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Abstract
For flapping-wing micro aerial vehicles, the common approach to converting the rotational motion of a DC motor to the

reciprocal flapping motion is using a slider-crank mechanism. However, frictional losses in sliders and rotational joints can
hinder the performance of such a system. An alternative is a direct drive system where the wings are directly connected
to a DC motor that has been driven by an AC signal. These two approaches are compared in this paper, to evaluate their
performances and assess which one provides a better solution for flapping-wing micro drones. The electromechanical model
of the two systems is used in this paper to compare their performances. System parameters for both types of drones were
derived through a multi-variable optimisation process using the same DC motor. The comparisons are made in terms of input
power requirement, aerodynamic power, system efficiency, and lift. The direct drive model can generate about 16% higher
average lift at 5 V with 50% lower input electrical power. It has 29% larger aerodynamic power and the system efficiency is
16.0% higher than that of the slider-crank model.

Key words: equations of motion, bioinspired flapping-wing micro aerial vehicle, FWMAV, kinetics of flapping mechanism,
optimisation

1. Introduction
The electric motor is one of the most common actuators

for flapping-wing micro aerial vehicles (FWMAVs). Its robust-
ness, high power-to-weight ratio, ease of use, and low voltage
operation make a motor well suited for FWMAVs (Keennon
et al. 2012; Azhar et al. 2013). A review of motor-actuated
FWMAVs is provided in Phan and Park (2019) and Xiao et al.
(2021). FWMAVs driven by a motor typically require transmis-
sions to convert the rotation to reciprocation and they in-
crease the weight, power loss, and complexity of the system
(Madangopal et al. 2005; Khan and Agrawal 2006; Tantanawat
and Kota 2007; Baek et al. 2009; Azhar et al. 2013; Lau et al.
2014). To avoid the disadvantages, a direct drive concept is in-
troduced (Campolo et al. 2012; Hines et al. 2013, 2015; Zhang
and Rossi 2017; Pellerito and Vejdani 2019; Tu et al. 2020).
It has been proved that both the slider-crank-based models
and the direct drive models have the capability of hovering
(Hines et al. 2015; Zhang and Rossi 2017). However, there is
no research comparing those two systems. This paper aims to
compare those two approaches in hover flight configuration.

A slider-crank mechanism (shown in Fig. 1a) is the simplest
mechanical transmission converting rotating to reciprocal
motion. Its dynamics are formulated and experimentally ver-
ified in Ha et al. (2006) and Erkaya et al. (2007). A slider-crank
allows symmetrical flapping motions with a single rotary ac-
tuator. It is also easily modified by incorporating additional
rods and adjusting the hinges as introduced in Zhang and

Rossi (2017) and Hassanalian and Abdelkefi (2019). A slider-
crank mechanism leads to friction losses on the slider and
hinges, which is important to model to estimate the ener-
getic requirements correctly (Park et al. 2022).

A simpler system can be realised by driving the wings di-
rectly using a harmonic voltage (Campolo et al. 2012). The
simple structure reduces the complexity of the system and al-
lows structural robustness (Campolo et al. 2012). It is crucial
for this system to include elastic components to reduce the ef-
fects of the high moment of inertia associated with the rotor,
gears, and wing. The absence of these elastic elements results
in a considerable increase in power input requirements, im-
peding the system’s ability to achieve rapid reciprocating mo-
tion (Campolo et al. 2012). The inclusion of elastic elements
effectively mitigates the inertia of both the motor and the
wings (Azhar et al. 2013). Its reliable mathematical model is
derived in Campolo et al. (2012) and Azhar et al. (2013), and
its estimations are validated to the experimental data from
their prototype with good accuracy.

The reciprocal motion of wings generates inertia loads that
the actuator must counteract. Inertial loads are conservative
forces and while the overall energy exchange for these forces
in a cycle is zero, they can contribute to increased losses
within the system e.g., due to increased internal forces (Park
et al. 2022). Insects drive their wings at mechanical resonance
to overcome this problem (Zhang et al. 2017). Elasticity in
flight muscles, the thorax, and wing hinges enables them to
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Fig. 1. Schematic view of (a) slider-crank model (Park et al. 2022) and (b) direct drive model. Lifts are generated along the y
axis.

flap their wings at their natural frequency, allowing elastic
forces to offset inertia forces within each cycle. It inspires re-
searchers to utilise springs in FWMAVs to minimise the effect
of inertial load and reduce losses. According to Madangopal et
al. (2005), Tantanawat and Kota (2007), and Khan et al. (2009),
incorporating springs on hinges in FWMAVs operated by a
slider-crank mechanism is beneficial to reducing the motor
torque variation and the maximum torque and input power
requirement. Lau et al. (2014) built a compliant mechanism
mimicking the thorax of a dipteran and showed that a com-
pliant mechanism requires only 70%–80% of power expendi-
ture from a rigid body model to generate the same amount of
lift. Similarly, in the case of a motor direct drive system, he-
lical springs are commonly incorporated on the shaft–wing
connector to cancel out the effect of the inertial moment
of the rotor. Azhar et al. (2013) show that a helical spring
reduces the input power up to 16% at the resonance fre-
quency. Campolo et al. (2012) experimentally added that in-
corporating a helical spring in the system allows larger wing
motions, lower input power, and higher overall efficiency.
Pellerito and Vejdani (2019) also numerically show that the
spring between the wing and motor helps to generate a
larger lift.

Although two competing mechanisms are studied and
their models are developed, there is no systematic com-
parison of their performance to the best knowledge of the
authors. This paper tries to fill this gap by providing a system-
atic comparison of the two systems. A commercially available
mini motor is chosen to develop the flapping systems where
the parameters are optimised to obtain maximum lift and
energy efficiency in the hovering flight condition. MATLAB
Simulink is used here for numerical simulations. A general
comparison of both concepts is provided in Section 2. The
mathematical models for both flapping systems are pre-
sented in Section 3, and the average powers and efficiencies
that are used for the comparisons are defined in Section
4. The optimum values of each system are determined in
Section 5 and the performances of the two systems are
compared in Section 6.

2. Flapping-wing systems
The slider-crank mechanism is one of the most traditional

transmissions for motor-driven flapping mechanisms, while
the direct drive model is a relatively new approach thanks to
the development of power electronics. The schematic views
for a slider–crank-based model (Lau et al. 2014) and the direct
drive model (Azhar et al. 2013) are illustrated in Figs. 1a and
1b, respectively.

Since the actuator is the heaviest component among the
parts in the system, the slider-crank model tends to be lighter
than the direct drive model that has two actuators (Campolo
2010; Campolo et al. 2012; Lau et al. 2014; Akbari et al. 2016).
However, the slider-crank model is larger due to the space
for rods and supporting structures enabling reciprocation.
The slider–crank mechanism has intrinsic nonlinearity in the
inertia term, which leads to nonsinusoidal profiles of wing
stroke and torque on wing hinges. When used alongside lin-
ear springs, the nonlinearity makes it difficult to compensate
for inertia loads fully (Baek et al. 2009). For the direct drive
system, the wing beat can be assumed as a quasi-sinusoidal
motion when the input is sinusoidal, which is beneficial to
utilise elastic energy effectively (Campolo et al. 2012). In this
case, aerodynamic forces are the dominant source of nonlin-
earity in the system. When it comes to the losses, friction on
the slider and rotational hinges results in increased power
losses in the slider-crank system while there is no sliding part
in the direct drive and the losses can be limited to the electro-
mechanical losses of the gear-motor.

Motors experience rapidly changing loads in both flapping-
wing systems. The main difference between the two models
is that the rotor of the motor in the slider-crank model con-
tinuously rotates in one direction, while the one in the direct
drive model reciprocates. Springs in the slider-crank model
mitigate the oscillation of the wing inertial load so that the
motor can operate at a relatively stable load. Similarly, in the
direct drive model, tuned springs compensate for the effect
of the inertial moment of the rotor and the wing. Although
springs are advantageous to both systems, the resonance is
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Table 1. Simulation parameters for the DC motor.

Parameter Input value

Ra 9 �

La 29 mH

Kb 10 mNm/A

Jm 1.5 × 10 −7 kgm2

bm 3.6 × 10 −6 Ns/rad

utilised more effectively in the direct drive system. Thus, the
reciprocation can be generated with less input power in the
direct drive system as can be seen in the efficiency analysis
provided in Section 6.

3. Modelling
The mathematical models are provided here for the motor,

wings, slider-crank mechanism, and direct drive systems. A
geared DC motor is modelled using the characteristic equa-
tions of a DC motor. Quarter ellipse-shaped wings are intro-
duced, taking into account their mechanical properties and
passive rotation. The integrations of these two parts are per-
formed while taking into account the kinematic movement
of the mechanisms within each system.

3.1. Motor
The characteristic equations of a DC motor are (Craig 2006)

v = La
di
dt

+ Rai + eEMF(1)

Tm − TL = Jmθ̈m + bmθ̇m(2)

Tm = Kti(3)

eEMF = Kt θ̇m(4)

where v is the applied voltage, i is the armature current, Ra

is the armature coil resistance, La is the armature coil induc-
tance, eEMF is the back electromotive force, Tm is the motor
output torque, TL is the load torque, Jm is the motor inertia,
θ̇m is the motor shaft speed, Kt is the motor torque constant,
and bm is the mechanical loss coefficient of the motor.

A commercial DC motor (206-102 by Precision Microdrives
Ltd) was selected as the actuator in this study and its charac-
teristics are summarised in Table 1.

3.2. Wings
Using the blade element method, the resultant aerody-

namic lift, Lr, and drag, Dr, acting on a sectional area Ar at a
distance r from the wing hinge are defined as (Pornsin-Sirirak
et al. 2001)

Lr = 1
2

ρV 2
r ArCL(5)

Dr = 1
2

ρVr |Vr| ArCD(6)

Ar = c (r) dr(7)

where ρ is the air density, Vr is the relative air velocity, CL and
CD are the lift and drag coefficients, respectively, and c (r) is
the chord length at r.

It is assumed that the shape of the wing is a quarter ellipse
and the cross-sectional areas of the frames are constant to
make the calculation simple. The geometry of the wings and
the directions of the lift and drag on the flapping wing are
illustrated in Fig. 2. The wing is assumed to undergo passive
rotation, reducing the angle of attack to α from an angle of
90◦. This study is conducted on the premise that the systems
operate in a hover configuration, with gravity acting along
the y axis.

The lift and drag coefficients due to the translational mo-
tion are obtained by Dickinson et al. (1999) as functions of
the instantaneous angle of attack, α in radian

CL = 0.225 + 1.58 × sin (2.13α − 0.1257)(8)

CD = 1.92 − 1.55 × cos (2.04α − 0.1714)(9)

A flexible wing root chord facilitates passive rotation in ac-
cordance with the wing stroke motions. The angle of attack
can be assumed to be a function of the wing angular velocity,
β̇ (Park et al. 2022)

α = π

2
− Cα

∣∣β̇∣∣(10)

where Cα is an arbitrary coefficient that is empirically ob-
tained and is equivalent to 5 × 10 −3 (Park et al. 2022). In this
study, Cα is postulated to remain constant regardless of the
wing size and α is limited to a minimum of π /4. The limit
is considered to avoid very large deformation. Such a limit
can be achieved by an appropriate design of the wings and
increasing Cα, which is beyond the scope of this paper.

The distance of the wing aerodynamic centre from the
wing hinge can be calculated from

r̄ =
∫ Le+Lb/2

Lb
2

Drrdr
∫ Le+Lb/2

Lb
2

Drdr
(11)

The mass moment of inertia of the wing is

Jw = 1
3

AwbL3
bρwf + 1

3
Awf Leρwf

(
Le + Lb

2

)2

+1
3

Awf Lcρwf

(
Lb

2

)2

+ π

4
LcLwtmbρmb × −

r
2

(12)

where Awb is the cross-sectional area of the wing base, Awf

is the cross-sectional area of the wing frame (1 mm2), tmb

is the thickness of the membrane, ρwf is the mass density
of the wing frame (1900 kg/m3), ρmb is the mass density of
the membrane (1100 kg/m3), and the ratio of Le/Lc is defined
as the aspect ratio of the wing. The wing materials are as-
sumed to be the same as the wing introduced in Lau et al.
(2014). The frames are made of carbon fibre reinforced poly-
mer (CFRP) and the membranes are fabricated from poly-
imide film (Dupont Kapton HN). The wing base is made of
CFRP and its size is fixed to be 10 mm × 5 mm × 1 mm.
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Fig. 2. (a) The geometry and profile of the wing and (b) the cross-section of the wing showing the force components on a
flapping wing, where y is the rotational axis for the wing and lift is generated along the y axis.

Fig. 3. The free body diagram of the slider-crank mechanism
showing crank reaction force, F, and motor torque, Tm.

3.3. Slider-crank model
The free-body diagram of the slider-crank mechanism and

wing is depicted in Fig. 3.
By neglecting the inertial moment of the connecting rod

and the crankshaft, the equation of motion for the slider-
crank system can be obtained (Park et al. 2022)

Jwβ̈ + Cwβ̇
∣∣β̇∣∣ + KSCβ = FH (sin γ tan β + cos γ )(13)

where F is the crank reaction force, H is the horizontal dis-
tance between the wing hinge and the slider, β is the wing
stroke angle with the horizontal axis, γ is the angle between
the connecting rod and the vertical axis, KSC is stiffness of
spring on the wing hinge, and Cw is the aerodynamic damp-
ing coefficient obtained from the following equation:

Cw = CD (αe )
∫ r

0

1
2

ρr3Ardr(14)

The stiffness of the springs added to the hinges, Ksc, can be
obtained by choosing an arbitrary resonant frequency ωnw for
the wing–spring system,

KSC = Jwω2
nw(15)

The crank reaction force can be obtained using the motor
torque

Tm − Tf = Frc (sin θc sin γ + cos θc cos γ )(16)

where Tm is the motor output torque, Tf is the equivalent
torque due to friction losses in the system called friction
torque here, rc is the crank radius, θ c is the angle between
the crank arm and the horizontal axis, and γ is the angle
between the connecting rod, Lrod, and the vertical axis. To ob-
tain the friction torque, Tf, as a function of internal loads, the
Coulomb friction model is used (Park et al. 2022)

Tf = Fμre(17)

where μ is the friction coefficient and re is the effective ra-
dius. The product μre is estimated to be 2.5 × 10 −3 using ex-
perimental data in Lau et al. (2014).

3.4. Direct-drive model
The equation of motion can be represented as the second-

order differential equation by combining the mechanical
properties into the motor eqs. 1–4 (Campolo 2010; Campolo
et al. 2012; Azhar et al. 2013). The overall system can be de-
scribed as

Tm = (Jw + Jm) β̈ + bmβ̇ + Cwβ̇
∣∣β̇∣∣ + KDDβ(18)

The spring constant of the helical spring attached to the
wing and shaft is set equal to

KDD = (Jm + Jw) ω2
DD(19)

where ωDD is the intended wingbeat frequency of the direct-
drive system.

4. Power and efficiencies
The average electrical input power, Pe, and the motor out-

put power, Pm, can be obtained from the following equations:

Pe = 1
T

∫
T

vidt(20)

Pm = 1
T

∫
T
|Tmθ̇ |dt(21)
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where T is the period of the wing stroke in a steady
state.

The aerodynamic power from the slider-crank model and
the direct drive models are defined as

Pa = 1
T

∫
T

(−
D

−
r
)

β̇dt(22)

This study focuses on the performance of FWMAVs in hov-
ering, where lift is crucial for keeping vehicles airborne. Aver-
aging the aerodynamic forces in a cycle, the average lift gen-
erated significantly outweighs the average drag force, mak-
ing the latter negligible and noncontributory to the hover-
ing flight. Nevertheless, drag can be considered as the cost to
produce lift (Alexander 2015) and hence the efficiency of the
system, ηs, can be defined as

ηs = Pa

Pe
× 100(23)

5. Optimisations
The same DC motor as described in Section 3.1 is used here

to compare the performance of the two systems. To compare
the best possible performance of two flapping mechanisms
with the same motor, system parameters are optimised us-
ing numerical simulations. The mathematical models were
implemented in MATLAB and Simulink and were used to ob-
tain the response of the systems. The average powers and
forces are calculated using one cycle after the systems reach
the steady state condition.

A multi-parameter optimisation approach is employed
here using MATLAB’s “fmincon” function and the average lift
serves as the optimisation indicator. The optimisation aims
to find the combination of the design parameters that pro-
duces the maximum average lift at 3 and 5 V, which are the
rated voltage and the maximum voltage that the motor can
endure for a finite duration, respectively (Lau et al. 2014). For
the slider-crank system, the following parameters are con-
sidered design parameters: the length of the wing leading
edge, Le, stiffness of the spring, KSC, crank length, rc, con-
necting rod length, Lrod, and the length between the slider
and wing hinge, H. For the direct drive system, the length of
the wing leading edge, Le, stiffness of the spring, KDD, and
the frequency of the input voltage are considered as design
variables.

Equations 8 and 9 are obtained by mimicking Drosophila’s
wings (Dickinson et al. 1999). Earlier studies on Drosophila
have reported aspect ratios in the range of 2.91–3.14 (Ennos
1989; Zanker 1990). To employ the empirically determined
lift and drag coefficients, the aspect ratio is considered fixed
here and equal to 3. To determine the wing properties, the
length of the wing’s leading edge is set to be a design variable
of the wing, while other wing parameters are proportionally
changed by the length. The optimum variables for the slider-
crank model and direct drive model are given in Tables 2 and
3, respectively.

6. System comparisons
The comparative analysis focused on several key parame-

ters: average input power, average aerodynamic power, sys-

Table 2. Optimal system specifications for slider-crank (SC)
model.

Parameters SC model Units
−
v 3 5 V
−
fo 25.28 41.88 Hz

Le 52.34 54.01 mm

KSC 4.49 8.10 mNm/rad

rc 8.59 9.47 mm

Lrod 20.0 21.0 mm

H 10.24 11.73 mm

Note:
−
v is the voltage used to find optimum values and

−
f o is the optimal fre-

quency of the system.

Table 3. Optimal system specifications for direct drive (DD)
model.

Parameters DD model Units
−
v 3 5 V
−
fo 35.67 23.89 Hz

Le 60.49 68.46 mm

KDD 15.80 8.65 mNm/rad

Note:
−
v is the voltage used to find optimum values and

−
f o is the optimal fre-

quency of the system.

tem efficiency, and average lift. This analysis is conducted us-
ing the optimum design variables described in Tables 2 and
3. The performance of the direct drive model is estimated
from a single motor to achieve a fair comparison. To inves-
tigate the average lift and efficiency over a wider operating
frequency range, the graphs are plotted with various inputs.
For the slider-crank model, the input voltage varies from the
minimum voltage required to operate the system up to 3 and
5 V. The amplitude of the input voltage to the direct drive
model is fixed at 3 and 5 V, while its frequency varies from
15 to 45 Hz. The comparisons between two models are graph-
ically represented in Fig. 4 and its summary is described in
Table 4.

The maximum average lifts of the slider-crank system,
10.10 mN at 3 V and 27.11 mN at 5 V, are 17.95% at 3 V and
16.20% at 5 V lower than that of the direct drive system
(12.31 mN at 3 V, 35.67 Hz and 32.35 mN at 5 V, 23.89 Hz).
The maximum efficiency of the direct drive system is more
than twice as high as that of the slider–crank one. The max-
imum efficiency of the slider-crank model is about 14.17%
and 13.84% at 3 and 5 V, respectively while the maximum
efficiency of around 33.74% and 29.87% are achieved in the
direct drive system at 3 V, 35.67 Hz and at 5 V, 23.89 Hz, re-
spectively. When it comes to powers, the slider-crank sys-
tem exhibits about 24.42% lower aerodynamic power and
around 83.98% higher input power than the direct drive sys-
tem when operated at 3 V. At 5 V, the slider–crank model gen-
erates approximately 29.0% lower aerodynamic power from
about 50.0% higher input power compared to the direct drive
model.

Wing stroke angle is a distinguishing characteristic of the
two systems. The stroke angles observed in two systems with
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Fig. 4. (a) Average lift, (b) system efficiency, (c) average electrical input powers, and (d) average aerodynamic powers as a function
of frequency for the slider-crank drive and direct drive systems. DD: direct drive system, utilising data by considering a single
motor of the DD model; SC: slider-crank system; blue and red lines: slider-crank system optimised at 3 and 5 V; yellow and
green lines: direct drive system optimised at 3 and 5 V.

Table 4. Comparisons between slider-crank (SC) and direct drive (DD) models under different
optimised conditions, utilising data by considering a single motor of the DD model.

Parameters SC model DD model Units
−
v 3 5 3 5 V
−
fo 25.28 41.88 35.67 23.89 Hz

Operating range 3–5 VDC 4.5–5 VDC 3 V, 15–45 Hz 5 V, 15–45 Hz –

Max. average lift 10.10 27.11 12.31 32.35 mN

Max. ηs 13.84 14.17 33.74 29.87 %

Avg. Pe 0.471 1.316 0.256 0.877 W

Avg. Pa 0.065 0.186 0.086 0.262 W

Max. β at
−
fo 77.7 77.8 75.00 140.64 ◦

Note:
−
v is the voltage amplitude used to find optimum values and

−
f o is the optimal frequency of the system.

the optimum variables are compared in Fig. 5 and the maxi-
mum stroke angles are described in Table 4. The stroke angle
of the slider-crank model is determined by the geometry of
the slider-crank mechanism and is fixed while it varies by the
input voltage and the wing load in the direct drive model. In
the direct drive model, the stroke angle is maximised near
the resonant frequency of the spring whereas the springs
act as extra loads if the system runs below the resonant fre-
quency.

To sum up, the direct drive model exhibits enhanced per-
formance characteristics compared to the slider-crank model.
The direct drive model requires less input power to gener-
ate a greater amount of aerodynamic power and average lift,

thereby resulting in higher system efficiency. This superiority
in performance can be attributed to the absence of nonlinear-
ity in the flapping mechanism and lower energy loss due to
the absence of sliding components.

7. Conclusions
The performances of flapping-wing systems using motor

drive slider-crank and direct drive concepts are compared in
this study. Visible characteristics are summarised and math-
ematical models are provided. The wing shape is assumed to
be a quarter ellipse and its dimensions are optimised to form
a flapping-wing drone using the same commercially available
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Fig. 5. Wing stroke angle along the operating frequency at
the input voltage of 3 and 5 V. Blue solid and red dashed lines
are for the slider-crank (SC) system optimised at 3 and 5 V,
respectively; yellow and green solid lines are for the direct
drive (DD) system optimised at 3 and 5 V, respectively.

geared DC motor. The optimum sizes of the wings are deter-
mined for both cases to compare the two systems when they
are producing the maximum possible lift. The system com-
parisons are made in terms of the average input power, aero-
dynamic power, lift, and system efficiency.

The mechanical losses of the slider-crank mechanism are
modelled as the equivalent friction losses of the motor ro-
tational hinge, while the losses of the direct drive system
are modelled as the motor losses only. Although two mo-
tors are used in the direct drive flapping system, only one
of them is considered here to provide an assessment based
on a single motor for both cases. Thus, half of the power
and half of the lift of the direct drive system are compared
to the entire power and lift of the slider-crank mechanism.
At the motor’s rated voltage of 3 V, the slider-crank system
can generate about 17.95% lower average lift, produce ap-
proximately 24.42% lower aerodynamic power, and require
approximately 83.98% higher input power, leading to 19.57%
lower efficiency. At the motor’s maximum input voltage of
5 V, the slider–crank flyer can generate approximately 16.20%
lower average lift with 29.0% lower aerodynamic power. It
needs 50.0% larger input electrical power and has 16.03%
lower efficiency compared to the direct drive model. The
main benefits of the direct drive model result from the ef-
fective cancellation of the inertial loads, the reduced fric-
tional losses, and the controllability of the frequency of the
system. The model can achieve various outputs at the same
frequency. The disadvantage of the direct drive model is the
narrow driving frequency range. At different frequencies to
the natural frequency of the system, the performance of the
system is dramatically degraded.

Losses in the slider-crank mechanism are derived from a
prior study (Park et al. 2022) and are based on a single proto-
type. While the use of advanced materials and manufacturing
methods may lead to reduced losses in a slider-crank mecha-
nism, the presence of sliding motion will consistently result
in higher losses compared to the direct drive model. Further-
more, empirical data are employed for a specific wing shape

and motor. Given that the same wing shape is used for both
systems, it is improbable that altering the wing shape would
significantly impact the conclusions of this paper. However,
different values for lift and efficiency may be obtained by us-
ing different wing models and motors.
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