments from
the wings, or an internal shift of mass to re-balance. Flying systems should not carry dead
weight for balance (although many do, including many fixed wing drones); yet, perhaps
if some vital functions and fuel were formed into a high moment beam with articulation
from near the centre of mass, rebalance could be rapidly achieved with little additional
weight. Having made such a mechanism, it might as well be used for manoeuvre and for
reasserting stability on demand by moving the centre of gravity ahead of the aerodynamic
centre. This structure might look like an abdomen. Other concepts might be devised, but it
seems very attractive and simple compared to other options.

There is clearly another end of the flapping wing drone solution space (and no doubt
a multidimensional space in between). Possibly a smaller “fly-like” solution has wings that
are heavier and less efficient, either by design or as a function of scale. The mechanisms
might rely on resonance to recover kinetic energy from the wings and might exploit
flexible parts of the fuselage to store energy in an elastic form. An increased use of low
Re aerodynamic energy recapture by wings might be necessary for flight to be possible.
Higher wing beat frequencies would compensate for the lack of individual wing control.
Wing actuation might be indirect and in a narrow frequency band. The actuated abdomen
might remain because of the need for weight shift for steering because of the reduced
control over the resonant wing mechanism. This solution would have lower performance
and a narrower repertoire of flight modes but would have fewer parts.

Flapping wings for lift and propulsion appear to lead naturally to biomimetic out-
comes. Some features that might appear whimsical, such as venation patterns on wings
and an articulated aft section, might be a practical necessity in future designs. This might
reflect an ingrained influence from the biological systems that surround us. Certainly
flapping wing drone designers could consider what sort of solution they are creating and
look carefully at the features of existing biological examples. Figure 15 is intended to
provoke thought, considering all issues and all roles; if not this, then what?

Figure 15. A whimsical 200 mm wingspan biomimetic dragonfly drone in flight. Large, directly
driven, corrugated wings are as efficient as fixed wings on drones with a much larger wingspan.
Direct actuation allows for exquisite control of hover, while being able to soar effortlessly on rising
currents of air. The abdomen containing the fuel cell doubles as a rudder and ballast, allowing
the vehicle to collect and deliver awkward unbalanced loads while flying on the efficient edge
of instability.
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7. Conclusions

Studies of insects have revealed the principles of most of the systems they use for flight.
From this knowledge, it appears that a drone capable of dragonfly-like performance using
flapping wings and capable of flexible missions is very likely to have most of the external
features of the dragonfly. The wings will be highly optimised with stiff structures and
advanced aerodynamic optimisations. The beating of the wings is likely to be directly and
individually driven by tuned actuators, also with very little flexibility or inertia. To manage
the variations in balance that occur from changes over time or between configurations, a
means is required to dynamically alter balance, with the equivalent of an abdomen serving
this purpose.

We have shown through analysis of the principles of insect flight systems that future
drones that attempt to harness some of the coveted characteristics of dragonflies are likely
to be constrained to use many of the same solutions and even their anatomical features.
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