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This work aims to develop an integrated conceptual design
process to assess the scalability and performance of propulsion
systems of resonant motor-driven flapping wing vehicles. The
developed process allows designers to explore the interaction
between electrical, mechanical and aerodynamic domains in a
single transparent design environment. Wings are modelled
based on a quasi-steady treatment that evaluates aerodynamics
from geometry and kinematic information. System mechanics is
modelled as a damped second-order dynamic system operating
at resonance with nonlinear aerodynamic damping. Motors are
modelled using standard equations that relate operational
parameters and AC voltage input. Design scaling laws are
developed using available data based on current levels of
technology. The design method provides insights into the effects
of changing core design variables such as the actuator size,
actuator mass fraction and pitching kinematics on the overall
design solution. It is shown that system efficiency achieves peak
values of 30-36% at motor masses of 0.5-1 g when a constant
angle of attack kinematics is employed. While sinusoidal angle
of attack kinematics demands more aerodynamic and electric

powers compared with the constant angle of attack case,
sinusoidal angle of attack kinematics can lead to a maximum

difference of around 15% in peak system efficiency.
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1. Introduction

The development of small-scale insect-like flapping wing vehicles
offers an exciting engineering opportunity for innovation, with
applications ranging from artificial pollination to massively
distributed sensing. Different approaches have been taken to
replicate insect flight and increasingly sophisticated designs are
being created using different actuation options. One of the most
successful actuation options, for this class of vehicles, is
piezoelectric actuators. In fact, piezoelectric-actuated concepts
Electronic supplementary material is available have demonstrated tethered lift-off [1-5], have achieved tethered
online at https://doi.org/10.6084/m9.figshare.c.

5604767.
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controlled hover [6,7], have been used to demonstrate scalable prototypes [8] and most recently have [ 2 |
flown using onboard solar cells [9]. Designs based on other actuation options also managed to
demonstrate successful tethered lift-off including electromagnetic actuators [10,11] and soft-muscle
actuators [12]. On the other hand, motors have traditionally been employed to actuate relatively large
and heavy flapping vehicles typically employing slider-crank transmission mechanisms (or similar) to
realize the required flapping motion. However, recently, a new class of motor-actuated insect-like
aerial vehicles was conceived demonstrating successful lift-off [13-16]. These designs benefited from
recent technological advancements in developing relatively small and light micro-DC motors that can
be operated in an alternating fashion to directly drive the flapping wings. An elastic element is used
in between the motor and the wing to ensure system resonant operation. These designs produce the
necessary amplified wing motion amplitudes in a relatively simple fashion rather than using
complicated transmission mechanisms. In this paper, we will focus on this class of motor-driven
designs that directly drive the flapping wings at the system resonance frequency.

Campolo et al. [17,18] considered resonant motor-driven vehicles where to predict the generated lift
force and the aerodynamic power consumed, wing aerodynamics were represented using quasi-steady
treatments based on blade element theory. This type of analysis provided means to evaluate the
nonlinear aerodynamic damping experienced by the propulsion system without the need to consider
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the complexities of flapping wing transient aerodynamics. The wing motion was described based on
sinusoidal representation of the flapping angle together with the oversimplified depiction of a
constant angle of attack throughout the flapping cycle. The propulsion system was then modelled as a
second-order mass-spring-damper system that is driven by an external torque. Of particular
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importance is the functionality of the spring to recover energy and to cause resonance at a particular
moment of inertia of a system. To validate their theoretical model, a tethered concept that integrates
micro-DC motors, elastic helical springs and artificial insect-like wings was built and tested [13]. The
wing offset from the centre of flapping rotation as well as the spring stiffness were chosen as design
variables for comparison between theoretical models and experimental measurements. The developed
models proved useful for system performance prediction and prototype optimization, leading to a
final 2.7 g prototype that successfully achieved a lift-to-weight ratio of 1.4 in an open-loop tethered
lift-off test [13].

Zhang et al. [15], later, presented a similar modelling approach for resonant motor-driven vehicles.
They provided both linear and nonlinear approaches to solve the system dynamics differential
equation. By contrast to the work of Campolo et al. [17,18], the system moment of inertia was
expanded to include gear moment of inertia; however, its significance on the dynamics model outputs
may be negligible. Moreover, closed-form formulae for flapping wing energetics including total
supplied power, power drained by aerodynamic damping and mean system driving efficiency were
presented. However, again, their models only considered the case of the oversimplified constant angle
of attack when describing the wing pitching kinematics. The theoretical predictions from both linear
and nonlinear analyses were validated using both simulations and experiments on a motor-driven
flapping wing vehicle. The main outputs of these comparisons proved that maximum values of lift
and efficiency are achieved when driving the system at its natural frequency.

These previous studies show that integrated design of resonant flapping wing vehicles presents a
particular challenge to propulsion system drivetrain design due to the need to match the dynamics of
the actuator with the wing via a suitable mechanical transmission mechanism. Furthermore, for
efficiency reasons, flapping wing systems must typically operate at resonance, which adds an
additional layer of complexity. Without the ability to adequately model the actuator dynamics and
wing aerodynamics, vehicle design has to involve a high degree of trial and error, which slows
development and, therefore, only a very small part of the possible solution space can be explored.

The motivation behind this study is triggered by the need for design tools at a conceptual level to
allow designers to make informed choices when developing resonant motor-driven flapping wing
propulsion systems. Furthermore, the relevant design cost functions are complex, and it is necessary
for a designer to be able to understand the multiple design trade-offs in order to make appropriately
balanced design choices. While the models discussed above are useful for understanding potential
system behaviour for given design parameters, there is a gap in understanding how this class of
vehicles scale, and hence how design choices vary as the vehicle size requirements are changed. As
such, this study aims to investigate the scalability of these designs as its primary objective. Moreover,
previous models employed idealized wing kinematics particularly in defining the wing pitching
behaviour through a constant angle of attack representation within the flapping cycle. While this is
justified for the simplicity it brings to the modelling processes, it may be considered optimistic from
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Figure 1. Schematic of the different components typically constituting the propulsion system of a resonant motor-direct-driven
robotic insect.

an operation point of view. As such, to consider this limitation, we present additional modelling tools
that consider sinusoidal variations of angle of attack allowing for a more realistic representation of the
wing pitching kinematics. The outcome of this study is, therefore, a scalable conceptual design process
that captures the interaction between electrical, mechanical and aerodynamic domains and allows
designers to explore the interaction between these domains in a single transparent design environment.

The rest of the paper is arranged as follows: §2 provides details of configurational scaling considerations,
aerodynamic modelling, transmission mechanism matching, actuator scaling laws and system dynamics
representation, and the section ends with a simple modelling tool for comparison against rotary wing
systems. Section 3 presents the results of this holistic approach for both constant and sinusoidal angle of
attack kinematics. This allows to define the feasible operating conditions at different scales including
frequency, elastic element stiffness and supplied voltage. Efficiency considerations are then analysed to
provide a design envelope for choosing optimum system configurations. Finally, §4 discusses the findings
and provides design guidelines as well as final concluding remarks.

2. Methods

2.1. Vehicle configuration

An insect-like flapping wing robot will generally contain two main systems: a propulsion system and a
power system. The propulsion system typically includes wings, actuators and transmission mechanisms
for matching the actuators to the wings. The required pitching motion of the wings is usually realized
through a passive hinge integrated within the wing structure to ensure a less complex mechanical
design. Hinge stoppers are typically included to ensure that the wing pitch angle does not exceed the
optimum value for lift force generation. As for the power system, it involves an energy source in the
form of a battery but could also take other forms such as a super-capacitor. The power system also
includes a power electronics circuit needed to regulate the power flow from the energy source to the
actuators. Hence, the power electronics circuit has two roles: (i) it converts the DC output from the
power source to an AC input to the actuators ensuring that the required AC waveform variation and
driving frequency are produced; and (ii) it modulates the amplitude of the AC voltage to ensure
successful operation.

Figure 1 shows a schematic of an example propulsion system for a resonant motor-driven insect-like
robot. The main components are the wings, transmission mechanisms (gearheads) and actuators (DC
motors). The AC signal supplied to the motor ensures it flips its rotational direction generating the
oscillatory flapping motion, and the gearbox transmission system immediately transfers this change in
direction while modulating speed. The propulsion system also includes elastic elements for energy
recovery, hence is an imperative part of this class of energetically demanding flapping vehicles.
A video is provided in the electronic supplementary material for the propulsion system shown in
figure 1 built using commercial off-the-shelf components. This propulsion system weighs 3.4 g. Each
motor, weighing 1 g, had its gearbox, weighing 0.2 g, fully integrated to it. An elastic element in the
form of an elastic band was used. The wings had an elliptic planform shape and were realized using
a polyimide film spanning on top of a rigid structure of carbon fibre rods. The passive hinge required
to ensure adequate wing pitching was realized using a simple way of adding an extra carbon fibre
rod parallel to the leading-edge rod. As such, the membrane material enclosed between the two rods
provided the hinge functionality. This method is easy in prototyping; however, the extra carbon fibre
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rod adds weight to the wing structure, which is less favourable for flapping wings. Wing stoppers were
added to avoid angles of attack more than 45°. This propulsion system was able to demonstrate tethered
operation; however, it is important to stress that this propulsion system is included here just to
demonstrate the functionality of such types of concepts. In fact, this paper will focus on developing a
generic conceptual design tool for resonant motor-driven flapping propulsion systems and is not
specific for a certain configuration. Currently, the propulsion system is the main technology barrier
and also the one least likely to be solved by parallel developments in other microtechnology areas,
hence is the focus for this work. Beyond this, attention of future studies will be focused on the other
systems required for a commercially applicable product including power system, communications,
sensors and control.

For the purposes of this study, it is essential to have basic mass breakdown definitions. Here, the
propulsion system is considered based on the typical provision of a separate actuator for each wing.
As such, we define the actuator mass fraction, y,=m,/mp, representing the ratio of the mass for a
single actuator, m,, to the total mass of the propulsion systems, mp. This implies that, theoretically
speaking, this ratio can range from a hypothetical minimum value of zero up to a hypothetical
maximum value of 0.5. However, a realistic range for this design variable is 0.25 <u, <0.45. Note that
m, and u, will be adopted in this study as the main design variables to assess the system performance.

*sosi/Jeunof/6106uiysgnd/aposjedos

2.2. Wing considerations

2.2.1. Wing planform and inertia
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The two main wing planform geometric characteristics required within our models are the wing aspect
ratio, AR, and wing length, R,,. Aspect ratio is important for aerodynamic considerations, whereas wing
length is essential for defining inertia and scalability characteristics. Higher values of the wing aspect
ratio are known to improve the aerodynamic induced effects [19,20]. However, as the aspect ratio
increases there can be insufficient chord length to allow smooth flow reattachment on the wing upper
surface. This is crucial in preventing the shedding of the leading-edge vortex and, subsequently,
preventing stall on a flapping wing that would otherwise result in the wing losing its ability to
generate sufficient lift coefficients. In fact, Kruyt ef al. [21] showed that to avoid stall on revolving/
flapping wings, the wing tip location measured from centre of revolution/flapping should not exceed
four times the local chord. This wing tip location includes the wing length distance, R,, and any
existing offset distance of the wing root from the centre of revolution/flapping. It is also worth
mentioning that from a structural design perspective, higher aspect ratios can lead to higher moments
of inertia which directly influences the system resonance frequency. Arguably, these are the main
reasons why insect wing aspect ratios are most clustered between three and four [21,22]. Thus, a
constant value of 3.5 will be used for the aspect ratio in this study. Note that this aspect ratio value
was recommended by Ellington for engineered vehicles [23] and was the wing aspect ratio value of
the Harvard microrobotic fly [24].

Aircraft design processes require scaling laws to aid the decision-making process during the
conceptual design stage [25], and the case of robotic insects is not dissimilar. For our modelling
purposes, it is essential to obtain a scaling law for the wing length against the vehicle propulsion
system mass. Figure 22 shows a log-log plot of the data collected for up-to-date successful designs—
the data points shown in figure 2a are provided in table 1 in which the source of each data point is
provided. For consistency, we have limited the employed data in table 1 and figure 2a to (i) designs
that were capable of demonstrating a lift-to-weight ratio above unity; (ii) designs employing two
wings, i.e. designs employing four wings are excluded; (iii) designs that rely on resonant operation to
ensure relevance to the class of vehicles targeted in this study. As such, this dataset represents designs
not only relying on DC motors for actuation but also other forms of actuation including piezoelectric,
electromagnetic and soft muscle actuation. This is deemed appropriate within the context of finding a
scaling law for top-level conceptual design purposes. It is important to note that all available design
concepts are tether powered and thus the weights shown in table 1 and figure 2a only represent the
propulsion system weight.

Figure 2a also illustrates the developed wing length scaling law:

Ry(mm) = 2.6952mp*7(mg), n=12, R*=09, sg,jm, =7.9 mm, (21)

where 7 is the number of data points used to cast the relation and R? is the R-squared regression metric
added to provide an estimate for the quality of the fit of the regression scaling relation. This is also
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Figure 2. Scaling relations for resonant flapping wing concepts. (a) wing length (‘split actuator’ concept data point is not shown to
avoid overcrowding); and (b) wing structural mass.

Table 1. Data for propulsion system mass and wing length of resonant robotic insect concepts with two wings.

propulsion system

concept actuation type mass, mp (mg) wing length, R,, (mm)
Harvard microrobotic fly [1] piezoelectric 60 15
Harvard RoboBee [2] piezoelectric 80 15
Harvard split actuator microrobotic bee [6,7] piezoelectric 70 15
Harvard scaled robotic bee [8] piezoelectric 265 25.5
Washington robotic fly [3] piezoelectric 74 13
Shanghai Jiao Tong robotic insect-1 [4] piezoelectric 84 13
Toyota robotic insect [5] piezoelectric 598 324
(arnegie Mellon robotic insect [13] DC motor 2700 70
Purdue robotic insect-1 [14-16] DC motor 6700 59
Purdue robotic insect-2 [10] electromagnetic 5200 63
Shanghai Jiao Tong robotic insect-2 [11] electromagnetic 80 13
Harvard robotic insect-5 [12] soft muscle 160 9.9

complemented by the calculated standard error of regression estimate, s,,,, which is a measure of the
difference between actual values and values estimated from a given regression equation: the difference
between actual data used to cast the relation and the corresponding estimated values from the
regression scaling relation is calculated; the differences are then squared and summed; the sum is
divided by the degrees of freedom and square root is taken leading to the value of s, .. Interestingly,
the exponent of the wing length in equation (2.1) is slightly higher than 0.33, where 0.33 is the
volume exponent if the scaling constant is the effective density. It is worth highlighting that the
scaling laws developed throughout this study should always be considered as place holders within
the design process and should always be updated whenever new relevant data becomes available.

The wing inertia is the other characteristic that is required within our modelling process. Here, we
employ a simplified method to calculate the wing moment of inertia, J,,, based on the effective wing
mass, 1, and radius of gyration of the wing structure, 7,

Jo = My, (2.2)
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where the effective wing mass can be expressed as

2
Muwaywa
My = <mw,s + T . (23)

mw

Here 1, is the wing aerodynamic inertia evaluated as m,,, = p(7/4)c?R,,, where p is the air density, ¢ is
the mean geometric chord andr,,, is
1
Pron =R | €ctjerian; 7= (2.4
JO w

We follow the common practice within the literature of neglecting the effect of wing aerodynamic inertia
as in [26-28] since it is found to be much smaller compared with structural wing inertia. This
simplification allows to obtain the effective wing mass directly from the mass of the wing structure
itself, m,,s. To obtain a scaling law for the wing structural mass we adopted the data in [26] which
provide inertial characteristics for 16 candidates of wings used in insect-like flapping vehicles which

are made of mylar film spanned over unidirectional carbon fibre frames. Figure 2b shows the wing
structural mass data sourced from [26] together with our developed scaling law

Mys(mg) = 3E7*R}(mm%), n=16, R*=095, s, ;3 =143 mg. (2.5)

For simplicity, we evaluate the radius of gyration based on the assumption that the wing structural mass is
uniformly distributed in the spanwise direction. As such, 7,,,,, can be expressed as a fraction of wing length, R,,
R

Foro = \/—% = 0.577Ry. (2.6)
The radius of gyration of the 16 wing candidates used to cast equation (2.5) was measured by Roll et al. [26]
based on the undamped compound pendulum formula. The obtained non-dimensional radius of gyration
values ranged between 0.47 and 0.61 with an average value of 0.56 which compares remarkably well with
the uniformly distributed mass assumption we adopt here.

2.2.2. Wing kinematics

For the purpose of our design and analysis framework, the wing is considered as a thin, rigid plate and
actuated via a single rotational degree of freedom along the flapping axis. The wing has a second rotary
degree of freedom in pitch along the wing spanwise axis. In the present model, it is assumed that this
latter degree of freedom is passive (unactuated); however, is free to move in response to wing
aerodynamic and inertial forces generated through the flapping motion. The dynamics of the pitch degree
of freedom are not included within the overall system model. However, the underlying physics is
captured by constraining the pitching motion kinematics to that possible with a passive hinge. It is
understood that the structural dynamics of biological wings, such as those of real insects, can significantly
affect the wing bending and twisting and hence the angle of attack distribution and its corresponding
aerodynamic characteristics. On the other hand, wings of robotic insects (realized at different scales) are
typically made of a high-strength membrane film spanning a stiffening structure made of carbon rods.
These wings are always reported to have excellent strength-to-weight ratios and hence the assumption
that the wings are rigid is deemed acceptable.

Here, we assume symmetric normal hovering flight with the wings moving along the horizontal
stroke plane. This implies symmetrical forward and backward half-strokes and no deviation from a
horizontal stroke plane. While these assumptions are mainly adopted for simplification, it is well
established that these are reasonable approximations that adequately represent flapping flight of real
insects together with ensuring reasonable levels of efficiency from an aerodynamic point of view [29,30].
The flapping angle time variation, ¢(f), is considered based on a sinusoidal waveform which is a
realistic representation of typical flapping variations within real and/or robotic insects. In fact, previous
investigations of resonant motor-driven flapping vehicles have clearly demonstrated the accuracy of the
adopted sinusoidal variation in resembling actual measured flapping angle variations of these systems
[15,17]. As for the pitching kinematics, we demonstrate our results for both constant and sinusoidal
waveforms of the geometric angle of attack, a,(t), figure 3. These two types of waveforms represent the
two extreme cases and hence allow for a convenient assessment of the pitching kinematics effect. Note
that a sinusoidal variation provides a more realistic representation of the angle of attack waveform but
introduces more complicated aerodynamic modelling expressions, as will be shown later. On the other
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Figure 3. Wing kinematics adopted in this work. Owing to the symmetry of half-strokes, variations over only one half-stroke are
shown. Flapping angle variation is sinusoidal. Both constant and sinusoidal angle of attack variations are shown. In reality, values of
Ogmig Will be set by physical end-stops within the wing passive pitch mechanism. TDC denotes ‘top dead centre’, BDC denotes
‘bottom dead centre’ and Mid denotes ‘mid half-stroke’.

hand, the constant angle of attack representation is still useful to consider as it is known to be the most
effective pitching kinematic waveform in terms of lift generation [30]; it also allows for mathematical
simplicity within models. As discussed in the Introduction, all previous modelling efforts (e.g. [13-18])
have only adopted a constant angle of attack representation.

2.2.3. Wing aerodynamics

The aerodynamic relations presented in this section only consider hovering flight as this flight mode
is considered the main driver for propulsion system sizing. Hovering also provides relatively
simple expressions for the lift and aerodynamic power owing to the absence of the forward
speed component. Additionally, several forward flight performance characteristics, such as the
maximum speed and range, can be estimated once the hovering requirements are identified
[23,27]. Here, we adopt a quasi-steady treatment for aerodynamics allowing balance between
accuracy and simplicity. The instantaneous lift and drag forces, L and D, on a single flapping wing
are given by

L—1 (d(H)iyRy)? Ry Crla,® 2.7
_Epd) 12y ﬁ L(ag ) ()

and

D—l (d(H)irRyp)? Ry Cp(ay(®) 2.8
—§P¢> 2R AR p(ag (1)), (2.8)

where 7, is the non-dimensional radius for second moment of wing area. Note that the non-
dimensional radius for third moment of wing area, 73, will also be required within the modelling
of the aerodynamic power. Hence, following biological inspiration, values for #, and 73 against
wing aspect ratio can be found using available data for real insects collected in [22]. Figure 4
shows the data sourced from [22] for the non-dimensional radius for first, second and third
moment of wing area. Here, the use of data of real insects is deemed fit for purpose within our
scope as most robotic insect wing planform shapes are bioinspired as well. From figure 4, it could
be seen that for our selected wing aspect ratio of 3.5, #» and 73 take the values of 0.54 and 0.59,
respectively.

The lift and drag coefficients, C; and Cp, are defined in terms of the geometric angle of attack, a,(t),
based on the established nonlinear expressions [31,32]

Crlag(#)) = Crq sin (ag(t))cos (ag () (2.9)
and
Cplay(®)) = Crlag(®) tan (a, (1)), (2.10)

where C,, is the lift curve slope, which in general depends on the wing shape and Reynolds number.
Note that equation (2.10) ignores the skin friction drag contribution (typically included as a constant
value representing the drag coefficient at zero-lift angle of attack) which is adequate when considering
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Figure 4. Scaling of non-dimensional radius of first, second and third moment of wing area against wing aspect ratio for real insects.

wings operating at high values of angle of attack [30]. The value of C;, is evaluated based on the lifting
line expression developed in [32]:

Clad
Cla = ' - 2.11
T E+ (kingktipktapCia,24 / TAR) (2.11)

The two-dimensional aerofoil lift curve slope, Ci, 04, takes a value of 5.16 rad™! for flat plate wings at
typical Reynolds numbers for insects [33]. The parameter E is the quotient of the wing semi-perimeter
to its length, and is included to correct the lifting line expression for low aspect ratio effects [34]. For a
wing represented by a beta distribution with aspect ratio of 3.5 and 7, value of 0.54, E takes the value
1.14 [34]. The parameters king, kip and kgap are the different contributors to the induced power factor
included to correct for the difference in aerodynamic efficiency between assumed ideal uniform
downwash distribution and real downwash distribution, and are evaluated based on the method
proposed in [35]. kinq accounts for the non-uniformities of the downwash; it is a function of the wing
planform geometry, and for typical insect-like wing planforms its value ranges between 1.1 and 1.3.
For the wing planform considered here, it takes a value of 1.2 [35]. ky, accounts for the wake
periodicity effect and has been shown to be well presented by a value of 1.1 [35]. kga.p accounts for the
reduction of the actuator disc area for flapping angle amplitudes below 90°. It is, thus, defined as

kﬂap =4 /T;. (212)

Clearly, as ¢max approaches 90°, the flapping actuator disc area reaches its maximum value.
Considering the Rankine-Froude momentum theory, the increase in the actuator disc area to its
maximum value leads the induced downwash velocity and consequently the induced aerodynamic
power expended while producing a given amount of lift to achieve their minimum values [19,35].
This is reflected in equation (2.12) as kg.p, approaches unity (ideal value) when ¢ma., approaches 90°.
Figure 5 shows how Cp, can change against different values of ¢« due to change in kqap. It could be
seen that a significant decrease in the flapping angle amplitude will reduce kg., and hence
significantly deteriorates the aerodynamic coefficient values. As such, based on the previous, in this
work a ¢,y value of 90° will be adopted to ensure maximum aerodynamic efficiency.

It is worth mentioning that the Reynolds number, Re, will have a minor/negligible influence on the
used aerodynamic coefficient relations within the range 1000 < Re <15 000 [36]. This is the range that the
scaling assessment presented in this study acts within. At Reynolds numbers higher than this range,
flows usually get dominated by turbulent mixing, destabilizing the leading-edge vortex and limiting
the maximum attainable lift coefficient values [37,38]. On the other hand, at Reynolds numbers lower
than this range, viscous effects become dominant and their influence cannot be neglected [30,39].

Once the aerodynamic coefficients are evaluated, analytical expressions for the mean lift and
aerodynamic power of the propulsion system can be obtained. The expressions for lift and aerodynamic

75v017 '8 05 todg 205 'y sosy/jeunol/bioBusygndisaposeror [y



CLa(rad‘l)

0 30 60 90
Prax ()

Figure 5. Variation of the wing lift curve slope with flapping angle amplitude.

power presented here are based on the first author’s previous work in [30], hence only final expressions will
be presented. For the constant angle of attack waveform, the mean lift is expressed as

2
L = p(R,73) (21511{” ) (CLaSIN(0l mid)COS(tg mid)) (D TF2). (2.13)

Using the above equation, the required flapping frequency, f, can be calculated to satisfy the propulsion
system weight requirement (W=1m, g) as

16W
f= R : . (2.14)
P77'2 (4¢mawarZ) (ZRw/AR) (CLasm(ag,mid)Cos(ag,mid))
2 S C
Upcan L

The aerodynamic power (expended by one of the two flapping wings) can then be evaluated from

[2 Cp (1)° 1
— 32 | £ =D [73 -
Paero = 1.2W 5 Ci/z (?2) X5 (2.15)

As for the sinusoidal angle of attack waveform, the corresponding mean lift, frequency and aerodynamic
power relations take the form

L= AR /AR5 ) (3§ i (Hypergeom| 20551 - ] ), 210
2 )\ 4 2'2
fo . 3w — ) (2.17)
pd¢, . Ryi,)*(2R2 /AR) (%) (wemid (Hypergeom {{2},{5,5}, - efmd} ))
Paero = Wi 2(%)3 3(;7( 1o+ Hypergeoml(2)11/25/2), ) <L (2.18)
2/ 32 <%) 63 ;4 (Hypergeoml(2},{3/2,5/2}, — 62,4]°

pS

where Opmiq = (1/2) — ag mia and Hypergeom denotes the hypergeometric function. In this work, a mid half-
stroke angle of attack of 45° will be used within all aerodynamic relations as this allows maximum lift
coefficient as per equation (2.9).

2.3. Transmission mechanism considerations

For the class of vehicles considered in this study, gearhead transmissions are used with DC motors to
modulate the motor speed and torque. Small-scale DC motors suitable for robotic insects (e.g.
diameters in the range of 3-12 mm) typically operate at very high speeds (10 000-30000 r.p.m.) and,
therefore, a gearhead is required to reduce this speed. Planetary gearheads with transmission ratios
ranging from 4 to 4000 are available from motor manufacturers and are usually ready for direct
integration to the shaft of the motor.
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Figure 6. () Variation of gearhead efficiency against gearhead transmission ratio. (b) Variation of maximum operational
recommended frequency against motor mass.

Within our developed framework, we require the evaluation of how two characteristics of gearheads
scale. These are the gearhead transmission ratio, N, and gearhead efficiency, 1. To build the relevant
scaling relations, we have used the gearhead specifications from the motor manufacturer Faulhaber. Note
that all scaling laws developed within the current work rely on relevant data collected from Faulhaber
[40]. This is because it is the only available source that provides complete information on all characteristics
needed over a range of motor sizes that are suitable for the scales we are interested in and hence is solely
used throughout this work to ensure consistency. Figure 6a shows gearhead efficiency plotted against the
transmission ratio for relevant gearheads (based on gearhead series 6/1, 8/1 and 10/1 from Faulhaber
[40]). It could be seen that the gearhead efficiency decreases in a perfect exponential fashion with the
increase of transmission ratio, and a function is fitted to the data providing the following scaling law:

M,(%) = 100N, ", n=7, R*=099, s, N, =15%. (2.19)

Values of flapping angular speed are expected to be lower than the operational angular speeds for a given DC
motor. As such, a high gear transmission ratio will be required. Note that as the transmission ratio is increased,
more gears are used to modulate the shaft rotation and this, in turn, increases the losses associated with the
increased number of moving parts/frictional surfaces. Also, it is worth considering that as the transmission
ratios are increased, additional gears are required, and this results in increased length and mass of the
gearhead. The required gearhead transmission ratio is evaluated as the ratio of the maximum
recommended operating speed of the motor, Q.., to the wing speed amplitude, Qying, evaluated as

Qrec _ 277frec
Qwing 271f¢max’

where fre. is the maximum recommended operational frequency for a given DC motor, f is the required
flapping frequency as evaluated by either equation (2.14) or (2.17), and @max is the maximum flapping
amplitude. Note that by choosing the wing speed amplitude to calculate the transmission ratio, it is ensured
that the motor is at least operating at its maximum recommended operating speed as recommended in
[17]. Figure 6b shows how fr scales with actuator mass, m,, for relevant motor series: 0206, 0308, 0515,
0615, 0816, 1016 and 1024 from Faulhaber [40], from which a fitting relation is produced as

N, =

(2.20)

free(Hz) = 19034m,°*(mg), n=7, R*=0.87, s;_jm =245Hz. (2.21)

Note that equation (2.20) assumes that the calculated gear ratio could always be realized from available
gearheads. This is deemed acceptable for the purposes of our current scalability analysis; however, in
practice, a designer may be forced to pick a specific gear ratio from the available gearhead options.

2.4, Actuator scaling laws

To assess scalability, we need to construct scaling laws for a number of actuator-related quantities that
appear within the dynamics equation of motion that will be discussed in the next section. Note that,
here, actuator refers to the DC motor. These quantities are: (i) moment of inertia of motor rotating
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Figure 7. Scaling laws required for motor modelling. (a) Moment of inertia of motor rotating elements; (b) armature resistance;
(c) damping coefficient of motor rotating elements and (d) motor torque constant.

elements, J,,; (ii) armature resistance, R,; (iii) damping coefficient of motor rotating elements, B,,; and (iv)
motor torque constant, K,. Note that, here, we follow the actuator symbol notation used in [15]. The
scaling laws were constructed based on data for relevant motor series: 0206, 0308, 0515, 0615, 0816,
1016 and 1024 from Faulhaber [40]. These data are plotted in figure 7, and the developed scaling laws
are given as

Jm(gem?®) =2 x 10 %m} % (mg), n=7, R*=0.97, s, =0.015gcm? (2.22)

R,(Q) = 1.4335m0*"(mg), n=6, R*=0.76, sgm, =11.90Q, (2.23)

B,(\Nmsrad ') = 0.0084m{*%(mg), n =15 R*>=0.87,5,m, =6.4nNmsrad ™’ (2.24)

and  K,(mNm A™') =0.0012m0*%(mg), n =15 R*=0.89, sg,, =15mNmA" (2.25)

2.5. System dynamics and efficiency

Figure 8 shows a schematic diagram of the system components with their corresponding
representations—the figure is a re-adaptation of the system diagram as depicted in [15]. This system is
operating at resonance and subjected to nonlinear aerodynamic damping, hence is represented using a
damped second-order lumped element model with an equation of motion of [15]:

]s;i’+led)+ Bsz|d)|§.b+st): va(t)' (2'26)

Equation (2.26) is solved to evaluate the value of the AC voltage amplitude that would allow a sinusoidal
flapping angle variation with an amplitude of 90°. The different terms in equation (2.26) are fully
explained in table 2.

Once the system dynamics equation is solved for voltage amplitude that would ensure lift-off, it is
instructive to estimate the system efficiency, defined as the ratio of the mean aerodynamic power
expended by a single wing to produce sufficient lift, P,ero, to the mean required power to operate the
motor driving this wing, Preq. The relations for the aerodynamic power expended by one wing were
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Figure 8. Schematic diagram for the modelling representation of the main system components. For compactness, only a part of the
wing is shown.

Table 2. Variables of the system response equation including notation, equations and physical significance. Symbols in bold are
these appearing in equation (2.26).

symbol description evaluation

J; total moment of |nert|a of aII rotatlng components [15] JS = ngNZJ,,, —|—JW +Jg
Jg gears moment of inertia neglected—srgmﬁcantly lower co compared
with the other terms
jm R momentofmertraofmotor rotatrngelements e mscalmg Iaw—equatron (2 22) B
jw ving moen . ets ...equatlon 2
ng B gearhead efﬁcrency e mscalmg Iaw—equatron (219) S

N, gearhead transmission ratio scaling law—equation (2.20)

By effective damplng coefﬁqent [15] P
By = mM? (Bm + R—a)
a

B damping coefficient of motor rotating elements scaling law—equation (2.24)
K, motor torque constant scaling law—equation (2.25)

R, armature resistance scaling law—equation (2.23)

B, aerodynamlc dampmg coefficient [15] :
+3

B
2= 2AR3

R4CD (ayg(0)

CD(%(”) . drag coefﬁclent equatlon(210)

K, T KS=JS(27zf)2

I(,, ................. |nputga|n[15] ................................................................ kv :ngN R
(3] sinusoidal system excltatlon W(t) = Vipcos( 57rft+ ﬁ

o frequency ........................................................................... equatlons(214)and(217) ..........................

V,n R I|nput A( voltage amplrtude' e moutput RSttt

B phase angle 90° for resonant operatlon
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presented in equations (2.15) and (2.18) for constant and sinusoidal angle of attack variations, [ 13 |
respectively, whereas the total required power input to a motor can be evaluated as [15]

=)

1" 1", (V® KiNgo B

Proq = TL VOIE) dt = TL V(t)( o 2 (227) g

3

where T is the flapping period, T'=1/f. Evaluating the integration leads to 5
1 Vin Ka 3

Preq = E (R_,, - Ng R—u d’max(zﬂf)) Vin. (228) §

£

As such, the system efficiency can be evaluated as ‘:’
P g

g = 2 (229) £

Preq 8

It is useful to assess how the proposed conceptual design framework predictions compare with some of
the available data of current existing designs. Here, we consider the two designs that rely on resonance and
directly drive the wings through DC motor actuation, i.e. the designs from Carnegie Mellon [13] and Purdue
[15] Universities. In this assessment, we will input to our framework the main inputs of these designs and
evaluate the power that the motor is expected to deliver, Preq. There are two main reasons for picking Pr.q for
assessment. First, in the absence of any efficiency figures for the two designs under consideration, Preq
represents the final output; hence, providing judgement on the efficacy of the whole process. Second,
and more importantly, the value of the power that the motor is expected to deliver, P, is arguably the
most important piece of information that a designer would wish to know at the start of the design
process as it enables the selection of suitable motor candidates for the vehicle under development.

For the Carnegie Mellon design, the following values are used [13]: actuator mass, m1,, of 1 g; total lift
measured, which is used to estimate the propulsion system mass, 11, of 3.16 g (lift-to-weight ratio of 1.17);
wing aspect ratio, AR, of approximately 3.5; maximum flapping angle amplitude, ¢ax, of 70°; and angle of
attack value at mid half-stroke, ag miq, of 45°. A Preq value of 0.427 W is predicted as the average from the
constant and sinusoidal angle of attack waveforms, comparing reasonably well with the reported measured
value of 0.4 W [13]. As for the Purdue design, we used the reported values in [15]: m, of 25g; an
equivalent 1, of 6.7 g; AR of 4.18; @rax Of 55°% and ag miq Of 45°. A Preq value of 1.23 W is predicted as the
average from the constant and sinusoidal angle of attack waveforms, which is in good agreement with the
reported measured value of approximately 1.2 W [15]. These comparisons show that the proposed design
tool can reasonably inform the designer of the power the motors should deliver, enabling a guided
selection from the possible motor models at the relevant scale.
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2.6. Rotary wing system

It is instructive to compare the efficiency levels from the flapping system described above with an
analogous rotary system. This comparison is useful in providing a preliminary assessment of the
relative advantage of different flying modes (flapping versus rotary) at different scales. In evaluating
the efficiency levels for rotary actuation, we assume that the same vehicle configuration will hold, i.e.
the vehicle still has two motors and each motor is driving the exact same wing used in flapping, but
now in a rotary fashion. This way, it is ensured that all other elements of the comparison are kept the
same, and only wing motion is varied. However, from a configuration point of view, such rotary
system is not realized in such way as rotary vehicles typically adopt a propeller-like wing and usually
adopt more than two motors. That said, this does not detract from the usefulness of this comparison
as the main aim here is to understand the system efficiency levels when the same actuator operates in
flapping or rotary motion under the same conditions.

For constant rotational speed and constant angle of attack, i.e. rotary motion, the aerodynamic power
expended by a single wing and the frequency expressions can be evaluated based on [30]:

2 Cp (15\° 1
— W82 |2 =D (13 -
Paero,rot W \/P:Cz/z (?2) X 2 (230)

and

form 2W
"\ p@mRy#2)? (2R2 /AR) (Cpasin(ay) cos(ay))

(2.31)



where W is the weight of the whole system, S is the area of both wings and o, is the geometric angle of [ 14 |
attack set as 45° for consistency. Note that both rotary (also so-called revolving) and flapping wing
motions share the same expression for the lift coefficient [30,31,34]. Direct comparison of equation
(2.30) with equation (2.15) shows that the rotary aerodynamic power expression is 20% less in value
compared with sinusoidal flapping with constant angle of attack. This implies that rotary motion will
expend less aerodynamic power to support the same weight, and thus will always be
aerodynamically more efficient. Once motion frequency is evaluated using equation (2.31), values for
gearhead transmission ratio, Ngr., and gearhead efficiency, 7., for the rotary system can be
evaluated in a similar fashion to using equations (2.19)—(2.21).
The torque of the rotary system, T, at the motor output point can be evaluated from:

*sosi/Jeunof/6106uiysgnd/aposjedos

Paero rot
Teot = ——2—, 2.32
o ng,rothec ( )
where Q. is the motor recommended rotation speed as defined in equations (2.20) and (2.21). The motor
operating current can, thus, be obtained as
T
Lot = ==+ 1, (2.33)
K,

where I is the no-load current which for the series of relevant motors: 0206, 0308, 0615, 0816, 1016 and
1024 from Faulhaber [40], a fitting relation can be produced to represent it as

Iy (A) = 0.1998m,%°(mg), n=6, R*=0.85, sy, =0.0054A. (2.34)
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The motor supply voltage is, then, calculated as
Viot = Ralrot + Kagrec. (235)
The rotary system efficiency can, therefore, be obtained as

p aero,rot
=——. 2.36
1 VrotIrot ( )

3. Results

3.1. Solution procedure

Before addressing any of the outputs, it is useful to briefly explain how the different models are deployed
and integrated. Figure 9 provides an overview of the whole solution procedure. There are two main
inputs: the actuator mass, m,, and the actuator to propulsion system mass ratio, u,. Note that once the
previous two inputs are defined, this implicitly assigns a value for the propulsion system mass. There
are six main final outputs: flapping frequency required for lift-off, f, stiffness of the elastic element for
resonant operation, K, required AC voltage amplitude, V;, aerodynamic power expended by a
flapping wing, Paero, Tequired supply input power to a motor, Prq and system efficiency, 7.

The solution procedure starts by feeding the two inputs into the developed scaling laws to provide
several intermediate outputs, namely actuator specifications (maximum recommended motor
operational frequency, frec, motor moment of inertia, ,,, armature resistance, R,, damping coefficient of
motor rotating elements, B,,, and motor torque constant, K,) as well as the wing parameters (wing
length, R,, and wing structural mass, m,;). The wing parameters then allow to calculate the wing
moment of inertia, J,,. Simultaneously, wing planform parameters, AR, #, and 75, are defined as per the
designer’s choice (here an aspect ratio of 3.5 is used as discussed previously) and using these
parameters together with the wing length one can fully define the wing planform shape and determine
the wing area, S. Wing kinematics are defined based on sinusoidal flapping angle variation (of 90°
amplitude) and wing pitching with either constant or sinusoidal angle of attack variation (of 45°
amplitude), see figure 3.

All inputs and intermediate outputs are then used to evaluate the final outputs. However, since many
constituting parameters are dependent on each other, the solution consists of two parts: the aerodynamic
model and the system dynamics model. The former model uses the lift coefficient equation together with
the wing planform geometric and kinematic characteristics to evaluate the required frequency that would
allow a lift-to-weight ratio of unity. The aerodynamic model also evaluates the aerodynamic drag/
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Figure 9. Summary diagram of the developed solution procedure.

damping term, By, required within the system dynamics model, as well as the aerodynamic power
needed to evaluate the system efficiency. It should be noted that the current aerodynamic model
considers lift-off as its primary objective. Hence, the flapping angle amplitude is fixed to its maximum
possible value to ensure highest aerodynamic efficiency, whereas only flapping frequency is evaluated
to guarantee sufficient lift is generated to balance weight. In the absence of any known design
constraints, this approach is deemed adequate (or at least sufficient); however, designers may opt to
evaluate the flapping amplitude for a constrained frequency or evaluate both frequency and flapping
amplitude to achieve a certain design objective. Moreover, the combined modulation of both flapping
frequency and amplitude should be identified for ‘off-design’ conditions, e.g. in manoeuvring flight,
to control the amount of aerodynamic force generated. Ultimately, optimum combinations of flapping
frequency and amplitude for different flight conditions and their corresponding input electric signal
parameters should be defined. These can then be programmed within the controller circuit to ensure
that optimum parameters are always employed for the different flight scenarios.

The maximum recommended motor operational frequency initially determined using scaling laws is
used with the obtained flapping frequency and the maximum flapping angle amplitude, as per equation
(2.20), to define the required gearhead transmission ratio, N,. This transmission ratio is then used in
conjunction with the actuator parameters to define values for the gearhead efficiency, n,, the effective
damping coefficient, By;; and the input gain parameter, K, (also, see table 2). The wing inertia and the
motor rotating parts inertia are used to define the system moment of inertia, J;, and, subsequently,
the elastic element stiffness can be calculated using the inertia and flapping frequency information.
The dynamic behaviour is then considered by solving the system equation of motion (equation (2.26)).
This allows to evaluate the required operating AC voltage amplitude which consequently allows for
the evaluation of the required supply input power. Finally, the system efficiency is evaluated using
the values of aerodynamic power and required supply input power.

3.2. Operational requirements and system performance

Outputs of the developed framework are shown in figures 10 and 11. Figure 10a-i demonstrates the
flapping wing frequency (equivalent to the required system resonant frequency) as a function of the
actuator mass for different actuator mass ratios for constant angle of attack kinematics. It is worth
reiterating that the actuator mass is that of a single actuator of the two involved in the vehicle. Here,
we considered actuator mass values spanning between 100 mg and 10 g providing a convenient range
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Figure 10. Variation of operational parameters against actuator mass for different actuator mass ratios. (a-i) frequency, (b-i)
aerodynamic power and (c-i) elastic element stiffness variations for constant angle of attack kinematics. Percentage difference in
values of (a-ii) frequency, (b-ii) aerodynamic power and (c-ii) elastic element stiffness when a sinusoidal angle of attack
variation is adopted as opposed to constant angle of attack.
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Figure 11. Variation of system performance parameters against actuator mass for different actuator mass ratios. (a-i) AC voltage
amplitude, (b-i) required input power and (c-i) system efficiency variations for constant angle of attack kinematics. Percentage
difference in values of (a-ii) AC voltage amplitude, (b-ii) required input power and (c-ii) system efficiency when a sinusoidal
angle of attack variation is adopted as opposed to constant angle of attack. Markers in (a-i) indicate nominal voltages based
on Faulhaber motors characteristics. Markers and trendline in (b-i) are for maximum operation power values based on the
characteristics of Faulhaber motors.



to investigate scalability aspects for the class of air vehicles considered in this study. Additionally, this is
the range of the data used to develop our scaling laws. The required flapping frequency decreased from
approximately 40 to 13 Hz as the actuator mass increased from 100 mg to 10 g. As expected, frequency
values decrease with increasing actuator mass values for a given actuator mass ratio; also, it is evident
that an increase in the actuator mass ratio (equivalent to a decrease in the propulsion system mass for
a given actuator mass) leads to an increase in flapping frequency. Nevertheless, the rate of increase in
frequency decreases as the actuator mass ratio increases.

To better understand the effect of pitch kinematics on operation requirements, figure 10a-ii
demonstrates the effect of employing sinusoidal kinematics on the wing-flapping frequency. Here, we
show the results as the percentage difference in frequency when adopting sinusoidal angle of attack
variation compared with the case where constant angle of attack variation is employed. Note that
percentage differences in quantities presented in this section are evaluated as the difference in the
quantity value when adopting sinusoidal and constant angle of attack variations, respectively divided
by the quantity value when adopting constant angle of attack variation. With sinusoidal angle of attack
variation, one can observe an increase in the wing-flapping frequency of 3.2%; however, this increase is
independent of the actuator mass and/or the actuator mass ratio. This rise in flapping frequency is
expected as the wing will now operate for a longer duration away from the optimum 45° angle of
attack (figure 3) that is known to maximize the lift coefficient. Therefore, to achieve the same lift force
production, the frequency needs to increase to compensate for the decrease in the coefficient value.

The second aerodynamic output considered here is the aerodynamic power expended by a flapping
wing and is illustrated in figure 10b-i for the constant angle of attack case. It is evident that for a given
actuator mass ratio as the actuator mass increases (and hence propulsion system mass), power expended
against aerodynamic drag experiences a significant rise. This is expected as the aerodynamic power is
known to increase considerably when the lift requirement is increased. Roughly, it can be seen that
there is an order of magnitude increase in aerodynamic power as the actuator mass increases by an
order of magnitude. On the other hand, figure 10b-ii shows that the adoption of sinusoidal angle of
attack kinematics leads to an increase of 29% in the aerodynamic power expenditure. This increase is,
again, independent of the actuator mass and/or actuator mass ratio.

Elastic element stiffness is yet another fundamental parameter for resonant system operation as it
allows matching of the flapping frequency to the system natural frequency. Figure 10c-i shows the
required elastic element stiffness values to ensure system resonance while adopting constant angle of
attack kinematics. The stiffness values increase abruptly as the actuator mass increases and decrease
as the actuator mass ratio increases. However, the sensitivity to the value of actuator mass ratio
decreases as the actuator mass decreases. From figure 10c-ii, it is evident that adopting sinusoidal
angle of attack kinematics will require an increase in the stiffness of the elastic element. By contrast to
observations for frequency and aerodynamic power, this increase in stiffness value is a function of the
actuator mass and the actuator mass ratio: an increase of approximately 1 to 6% in stiffness will be
required as the actuator mass increases from 100 mg to 10 g. It is worth remembering that the only
scaling law involved in the frequency and aerodynamic power results is that of the wing length. On
the other hand, the stiffness results are based on scaling laws for the wing length and system inertia.

It is now instructive to look at the system operation requirements in terms of the required AC voltage
amplitude for successful operation, required input supply power and subsequent system efficiency.
Figure 11a-i demonstrates the operational voltage waveform amplitude, Vj,, that would allow for
sufficient lift generation to balance the propulsion system weight. Voltage values increase from
approximately 1.5V to almost 40 V for actuator mass values ranging from 100 mg to 10 g. For a given
actuator mass, required voltage values decrease with an increase in actuator mass ratio; however, this
decrease becomes less relevant at lower actuator mass values. Figure 11a-i also demonstrates markers
representing nominal voltage values for relevant Faulhaber motor series used in this study [40]. Note
that this is the nominal AC voltage amplitude evaluated by multiplying the recommended nominal
DC value by a square root of two, following [13]. It is evident that most marker values lie within the
evaluated voltage ranges, demonstrating that available motors are generally capable of satisfying the
voltage requirement of the flapping wing propulsion system application. Figure 11a-ii shows the effect
of adopting sinusoidal kinematics on the required voltage values and demonstrates a required
increase of voltage ranging from approximately 4 up to 28% as the actuator mass increases.

Figure 11b-i shows the power required to be supplied to the motor to ensure a unity lift-to-weight ratio
value. As expected, the required power behaviour is an increasing behaviour with the increase of actuator
mass. To better understand how the obtained input power requirement compares with what available
motors can actually produce, markers (and a fitting line) are added to figure 11b-i demonstrating the
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Figure 12. Comparison between efficiency levels of flapping and rotary wing systems. AoA denotes the angle of attack waveform.

maximum operation power values for relevant motors series from Faulhaber. In fact, the values of these
markers are evaluated based on the thermal limits of the maximum permissible standard rotor
temperature [40]. Judging by the obtained trendline for power data, it is interesting to find that
available motors are able to satisfy the required power demand only for an actuator mass below
roughly 2 g. Finally, figure 11b-ii shows the effect of adopting sinusoidal kinematics which leads to an
increase in the required power values by 13 to 70% over the range of actuator masses considered.

Figure 11c-i illustrates the system efficiency values for constant angle of attack kinematics. The general
trend is that the efficiency lines will increase and then decrease leading to a clear global maximum (peak)
value. Peak efficiency values range from 30 to 36% giving an indication of the efficiency level expected
from these systems. Interestingly, the peak efficiency value will change as the actuator mass ratio varies in
such a way that as the actuator mass ratio increases, the peak efficiency will increase and will occur at a
higher actuator mass value. Remarkably, the use of sinusoidal angle of attack kinematics (figure 11c-ii)
can lead to an increase in efficiency. This is striking given that the use of sinusoidal angle of attack
kinematics requires higher values for both aerodynamic and supply power values. Nevertheless, the
quotient of these two higher power values can lead to better efficiency performance, and this becomes
evident as the actuator mass decreases.

Finally, figure 12 compares the efficiency levels from the flapping wing system considered in this work
with that obtained from the conceived rotary wing system presented in §2.6. In this comparison, we show
results for u, values representing the bounds of the range considered in this study. It is evident that
increasing u, increases the system efficiency values and moves the efficiency peaks towards higher
actuator mass values. However, u, has no influence on the general trends of the system efficiency
curves, hence does not influence the main conclusion from this demonstration. The main outcome of
this demonstration is that at small scales, the system efficiency levels of the flapping system described in
this work are slightly higher than that when a rotary system is adopted. In fact, the efficiency values of
the rotary system deteriorate at small scales and this is mainly due to the higher no-load current, I,
values as the motor scale decreases. On the other hand, as scale increases, the rotary system efficiency
levels increase, significantly surpassing the flapping system efficiency levels. This result is in line with
the findings of Hawkes & Lentink [41] who showed that flapping wing vehicles actuated with
piezoelectric actuators have higher system efficiency when compared with rotary motor-actuated
vehicles at small scales similar to tiny insects and this trend flips as scale increases.

4. Discussion

The development of flapping wing vehicles requires generic toolsets that would allow conceptual
design/sizing of such vehicles while taking into consideration the correct interaction between the
different subsystems in a transparent fashion. Design methods have been previously presented for
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different flapping wing vehicle configurations, including design tools for concepts developed for forward [ 19 |
[42,43] and hovering [44] flight modes. Recent progress in miniaturization of engineering systems
together with the desire to create tiny aerial robots have motivated the development of a range of
flapping wing vehicle concepts at insect-scale. While the flapping wing motions from these concepts
are generally similar, the approach through which the flapping motion is created differs between
concepts, owing to the different actuators and motion amplification mechanisms adopted. In this
work, we presented a framework for the conceptual design of micro-DC motor-actuated insect-like
flapping wing vehicles that exploit resonance as a means for successful operation. A ‘multi-physics’
modelling approach linking the aerodynamics, system dynamics and electrical domains is presented
allowing designers to explore interactions between domains in a single design environment. The work
specifically considered scalability aspects of this class of air vehicles and provided preliminary scaling
laws to describe how characteristics of wings, gearhead transmissions and micro-DC motors scale
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with actuator mass. This allowed the developed framework to facilitate intuitive investigation of the
available design space over the range of relevant actuator mass values.

The current work considered quasi-steady treatments for the wing aerodynamics and adopted simple
but realistic wing kinematics, allowing the solution procedure to begin with an explicit evaluation of the
flapping frequency for weight support based on the supplied wing kinematics and geometric data. An
important feature of the current air vehicle design problem is the aero-mechanical coupling that leads
to unique aspects of the design problem: the design process needs to find the operational flapping
frequency at the start which is similar to finding the head speed in rotary vehicles design. However,
because the system is resonant, actuator physical sizing comes into play. Also, a fixed or a rotary
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wing vehicle design does not include acceleration considerations; however, for a flapping wing,
inertial loads become part of the design of the propulsion system. At the heart of the process lies the
system dynamics simulation which interfaces the aerodynamics to the electro-mechanics and identifies
the operating voltage amplitude to achieve the required wing motion as well as the input power to be
supplied to the actuator. Information on the output aerodynamic power and input electrical power,
subsequently, enables to evaluate the system efficiency.

The design process started with only two inputs: the actuator mass and the actuator mass ratio which
both then define the whole propulsion system mass. The process outputs were a number of operation and
performance metrics that enable a designer to evaluate the solution against higher level trades within the
overall vehicle design loop. The developed conceptual design process was presented through conducting
a scalability analysis on how these operation and performance metrics vary with the actuator mass
(ranging from 100 mg to 10 g) and actuator mass ratio (ranging from 0.25 up to 0.45). Comparing
against data of currently available motor operational characteristics, it was found that most motors
operate at nominal voltages within the required values by this class of vehicles; however, a trendline
developed from these data suggested that only motors with mass less than 2 g are capable of
satisfying the required input power demand. Nevertheless, this conclusion should be considered with
caution as motor characteristics can change as technology in this area improves, particularly with the
recent increased demand on actuators for microsystem applications.

A useful contribution of the current work is investigating the effect of adopting the more realistic
sinusoidal angle of attack kinematics as opposed to the oversimplified constant angle of attack
assumption usually adopted in the literature. It was found that sinusoidal angle of attack kinematics
will always lead to an increased requirement when considering the metrics investigated in this
study. For example, a 3.2% increase in flapping frequency, a 29% increase in aerodynamic power, a
1-6% increase in elastic element stiffness, a 4-28% increase in voltage and a 13-70% increase in the
input power will be required. These values are significant and should be taken into account when
considering design and/or off-design conditions. This is because a considerably different
performance of the system will be obtained when considering this more demanding but also more
realistic kinematics.

The developed framework also provided useful information on the optimum operation of this class
of vehicles. It has been shown that when adopting constant angle of attack kinematics, a peak
efficiency of 30% occurs at an actuator mass value of 0.5 g for an actuator mass ratio of 0.25 and
this peak efficiency increases to a maximum of 36% for an actuator mass of 1g with an actuator
mass ratio of 0.45. Nevertheless, probably the most striking outcome is that the efficiency of the
system can get better when adopting sinusoidal angle of attack kinematics. In fact, when adopting
the sinusoidal angle of attack kinematics, an increase of approximately 15% in efficiency would
happen for an actuator mass of 100mg, and this increase in efficiency will decrease to
approximately —25% at the upper bound actuator mass of 10 g.



Following the above discussions, it is informative to provide some design guidelines and suggestions [ 20 |
for future designs:

(1) The design of an air vehicle would normally start by considering the basic geometric characteristics
of its wings. For resonant flapping wing vehicles, the developed scaling law in equation (2.1) can
provide a reasonable starting point to determine the wing scale. On the other hand, the selection
of the wing aspect ratio is considered vital as it defines the severity of transformation from two-
dimensional to three-dimensional wing aerodynamics. However, choices here are limited and only
a narrow range of three to four is deemed practical. A wing with an aspect ratio higher than four
mainly suffers from stall particularly at wing regions close to the tip, whereas wings with aspect
ratios lower than three will experience reduced aerodynamic performance due to increased three-
dimensional induced aerodynamic effects. Wing chord distribution can be considered at a later
stage of the design process to tune the aerodynamics to desired performances (e.g. as proposed in
[20]) depending on vehicle requirements.

(2) Following wing geometric considerations, wing kinematics should be decided. A sinusoidal variation of
the wing-flapping motion is a practical choice for resonant flapping wing vehicles; however, the
amplitude of the flapping angle depends on the actuator involved and the degree of sophistication of its
associated transmission mechanism. For example, piezoelectric or electromagnetic actuated designs
typically involve relatively sophisticated transmission mechanisms unable to allow the reach to a
maximum flapping amplitude angle of 90°. However, resonant motor-driven vehicles, considered in
this study, can practically achieve such a maximum amplitude value. This, in turn, allows the wing to
scan a larger flapping disc area and hence improve the aerodynamic efficiency of lift production.

(3) Pitching kinematics are typically realized with passive wing hinges, and designers can opt to design
these hinges either to enable higher lift coefficient values if a constant angle of attack of 45° can be
maintained through the half-strokes or to allow possible higher system efficiency values if the hinge
is designed to allow a sinusoidal variation of the angle of attack.

(4) The system elastic element should be selected, for given system inertia, to allow system resonance at
a frequency that would enable sufficient wing speed to satisfy the lift production demand.

(5) The gearbox should be selected to allow an appropriate gear ratio between the wing speed and the
recommended speed for motor operation in such a way that the latter speed is not exceeded under
different operating conditions.

(6) Motor selection is primarily decided by the ability of a motor candidate to deliver the required power
for the application, and current motors with masses up to 1-2 g seem to be able to deliver sufficient
power for the resonant motor-driven flapping wing vehicle application.

(7) Finally, a resonant motor-driven flapping wing vehicle is a more efficient system at small scales;
however, as scale increases, switching to a rotary wing system becomes significantly more efficient.
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As a final comment, it should be noted that the main design objective within the proposed design process
is based on the satisfaction of an effectiveness criterion (i.e. lift = weight) rather than efficiency. However,
this is an acceptable limitation at the current state of technology and given that the primary goal at
present is to achieve self-supported hovering flapping flight at insect scale. Another point to consider
is that the developed design process, as any other conceptual design process, uses developed scaling
laws based on currently available heuristic data. However, the level of uncertainty in technology
estimates and uncertainty associated with manufacturing is currently high due to the lack of enough
historical successful vehicles and actuator characteristics at this scale upon which estimation heuristics
can be based. Therefore, it is necessary to note that the presented design process scaling laws should
always be updated with reliable relevant data when available. This should be done while considering
measures for assessing the variability in data used to produce design scaling laws, together with any
potential hysteresis issues of the used subsystems and sensors.
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