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Abstract
The paper aims to examine the effects of mechanical losses on the performance of a bioinspired
flapping-wing micro aerial vehicle (FWMAV) and ways to mitigate them by introducing a novel
electromechanical model. The mathematical model captures the effect of a DC gear motor,
slider-crank, flapping-wings aerodynamics, and frictional losses. The aerodynamic loads are
obtained using a quasi-steady flow model. The parameters of the flight mechanism are estimated
using published experimental data which are also used to validate the mathematical model.
Incorporating the flapping mechanism friction losses into the mathematical model enables
capturing the physics of the problem with higher accuracy, which is not possible with simpler
models. It also makes it possible to estimate the aerodynamic energetic requirements. Moreover,
the model enabled evaluations of the effects of adding bioinspired elastic elements on the efficiency
of the system. Although it is established through experimental studies that the addition of a
bioinspired elastic element can improve system efficiency and increase lift generation, the existing
mathematical models fail to model and predict such effects. It has been demonstrated that the
addition of an elastic element can reduce friction losses in the system by decreasing the internal
forces. Optimised parameters for a FWMAV incorporating elastic elements are also obtained.

1. Introduction

Flying insects and birds have inspired researchers
and engineers to develop flapping-wing aerial vehi-
cles [1–10]. A summary of such systems can be
found in [3, 11, 12]. High efficiency, reduced size,
flying at low speeds, rapid acceleration, and a high
level of manoeuvrability are mentioned as benefits of
adapting a flapping-wing system at mini and micro
scales [13–17]. At such scales, mathematical mod-
elling of the relevant aerodynamics and kinetics, and
accurate fabrications are challenging [18]. Neverthe-
less, an accurate mathematical model is essential to
develop and optimise a flapping-wing micro aerial
vehicle (FWMAV). In order to estimate and opti-
mise the energetic requirements of a FWMAV, the
mathematical model should account for losses as well
as aerodynamic, electric and dynamic loads in the
system. Accurate modelling of the former is more
difficult for a FWMAV with sliding parts such as

those that are using DC motors. This paper intro-
duces an electromechanical model for a DC motor
actuated FWMAV that accounts for different forms
of energy losses in the system and demonstrates how
the model can be used to predict the flight energetic
requirements more accurately.

Sepcu [19] derived a mathematical model of a
flapping mechanism that has two movable levers
driven by a rotary motor. The motor torque was
assumed constant in their study. Campolo et al
[20] designed a flapping system using two DC
motors which are controlled to generate reciprocation
directly. A mathematical model was developed con-
sidering both electrical and mechanical losses in the
DC motor, rotor inertia, and aerodynamic load as a
quadratic damper. Lau et al [14] adopt a slider-crank
mechanism with a DC motor to make a FWMAV. A
rigid body model and a compliant mechanism are
designed, and their mathematical models for static
analysis are introduced in [14]. They compared the
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theoretical values to the experiment results in terms of
the input and output power of the motor and the gen-
erated thrust. However, a static analysis model does
not suit to estimate the dynamics response of the sys-
tem. Baek et al [21] derived non-dimensional kine-
matic equations for a FWMAV that operates with a
slider-crank mechanism and a DC motor. The model
includes the electromechanical characteristics of the
motor, kinematics of slider-crank and aerodynamic
load as a quadratic damper. However, the mathemat-
ical model was not used to predict the experimental
results but used to understand how parameters affect
the motor speed, and the input and output power of
the DC motor. Khan et al [22] derived equations of
motion for a flight mechanism with four-bar linkages
driven by a crank. The model captured the effect of
wings’ stiffness, and inertia and aerodynamic loads
were modelled using the blade element theory. The
effect of wing stiffness and inertia on the averaged
flapping frequency, lift and aerodynamic power were
investigated.

Mechanical losses should be considered in the
mathematical model to achieve an accurate predic-
tion of the system performance. Yang et al [10] and
Jeon et al [23] state that friction losses can be the
dominant factor in estimating the performance of a
flapping mechanism. It is also shown that friction
losses account for a substantial portion of input power
which may be proportional to the power required to
overcome inertia loads in a small flapping mechanism
[14, 22]. Nevertheless, in most previous studies fric-
tion losses are not considered in modelling FWMAVs.
An increased aerodynamic load is considered in some
models to compensate for the energy losses in the sys-
tem [20–22]. A viscous damper is used in [24, 25] to
model friction losses. In [14, 19], losses are modelled
as quadratic damping. Although these models may
simulate the energy loss in the system, they may not
be suitable for optimisation due to the dependency
of the friction losses to the contact force and rela-
tive displacement of two surfaces. This may also lead
to erroneous results in the estimation of flight ener-
getic requirements. In this paper, the electromechan-
ical model of the FWMAV powered by a rotary motor
is presented which also models friction losses. The
model is used to demonstrate how the system ener-
getic requirements can be improved by the addition
of a potential energy storage element.

In every flapping stroke, wings accelerate at the
beginning of the stroke and deaccelerate at the end
of it. The inertia forces are of conservative types and
there is no net energy transfer to overcome inertia
loads in a cycle. The power associated with inertia
loads in a flapping-wing mechanism is of a reactive
type. However, the increased losses in the system due
to increased internal loads and also the lack of a power
conversion mechanism in the system may cause an
increase in flight energetic requirements [26]. Insects
can overcome this problem by storing elastic energy in

the flight muscles [27], thorax, and wing hinges [15]
and forming a resonance system that cancels out iner-
tia forces in a cycle. In a FWMAV with a rotary motor,
the high rotational inertia of the rotor can provide
a means to store energy in accelerating and deaccel-
erating of the wings. However, the increased internal
forces due to the inertia loads would increase mechan-
ical losses. Similar to insects, elastic storage energy can
be used to minimize the reactive power and reduce the
losses in a FWMAV.

Adding springs is one of the simplest and the most
common ways to utilise elastic energy storage and
to reduce the reactive power in the flapping mech-
anism. Khan et al [22] experimentally showed that
adding springs into the wing hinges can increase the
aerodynamic power in a crank-rocker flapping mech-
anism at a certain range of frequency. Madangopal
et al [28] showed it by simulations that incorpo-
rating springs into the design with a crank-rocker
mechanism reduces the motor torque variation up
to 56.32% and the maximum torque by 12%. Tan-
tanawat and Kota [29] showed via numerical studies
that the peak input power can be reduced by 42% by
adding a spring in a four-bar flapping mechanism.
They attributed that the energy stored in the spring
helps the subsequent wing acceleration and deceler-
ation. This results in the reduction of torque varia-
tion and peak input power requirements. However,
Baek et al [21] experimentally showed that adding
spring is not always beneficial. Adding linear springs
to the slider where wings are connected only saved
power above the resonant frequency and they work
as an extra payload below the resonant frequency.
Thus, it is also important to select optimized springs
to maximise energy efficiency.

In this paper, an electromechanical model for a
FWMAV comprised of a DC gear motor, slider-crank
and wings is developed. Friction losses are modelled
using Coulomb’s law which is used to demonstrate
how the addition of a spring can reduce losses in the
system. The model is presented in section 2. A curve
fitting approach is used to obtain the parameters of
the model based on published measurements in [14]
in section 3. The model also made it possible to obtain
a more accurate estimate of the aerodynamic power
in the reported experimental work. In section 4, it is
shown how the addition of spring to cancel inertial
loads at resonance can result in an increased efficiency
due to a decrease in internal loads and losses associ-
ated with them. In section 5, the results of trend analy-
sis are presented and the operating range for the flight
mechanism is suggested.

2. Modelling

A slider-crank mechanism can be used to convert
the rotary motion of a DC gear motor to a flapping
motion. A schematic diagram of such a mechanism
is shown in figure 1(a) and can be used to model the
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Figure 1. (a) A schematic view of a FWMAV, (b) free body diagram of the wing and the crank and connecting rod,
demonstrating the dimensions and the slider path of motion. Reproduced from [30]. Permission granted by authors.

experimental flapping mechanism that is reported in
[14]. The free body diagram of the slider-crank mech-
anism is shown in figure 1(b) where internal forces
are shown alongside geometrical parameters. The lift
is perpendicular to the leading edge of the wing, and
the drag is perpendicular to the wing surface.

By neglecting masses of the connecting rod and
the crank, the equation of motion for the wing can
be obtained,

Jwβ̈ + Dr = FH (sin γ tan β + cos γ) , (1)

where Jw is the moment of inertia of the wings about
the wing hinge, D is the drag, r is the distance between
the aerodynamic centre and the wing hinge, F is the
crank reaction force, H is the horizontal distance
between the wing hinge and the slider, β is the wing
angle with the horizontal axis, γ is the angle between
the connecting rod and the vertical axis. In the above
equation, the forces on both wings are considered
together. The counter-clockwise rotation is consid-
ered positive here.

For modelling aerodynamic load on the wings,
blade element theory is used. The quasi-steady
approximation allows the estimation of resultant
aerodynamic lift, Lr and drag, Dr acting on a sectional
area Ar at a distance r from the wing hinge [15],

Lr =
1

2
ρV2

r ArCL (2)

Dr =
1

2
ρVr |Vr|ArCD (3)

Ar = c(r)dr, (4)

where ρ is the air density of 1.225 kg m−3, Vr

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

The motor torque can be obtained as a function of
internal force F,

Tm = Frc (sin θ sin γ + cos θ cos γ) + Tf, (5)

where Tm is the motor output torque, Tf is the equiv-
alent torque due to friction losses in the system called
friction torque here, rc is the crank radius, θ is the
angle between the crank arm and horizontal axis. The
friction forces in the system are a function of the con-
tact forces of two sliding surfaces. The Coulomb fric-
tion model can be used to obtain the friction torque
Tf as a function of internal loads,

Tf = Fμre, (6)

where μ is the friction coefficient and re is the effective
radius. This is used as an overall estimate of friction
losses in the sliding parts of the system. The product
μre can be estimated from experimental data as shown
in section 3. Equation (6) enables modelling of the
effect of internal loads on losses of the system.

Geared coreless DC motors are small enough to be
used for FWMAVs and they are commercially avail-
able. The equivalent circuit of a geared coreless DC
motor is shown in figure 2.

The characteristic equations of the geared DC
motor are,

v = La
di

dt
+ Rai + eEMF (7)

T2 − Tm =
(
JG + n2Jm

)
θ̈2 +

(
bG + n2bm

)
θ̇2 (8)

T1 = Kbi (9)

T1θ̇1 = T2θ̇2 (10)

eEMF = Kbθ̇1, (11)

where v is the applied voltage, i is the armature cur-
rent, Ra is the armature coil resistance, La is the arma-
ture coil inductance, eEMF is the back electromotive
force, T1 is the coil torque, T2 is the coil torque after
applying the gear ratio, Jm is the motor inertia, JG is
the gear inertia, θ̇1 is the motor shaft speed, θ̇2 is the
gear speed, Kb is the motor torque constant, bm is the

3
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Figure 2. The equivalent circuit of a geared DC motor. Reproduced from [30]. Permission granted by authors.

Table 1. Parameters used for modelling the geared DC motor.

Parameter Input value

Ra 9Ω
La 29 × 10−3 H
Kb 0.01 Nm A−1

JG + n2Jm 1.5 × 10−7 kg m2

bG + n2bm 3.6 × 10−6 Nm s rad−1

mechanical loss coefficient of the motor, n is the gear
ratio, and bG is the gear loss coefficient.

3. Parameter estimation and verification

To estimate the parameters used in the simulation, the
measurements reported in [14] are used. A commer-
cial geared coreless DC motor (Precision Microdrive
206-102) is used in the FWMAV of [14]. Apart from
the inertia and mechanical loss coefficient, motor
parameters are provided by the manufacturer [31].
An initial estimate for motor inertia is obtained by
assuming a steel cylinder for the rotor. For the loss
coefficient, an initial estimate of 29.6 × 10−9 Nm s
rad−1 is used [20]. The performance curves provided
by the motor manufacturer are used through an iter-
ative process to estimate the inertia and loss coef-
ficient of the gear motor. The motor resistance is
also adjusted to replicate the performance curves. The
parameters of the geared DC motor that are used in
this research are given in table 1.

The wings have a semi-elliptical shape [14]. The
shape and the geometric parameters of the wing are
shown in figure 3. The lift and drag coefficients can
be obtained as functions of the instantaneous angle
of attack [32],

CL = 0.225 + 1.58 × sin (2.13 × α− 7.2◦) (12)

CD = 1.92 − 1.55 × cos(2.04 × α− 9.82◦), (13)

where α is the angle of attack in degree.
In order to allow passive rotation of wings about

the leading edge, the frame at the root chord of the
wing is flexible while leading-edge frames are almost

Figure 3. A schematic view of the wing.

rigid. The pitch angle of the wing depends on the wing
velocity. However, no information about the instan-
taneous angle of attack was provided in [14]. The
angle of attack is assumed to be a function of the wing
angular velocity here,

α = 90 − Cα

(∣∣∣ .β
∣∣∣× 360

2π

)
, (14)

where Cα is an arbitrary coefficient that is obtained
empirically using reported measurements in [14].

The electrical input power and an estimate of
motor output power for three different conditions
(flapping in the air, in a vacuum and wingless con-
ditions) are reported in [14]. The average electri-
cal input power can be obtained from the following
equation,

Pe =
1

T

∫
T

vi dt, (15)

where Pe is the average electrical input power and T
is the period of a flapping cycle. Similarly, the aver-
age mechanical output power of the motor can be
obtained,

Pm =
1

T

∫
T

Tmθ̇dt, (16)

where Pm is the average motor output power.
In [14], a different estimate of motor output

power is used which is defined as,

Pm,ref = 2πf Kb,refI, (17)

where Pm,ref is assumed the average estimate of motor
output power, f is the motor output frequency in Hz
which is equal to the wingbeat frequency, I is average
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current, and the torque constant, Kb·ref , assumed to
be 7.664 × 10−3 Nm A−1. To prevent confusion with
Pm, it will be referred to as estimated motor output
power in this paper. The average frictional losses of
the flapping mechanism can be obtained by,

Pfriction =
1

T

∫
T

Fμreθ̇dt. (18)

The averaged aerodynamic power can be deter-
mined by,

Paero =
1

T

∫
T
β̇Drdt. (19)

The experiments in three conditions of wingless,
in a vacuum and in the air allowed attributing power
to aerodynamic power, inertial power and power loss
[14]. The estimated motor output power of the wing-
less system is attributed to the losses of the system.
The difference between the estimated motor output
power of the wingless case and those in a vacuum
is attributed to the system’s inertia in [14]. How-
ever, it should be noted that although the increase
in the estimated motor output power for the case
tested in a vacuum compared to the wingless case is
due to adding wings inertia, the average estimated
motor output power that is used to overcome iner-
tia loads is zero. The inertia forces are conservative
forces and their inclusion would not increase averaged
power (active power) but the instantaneous power
(active and reactive power). However, the increase
in averaged mechanical power of the system can be
attributed to the increased losses in the system due to
increased internal loads. This difference is used here
to estimate the effective friction coefficient μre. Sim-
ilarly, the increase in estimated motor output power
when tested in the air compared to the test in a vac-
uum is due to aerodynamic power requirements and
increased losses due to further increase in internal
forces.

The response of the system is obtained numeri-
cally using a model based on equations (1)–(14) in
MATLAB Simulink. Equations (15), (17) and (18)
are used in an iterative way to estimate the unknown
parameters of the system. An initial guess for μre was
chosen by assuming a half of the motor output power
was used to overcome frictional losses when operating
in the air for a rated voltage of 3 V. The initial guess
for Cα was chosen by assuming the maximum angle
of attack, α of 45◦ when the instantaneous lift was
the maximum. Thereafter, they are adjusted through
an iterative process to fit the estimated motor output
curve in figure 5. The parameters used for the system
are given in table 2. The comparison between simu-
lations and measurements for electrical input power
and estimated motor output power in three different
conditions are shown in figures 4 and 5, respectively.
Lift comparison is also provided in figure 6. It can be
observed that the model can capture the dynamics of
the system with high accuracy.

Table 2. Parameters used for modelling the flight mechanism
and wings.

Parameter Input value

rc 5 mm
l 20 mm

H 6 mm
Jw 7.205 × 10−8 kg m2 [14]
Cα 5 × 10−3

μre 2.5 × 10−3 m

Figure 4. The average electrical input power, Pe, as a
function of flapping frequency.

Figure 5. Comparison between measurements and
simulation results for the estimated motor output power
(equation (17)) required to drive the mechanism under
different operating conditions as a function of flapping
frequency. Measurements: markers, simulation: lines.

The model allows comparison between the power
used to overcome aerodynamic loads and losses in
the system. The electrical input power (equation (15))
and the motor output power (equation (16)) for the
FWMAV driven in the air, in a vacuum and wing-
less condition as a function of frequency are shown in
figure 7. The power loss of the system can be deduced
from the difference between the input power and the
aerodynamic power for the FWMAV operating in the
air,

Ploss = Pe − Paero, (20)

where Ploss is the total losses of the system.
The total loss of the system, Ploss is shown in

figure 7(a) with the dashed line. The majority of the
electrical input power is used to overcome system

5



Bioinspir. Biomim. 17 (2022) 036011 M Park et al

Figure 6. The lift as a function of the flapping frequency.

Figure 7. The total system losses and the transmission loss
are compared with electrical input power and the motor
out power as a function of frequency for three conditions of
operating in the air, in a vacuum, and wingless. (a) The
averaged electrical input power, Pe. (b) The averaged motor
output power, Pm.

losses. This is due to the low efficiency of the DC
motor at such a small scale and also high frictional
losses in the flapping mechanism. For the wingless
case and in a vacuum, the average electrical input
power has been used solely to overcome system losses.
For the system without wings, the crank reaction force
is the minimum which results in the lowest level of
losses in the system. By adding the wings and operat-
ing in a vacuum, the system losses are increased com-
pared to the wingless case. This is due to the increased
contact force F which increases the frictional losses of
the system as well as increased motor losses due to the
increased load. When the FWMAV is operating in the
air, the aerodynamic loads would increase the crank
reaction force F further which results in the increase of
the friction losses shown in figure 7(b). The increased

Figure 8. A schematic view of the flying mechanism with
the addition of torsional springs.

load also increased the motor losses which again can
be seen as an increased total loss in figure 7(a).

The frictional loss Pfriction of the transmission is
shown in figure 7(b) alongside motor output torque
for the FWMAV operating in the air and in a vacuum.
The difference between the motor output torque and
the frictional losses are equivalent to the aerodynamic
power. It can be seen that the inclusion of the aero-
dynamic power would result in an additional ener-
getic requirement caused by increased losses on the
mechanism. To have a flying machine at a small scale
the losses of the system should be reduced which
requires decreasing contact forces on hinges. This can
be achieved by adding an elastic element to the system
and forming a resonant oscillator which is examined
in the next section.

4. The effect of the addition of torsion
spring

Adding springs at the wing hinges can help a FWMAV
to improve its efficiency by utilizing potential energy
[5, 28, 29]. A schematic diagram of the flapping-wing
mechanism with springs is shown in figure 8.

The equation of motion of the flapping system can
be modified to include the effect of the springs,

Jwβ̈ + Dr + kβ = FH (sin γ tan β + cos γ) , (21)

where k is the rotational stiffness of the springs.
Assuming a linear oscillator, the stiffness of the

springs may be set to have resonance at the flapping
frequency,

k = Jw

(
2πfs

)2
, (22)

where fs is the flapping frequency obtained using the
mean velocity of the gear. A stiffness, k, of 1.377 ×
10−3 N m−1 would result in a natural frequency of
22 Hz in the model used here. This is the average
angular velocity of the motor at the rated voltage of
3 V. The effects of incorporating springs on the elec-
trical input power and motor output power are shown
in figure 9.

Generally, adding springs allows the system to
operate in the same mean frequency with lower input

6
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Figure 9. The effect of the addition of torsional springs on
the averaged electrical input power requirement and the
motor output power.

power. However, the addition of the spring would
increase the required power at low frequencies below
17 Hz.

Power that is transmitted to the load in part of a
cycle and is retrieved from the load in another part
of the cycle in a way that the net transferred power
on average between the source and the load is zero
is called reactive power. In an oscillatory mechanical
system, reactive power would accelerate masses and
deform elastic elements of the system [33]. The iner-
tia and elastic forces can be used to obtain the average
of absolute reactive power,

Pre =
1

T

∫
T

∣∣∣(Jwβ̈ + Kwβ
)
β̇
∣∣∣ dt, (23)

where Pre is the estimate of reactive power.
At low frequencies inertia loads are too small to

cancel the spring forces and the motor should com-
pensate those forces which cause an increase in reac-
tive power of the system as shown in figure 10. At
about 22 Hz the reactive power reaches its lowest
value, but it would not become zero as one would
expect from a linear oscillator which is due to the
nonlinearities in the system. The total power loss in
the system is shown in figure 11 for two cases of the
system without spring and with spring which shows
how adding spring can reduce the system losses by
reducing internal forces in the system at higher
frequencies. At frequencies higher than the tuning
frequencies, spring still would cancel inertia load
partially and would reduce the energetic require-
ments. It can be shown through figures 9–11 that
the mathematical model considering friction forces is
able to capture the effect of incorporating springs in
the model. Not only the change of the absolute reac-
tive power on the system but also the reduction of
input power and losses on the system are observed
which cannot be explained by a model treating losses
as a viscous damper or a quadratic damper.

To scrutinise the efficiency of the system, the mea-
sure for efficiencies of the system, ηsystem, motor,

Figure 10. The mean absolute reactive power, Pre of the
system with and without springs.

Figure 11. The average estimate of power losses on the
transmission with and without springs.

ηmotor, and mechanism, ηmech, are introduced,

ηsystem =
Paero

Pe
(24)

ηmotor =
Pm

Pe
(25)

ηmech =
Paero

Pm
. (26)

Incorporating springs increases both efficiencies
of motor and mechanism in general as shown in
figure 12. Springs reduce the reactive power of the sys-
tem by saving and releasing potential energy in each
stroke. Since the spring stiffness is set to have res-
onance at 22 Hz, the mechanism efficiency is max-
imised at 22 Hz. Similarly, the maximum efficiency of
the system is observed at approximately 21 Hz which
is between the frequencies of the maximum efficiency
of motor and mechanism. Such a small DC motor has
very low efficiency due to its coreless structure with
high electromagnetic losses. Furthermore, the friction
losses in the motor bearings can be relatively high at
small scales. Although the flapping mechanism has a
varying load, the DC motor achieves 30% efficiency
reported by the manufacturer at the rated voltage and
under constant load. There is a slight improvement in
motor efficiency when it is used in the FWMAV with
added springs.

The addition of the springs also helps the system
to generate more lift at the same averaged frequency

7
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Figure 12. (a) The efficiency of the system with and
without springs and (b) the efficiency of the motor and
flight mechanism with and without springs.

Figure 13. The effect of the addition of torsional springs
on the generated lift.

as shown in figure 13. Despite the same mean fre-
quency, the addition of springs causes a reduction in
the fluctuation of the motor speed and an increase
in the maximum amplitude of wing stroke velocity.
The increased wing stroke velocity results in a higher
lift. The increase of wing stroke velocity also increases
wing rotation, resulting in a larger lift. Thus, the aver-
age lift would be higher while the friction losses are
lower at the same mean frequency compared to the
original system without springs.

The instantaneous flapping velocity at approxi-
mately 22 Hz is shown in figure 14 for the system with
and without spring. The maximum velocity is 14.2%
higher for the system with spring. The instantaneous
lift is shown in figure 15 at the same frequency.
The maximum instantaneous lift increases by about
39.9% (from 18.3 to 26.0 mN). The instantaneous
crank reaction force at 22 Hz is shown in figure 16. Its
maximum decreases approximately by 27.1% (from

Figure 14. The instantaneous flapping velocity with and
without spring at 22 Hz, DOWN and UP indicate the
direction of the slider.

Figure 15. Instantaneous lift with and without spring at
22 Hz.

Figure 16. The instantaneous crank reaction force with
and without spring at 22 Hz.

0.432 to 0.315 N) by incorporating springs. At this fre-
quency, the average lift and efficiency increase approx-
imately 15.4% and 4.7%, respectively.

Furthermore, at frequencies above 17 Hz, the ben-
efit of adding spring is even more when lift and
losses are compared for the same applied voltage. The
instantaneous lift is compared for the two systems at
the rated voltage of 3 V in figure 17. The flapping fre-
quency is about 21.7 Hz for the system without spring
and approximately 23.3 Hz for the system with spring.
The instantaneous wing angular velocity and crank
reaction force is shown in figures 18 and 19. Springs
allow the system to achieve 33.3% higher mean lift
by increasing the maximum wing angular velocity of
19.7% at this voltage. The average force is also reduced
on the hinge by 33% at the rated voltage.

8
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Figure 17. The instantaneous lift for a cycle with and
without spring at 3 V.

Figure 18. The instantaneous flapping velocity for a cycle
with and without spring at 3 V.

Figure 19. The instantaneous crank reaction force for a
cycle with and without spring at 3 V.

5. Optimisation

The generated lift and the system efficiency should
increase for a flying machine simultaneously. To opti-
mise the system, trend analysis was conducted at the
rated input voltage of 3 V. The length of the crank and
connecting rod are varied while the wings and motor
remain the same. With the fixed connecting rod of
20 mm, the lift and efficiency are maximised with the
crank length of 9 mm as shown in figure 20. The addi-
tion of springs increases the lift and the system effi-
ciency, and an increase in the crank length similarly
affects the system with springs. In choosing the appro-
priate length, it is important to note that a longer rod

Figure 20. The lift and the efficiency of the system as a
function of the crank length with and without springs.

Figure 21. The lift and the efficiency of the system as a
function of the length of the connecting rod with and
without springs.

Figure 22. The generated lift as a function of the length of
the crank with and without torsional springs and at higher
input voltage of 5 V. The dashed orange line indicates the
weight of the system.

would increase the overall mass of the system which
is undesirable. A longer connecting rod tend to allow
larger lift and higher efficiency with the fixed crank
length of 5 mm for both the system with springs and
without springs, which is shown in figure 21. How-
ever, the increases of both lift and efficiency by the
increase of the connecting rod are moderate for a
connecting rod with a length larger than 20 mm.

The mass of the flapping system is reported to
be 3.34 g [14], thus, the lift should be larger than
32.8 mN to allow hovering. However, even the max-
imum lift with an input voltage 3 V does not satisfy

9
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this requirement. Once parameters are determined,
the input voltage is the sole control variable that deter-
mines the operating frequency of the system. The
maximum available input voltage is assumed to be
5 V in this research while the rated voltage of the
motor is 3 V. Even though higher voltage generates
higher lift, the system cannot obtain enough lift with-
out springs as shown in figure 22. The lift can increase
up to 35.6 mN by adjusting the length of the crank and
adding torsional springs.

6. Conclusion

This paper provides a mathematical model of a
FWMAV including the electromechanical model of
a commercial DC gear motor and the mechanical
model of a flapping mechanism. The parameters of
the system are estimated based on the published data
and the simulation results show that the model can
capture the real response of the system with a good
accuracy. In a reciprocating system, reactive power is
inevitable because of the inertial loads. Although the
kinetic energy storage capacity of the motor would
provide a means to compensate for the reactive power
requirements, the increased internal loads cause an
increase in power losses. Modelling friction forces
allows the prediction of the system losses and power
requirements for different operational conditions.

The model also makes it possible to investigate the
effect of adding springs on power requirements and
lift generation. Adding springs at wing hinges reduces
the effect of wing moment of inertia by saving and
releasing potential energy in each cycle. Consequently,
the average electrical input power reduced approxi-
mately by 18% at 22 Hz whilst the average lift and the
system efficiency increase by about 15.4% and 4.7% at
22 Hz, respectively while the maximum instantaneous
lift increases by about 39.9%. It shows that springs
help the system to be more efficient and to generate
larger lift with the same input power. Lastly, through
the trend analysis, an optimised crank and connect-
ing rod lengths are suggested to 9 mm and 20 mm,
respectively. The optimum operating ranges are also
suggested by estimating the lift and the efficiency of
the system. With the parameters introduced in this
paper, the system can have the best efficiency at the
range from 10 Hz to 17 Hz without spring and from
18 Hz to 25 Hz with spring. However, only the model
with springs and a 9 mm crank length can generate
enough lift at an input voltage of 5 V to support its
weight.

The analysis demonstrates the effect of the low
efficiency of a DC motor at such a small scale
on the system performance. Furthermore, the flap-
ping mechanism would have relatively high fric-
tional losses. However, DC motors are one of the
most common type of actuators and the efficien-
cies of the motors and the flapping mechanisms can
be improved by employing advanced manufacturing

techniques in a commercial setting. The performance
of the FMWAV should be compared with a similar
system using direct drive actuators in future studies.

Data availability statement

All data that support the findings of this study
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