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ABSTRACT

This paper introduces a novel apping
wing micro aerial vehicle (FWMAV) design
that integrates a bio-inspired abdomen
mechanism to enhance ight stability

apping-wing ight can be actively controlled through
rapid reactions or passively stabilised with high body
drag[5]. Computational studies highlight the complexity
of nonlinear interactions affecting stability[6]. The
integration of aerodynamics, sensing, and control in
insect-scale apping-wing ight is crucial for achieving
stability[7]. Research on the longitudinal dynamic ight
stability of insects such as hoveries and crane ies

and maneuverability. By mimicking
the abdominal mechanism observed in
insects like hawkmoths, our design aims
to leverage the abdomen's ability to act
as an aerodynamic rudder, shifting the
center of mass and redirecting lift forces
to achieve instant control responses.
The proposed model combines an upper
X-wing con guration with a servo-actuated
abdomen housing the majority of the
vehicle's electronics.  This paper will
present the equation of motions derived
from the Euler-Lagrange Equation and the
abdomen's stability properties, followed
by experimentally measured data from a
computer vision velocity tracking setup
and a simulation model to act as a proof
of concept and explore the response of the
model realistically. This novel design has
the potential to signi cantly improve the
performance of FWMAVs in dynamic and
unpredictable environments.

emphasise the critical role of parts other than the
control surfaces|[8], particularly the abdomen, in passive
stabilisation[9], especially in gusty conditions[10],
and hidden stabilisation mechanisms like vibrational
control are essential for this process[11]. Traditional
approaches often rely on wing stroke plane modulation
or the integration of xed control surfaces to achieve
the desired stability. For instance, Nguyen and Chan
(2018) developed a tailless FWMAV that utilised wing
stroke plane modulation to control ight dynamics,
demonstrating effectiveness but at the cost of increased
drag each time the status of the wing changes[4].
Similarly, Karasek et al. (2018) explored the use of
torque coupling in rapid banked turns, relying heavily
on xed aerodynamic surfaces, which also introduced
additional drag and reduced overall ef ciency each time
the control is activated[3]. De Wagter et al. (2014)
emphasized that conventional control surfaces, though
functional, can be a limiting factor in achieving optimal
ight ef ciency in small-scale aerial vehicles[2].

The abdomen of some insects, however, can be
one of the pivotal roles not only in maintaining ight
stability, especially under gusty conditions but also in
Bio-inspired apping wing micro air vehicle maneuverability by acting as an aerodynamic rudder
(FWMAV) has slowly gained research interest in the that shifts the centre of mass and redirects lift forces[9].
MAV community and a few general congurations Recent studies have shown that the hawkmoth (Manduca
of FWMAV prototypes have emerged such as thesexta) uses its abdomen to achieve pitch stability through
two-wing hummingbird-like con guration[1], X-Wing  ne-tuned adjustments that are synchronized with wing
conguration[2] and tailless con guration[3][4]. beats[10]. The abdominal control mechanisms in
However, there still exists a major trade-off betweenmoths are crucial for maintaining stable hovering ight,
general stability and maneuverability. Recent studiegnd operating near the edge of stability for quick
of passive stability and efcient control mechanisms transitions[10]. Incorporating these insights into the

for insect ight might have shined some new light design of apping wing MAVs can signi cantly enhance
on the issue. The inherently unstable nature oftheijr stability and gust resistance.

1 INTRODUCTION

1All authors contributed to this work equally and are ranked based

on alphabetical order This research proposes and demonstrates the
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effectiveness of the novel abdomen control both inelectronics, serves to lower the overall center of gravity.
ight stability as well as manoeuvrability achieved

through centre of mass shifting but also opens new

avenues to explore for bio-inspired control algorithms, = pien joint RallServo

such as the vibrational control particularly leveraging \

the active role of the abdomen in enhancing stability. .
The paper is broken down into three main parts: the
rst part introduces the mechanical design and actuation
of the abdomen; second part introduces the equation
of motions of the FWMAV. Finally, the experimental
and simulation setup is introduced, where explains our
planned experiments and data acquisition.

Pitch Servo

Figure 1: The Abdomen
2 THE DESIGN CONCEPT

The prototype features an upper body of an X-wing  Lowering the center of gravity confers several
con guration with an abdomen lower body, which hosts advantages to the apping-wing drone. It enhances
the electronics that accounts for 65% of the bodyweightthe MAV's overall stability, particularly by reducing
The wing and apping mechanism follows the same its propensity for tipping or oscillation during ight,
principles as many established works [2][12] and theespecially in turbulent conditions.  Moreover, the
aerodynamic performance is well documented [13].Thelower center of gravity improves control responsiveness,
FWMAV weighs 40 grams with a wingspan of 33 cm enabling more precise maneuvering and reducing the
and a body length of 30 cm, dimensions carefully chosenikelihood of chaotic or unpredictable movements. This
to balance aerodynamic performance and structuradtabilization is particularly bene cial during hovering
integrity. The wing apping mechanism is capable and low-speed ight, contributing to the MAV's overall

of achieving a ap angle of 105 degrees, enablingperformance ef ciency and stability.
signi cant lift and thrust generation. The loaded

frequency was optimised to 13 Hz to accommodate the 3 FLIGHT DYNAMICS

aerodynamic forces experienced during ight. To demonstrate the effectiveness of the adjustable
abdomen control system, it is essential to analyse the
The abdomen part of the model can have potentiaiynamic response to abdomen movement. Due to the
advantages over the conventional apping wing droneshighly nonlinear nature of the dynamics of FWMAYV, the
by dynamically adjusting the position of centre of following assumption are made to simplify the model

gravity (CG), providing an additional degree of freedom and only retain the most essential and relevant dynamics:
in the control design. The servo control would also allow

for the ability to ne-tune the CG for better control. « Longitudinal and lateral dynamics are decoupled
This is particularly bene cial for apping wing drones, and in our model, only the longitudinal dynamics
where quick manoeuvres are often necessary to maintain ~ are considered to capture the pitch performance
stability and avoid obstacles such as in urban areas enabled by the abdomen.

or forests where there is higher density of obstacles. . o N

Traditional xed-wing aircraft can introduce drag. The * The initial equilibrium condition of the FWMAV
adjustable abdomen removes the dependency on these IS Setto be hover.

surfaces, potentially leading to more efcient ight

dynamics with less drag. e The upper and lower body of the FWMAV are

modeled as two concentrated masses on massless
2.1 The Abdomen Mechanism rigid rods connected by an actuated joint.

Inspired by the anatomical structure of an insect's
abdomen, a mechanism was designed to translate thel Equation of Motion
rotary motion of two servo motors into the rotation The equation of motion is derived using the
of the MAV's abdomen about the pitch and roll axes, Lagrange-Euler approach. The dynamic is captured by
which are offset by 12.5 mm. This design effectively two pendulums namely, the upper body, and the abdomen
decouples the two axes, ensuring that motion in one axibody, both of which rotate about the abdomen joint, and
does not interfere with the other. The servos, whichthe overall system, featuring translational and rotational
are the heaviest individual components of the MAV, aredegree of freedom. The two masses and m, are
strategically positioned at the bottommost part of theattached to the ends of two rods of lengthsand |,
abdomen. This placement, along with any additionalmeaning upper body and abdomen respectively. The rods

2
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are assumed to be massless and rigid, and the systemasrodynamic center. Note that the pitch angle is assumed

subject to gravity. to be small and therefore small angle approximation
Consider rst a 2D problem in the longitudinal applies. This is a valid assumption because we are

direction for a generic FWMAV: the undulating of the mostly concerned with small perturbations around the

body is described by angular displacementsfor the  equilibrium point, in this case, hovering:

upper body and, for the abdomen. The aerodynamic

forces and moments acts on the quarter point of the V= magys + mogy, = mMigli COS 4 3)
thorax. Five degrees of freedom were identi ed and mo,g(l1 cos 1 + I cos »)
illustrated in Figure 2
. . . The Lagrangian. is:
 X: Horizontal position of the joint.
L=T V 4)

* z: Vertical position of the joint.

* ¢: Angular displacement of the thorax.

1 1
L = é(m1+ m2)|%_§+ Emglg_%

« o: Pitch angle of the body with respect to the +*malilz4 2cos(s 2)
vertical axis. +(my + my)gly cos 1 + mogls cos ,

* a: Angular displacement of the abdomen.

®)

The Euler-Lagrange equations give us the equations of

motion:
d @L @L
— — = 0,
Aerodynamic centre Upper body CG dt @-1 @1 (6)
d @L @L
- =  ="=0
da @, @>
For q:

(M1 + m2)I2% + malil*2cos(1  2)
Full ce .
ull system + m2|1|2_§5|n( 1 2) (7)

Abdomen CG +( mq + mz)g|1 sin 1=0

For »:

Figure 2: Free body diagram of the FWMAV in a generic m2|§-2 + Malylo®1 cos( 1 2)
condition 5 .
+malil 5sin( 1 2) (8)

3.1.1 Kinetic and Potential Energy *maglosin 2 =0

To start with, Euler-Lagrange equations for the systemg.1.2 Stability Derivatives and System Matrix

are derived from the Lagrangian=T V: )
For small perturbations around the downward

d @L @L equilibrium (1 = 0, , = 0), the linearised equations
- — — =0 Q) .
it @ @ are:

(mye+ my)ly *1+ maly *»

The kinetic energyl’ of the system is: 9)
+(myp+ mz)g 1=0
_1 2, 2 1 2, 52
T=omyi+z +om 242 @ malz *2+ maly *1+ mpg 2=0 (10)

The potential energy includes gravitational potential The linearised system can be written in state-space form
energy and additional potential energy related to theas:
pitch angle similar to a pendulum hanging from the X = AX (11)
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where the state vectaris: 3.1.3 Settling Time After a Disturbance
T i .
X= 1 2 4 o (12) The natural frequencies of the system are:
ro_ r__
o Iy = Ig; Iy= Ig (13)
The system matriA is: 1 2
2 3 . . . S
0 0 1 0 The system is critically damped if the damping is just
A= 0 0 0 1 suf cient to return the system to equilibrium without
W 0 0 e Ty oscillations. Adding critical damping to the velocity
0 9 (E8 0 terms:

I2

)

P p——
=2 (mi+ my)gl; c=2 mygl 14
The elements oA correspond to the stability derivatives ! (M1 2)gh ? 202 (14)

zZ, Z2,Z,Z, The aerodynamic forces were
neglected because this analysis is to simulate a hanginghe time constants for damping are:
situation of the model subject to disturbance.

1 1
~ - - . 15 2T T (15)
oY) To analyse stability, we need the characteristic equation ‘1 ‘2
i - t

— of the system. Assume solutions of the form = Ae

O, and , = Be'. Substitute these into the linearized The settling timeTseyeis approximately:

A equations to nd :

% Tsette=4 max 1; 2) (16)

25 malz 2 g
= = — =22 __ 2?28 A
. v— (my + my)ly l1 _
. For the prototype with; = 0:32m; 1, = 0:1m, m; =
= 2n - 12 g 0:013kg; m, = 0:007kg, andg = 9:81m/<:
B= =°A =B
2 ek " 981
[ P .

E This yields a system of linear equations that can be 1 0:32 S:54radls (A7)
. ° expressed as: 1

8 " # 1= —— 0:18s (18)
+= 2 4 Ig - nlzn!]z i 2 A 0 554
-~ wat M8 g T g Toetle  0:725 (19)

2 2

The determinant of this system must be zero forThis settling time gives an estimate of the short time
nontrivial solutions: it takes for the model to stabilise after a disturbance,
indicating its promising stability property.

2, 9 2, 9 mal, I 4_¢ 4 EXPERIMENTAL AND SIMULATION SETUP
1 2 (Mmy+ mp)ly Iz This section introduces the experimental setup that
tracks and measures the abdomen movement utilising
Simplifying gives: computer vision tracking techniques and high-speed
cameras. The experiment is designed to measure the
a, 2 9,9 972 -0 transient response of the MAV induced by instantaneous
PR I1l5 abdomen actuation in near hover conditions and
thus characterise the pitch angle control by abdomen
This is a quadratic equation irf: actuation.
S 4.1 Physical hardware setup
. 1 9.4 19,9 ° ¢ - -
= - 242 - 24 2 The dynamics of the MAV was captured using a
2 Il 2 Il l1l2 monocular, high-speed camera system as shown in

Figure 3. The hover condition of MAV was assumed to
Applying this onto the model gives* > Oand isreal, be equivalent to the MAV suspended with a long string,
indicating an exponential decay and a stable system. which provides a simulated aerodynamic force under

4
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small angle deviation from equilibrium. The string
was designed to be long to minimise damping effect.
A step control signal of 90 deg actuation was sent out
from an Arduino UNO microcontroller. To record the
MAV's dynamic behavior, a Phantom Miro high-speed
camera was positioned perpendicular to the plane of
pitch rotation, operating at a frame rate of 1000 frames
per second.

Figure 4: Composite frames taken from high speed footage

To mitigate potential inaccuracies due to video noise
and artifacts, the Savitzky-Golay Iter is applied as a
noise reduction technique. This Iter smooths the data
while preserving essential features such as peaks and
rotational transitions, thereby enhancing the reliability of
the calculated angular displacements. Collectively, these
computer vision techniques enable precise and reliable
characterization of the MAV's dynamic behavior under

Figure 3: Experimental Setup experimental conditions.

4.2 Computer vision powered velocity tracking system

A computer vision algorithm was deployed to

process the images and characterize the dynamics of the

MAV. The analysis begins by designating the rst frame 4.2.1 Simulation Setup

of each video sequence as the reference frame, against

which the angular displacement of the MAV's upper

body in all subsequent frames is calculated. This method

allows for accurate tracking of rotational dynamics overMeanwhile, a simulation of the MAV was conducted

time. Regions of Interest are employed to isolate theusing the Webots platform to complement the experiment

MAV's upper body within the video frames to optimize and compared with the experimental results. Instead

computational ef ciency. of using the previously derived simpli ed model, the
simulation was created with the in-built high delity

Feature tracking was achieved wusing thephysics engine in Webot, capturing the geometrical

MinEigenFeatures method, which detects stable andnd dynamical properties more accurately. The

distinctive points on the MAV's upper body by analyzing simulation environment was set up with all relevant

the minimum eigenvalue of gradient matrices within thephysical properties precisely de ned, including the

image. These features, identi ed in the reference frameMAV's weight, center of gravity, and detailed

are consistently tracked across subsequent framephysical geometries. These parameters ensure that

enabling precise measurement of the MAV's angularthe virtual model closely mirrors the MAV, providing

displacement. a reliable foundation for dynamic analysis and will be
subsequently used for research in the control algorithm.
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the whole body resulted in a higher pitch angle. This
information will be used to inform on the optimal mass
allocation minimizing control effort.

Figure 5: View of the MAV within Webots

Since we are only interested in the near hover
condition of the model, the aerodynamic model was
simplied and represented by a varying thrust along
the direction of the upper body. The unsteady lift
in a apping cycle was setup with experimental data4.3.2 Simulation Result Comparison
from the wind tunnel testing [13] and was implemented
in the model. To achieve near-hover condition in
the simulation, the apping frequency is set to 13Hz.
Through iterations, the unsteady lift data was scale

to generate enough thrust to maintain hover conditio bxperimental pitch reached minimum. Then the

throughout simulated experiment. The period is set to b% ; : : ;
: xperimental pitch angle showed increasing rebounce
0.0769 seconds as a result of a apping frequency of 13 P P 9 9

H dinalv. Th d . e | q tas the abdomen weight increases. This is due to
Z accordingly. 1he aerodynamic centre is assume ?he increasing restoring damping effect of the attached

be quart'er point of the wing chord an.d the tgrque mode tring as the pitch and therefore displacement angle of

was de_rlved as shown in the appendix and mplementeﬁne string becomes larger, which is what is expected.

in the simulation model. However, the high degree of correlation between the

4.3 Results and Discussion experimental and simulated results in transient phase in
The experiments and simulations conducted inall three cases reinforces the robustness of the simulation

this study provide substantial evidence supporting thenodel and its potential for further research on the control

effectiveness of the bio-inspired abdomen mechanisnelynamic of the MAV.

in controlling the pitch dynamics of the FWMAV. The

results are organized into the following key areas:4 3.3 Discussion of Experimental Setup and

characterization of the abdomen's impact on pitch Assumptions

control, veri cation and comparison through simulation. . . . .
While the experiments and simulations provided

valuable insights, certain assumptions were made in the
setup that may affect the generalisability of the results.
For instance, the use of a suspended string to simulate
The experimental setup demonstrated the ability of thehover conditions, while effective, can only be valid in
abdomen to effectively control the pitch angle of thethe transient response and unable to capture the full
MAV. By giving an actuation input, we observed a clear envelope of near hover dynamic. Future studies will need
and measurable change in the pitch angle, con rming theo explore more advanced experimental setups that fully
proposed hypothesis that the abdomen can signi cantlycapture the MAV's dynamics in free- ight conditions.
in uence the vehicle's dynamics. Additionally, the linearised equations of motion used in
The results are as shown in Figure6: multiple trialsthe stability analysis assume small perturbations around
with different weight distributions between the body andthe equilibrium point. While this assumption holds
the abdomen to examine how varying the mass affects thior hover conditions, it may not be fully applicable
pitch response. The experiments veri ed the hypothesidzo more dynamic ight scenarios. Further research
that increased abdomen mass or percentage mass owdrould explore the full nonlinear dynamics of the MAV

Figure 6: Resulting upper body pitch de ection for Body
weight, 4g weight, and 8g weight

The simulation results shows consistancy with the
experimental data in general validating the simulation

odel dynamic. As shown in Figure 6, the simulated
$i‘tch angles follow the experiment data closely until

4.3.1 Characterization of Abdomen Impact on Pitch
Control

SEPTEMBER 16-20, 2024, BRISTOL, UNITED KINGDOM 6 205



/[www.imavs.org/

http

IMAV2024-24

15" ANNUAL INTERNATIONAL MICRO AIR VEHICLE CONFERENCE AND COMPETITION

to provide a more comprehensive understanding of its [3] M. Karasek, F. T. Muijres, C. De Wagter, B. D. W.
stability and control characteristics.

Figure 7: Top: Experimentally Captured frames, Bottom:
Simulation

5 CONCLUSION AND FUTURE WORK

This paper introduced a novel apping wing micro
aerial vehicle (FWMAV) with a bio-inspired abdomen

mechanism designed to enhance

ight stability and

[4]

[5]

[6]

Remes, and G. C. H. E. De Croon. A tailless aerial
robotic fapper reveals that es use torque coupling
in rapid banked turnsScience361:1089, 2018.

Q. V. Nguyen and W. L. Chan. Development and
ght performance of a biologically-inspired tailless
fapping-wing micro air vehicle with wing stroke
plane modulation.Bioinspiration & Biomimetics
14:016015, 2018.

Graham K. Taylor and Adrian L. R. Thomas.
Active and passive stabilization of body pitch
in insect ight. Journal of The Royal Society
Interface 10(88):20130237, 2013.

Mao Sun. Aerodynamic performance and stability
of insect-inspired ights with. TLA, 195:1-10,
2019.

[7] Wei Shyy, Hikaru Aono, Srinath K. Chimakurthi,

maneuverability. Experimental and simulation results 8]
conrmed that the abdomen mechanism effectively
controls pitch and stabilizes the vehicle by adjusting
the center of mass. This bio-inspired approach offers
a promising method for achieving agile control in [9] Jonathan P. Dyhr, Kristi A. Morgansen, Thomas L.
dynamic environments while being passively stable,
contributing valuable insights to the design of micro

aerial vehicles.

Future work will include developing

a comprehensive model to explore stability across
various ight conditions; conducting experiments in

untethered, three-dimensional setups to validate thélo]

control mechanisms in realistic scenarios; and using

the existing setup to quantify and compare the passive

stability as well as maneuverability enabled by abdomen
control against the existing control strategies in terms of

effectiveness and energy ef ciency.
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A Kia LI RJ LB
APPENDIX - R
.1 Derivation of abdomen torque model K f(i + % B K,
t t
To model the relationship between torque and B = R
angular position for the servo-actuated abdomen joint, BR
we de ne the following system parameters for a typical C = Ki &+ Ke
DC servo motor: - R
* R: Resistance of the motor windings (Ohms) Hence, the torque in terms of the angular position in

« L: Inductance of the motor windings (Henrys) the ITapIace domain is as follow and a .tr.ansfer function
relating torque produced to angular position of the motor
* K¢: Back EMF constant (V/(rad/s)) given an actuation command is derived.

» Ky: Torque constant (Nm/A)

(s)= As?+Bs+C ( 9) (20)
+ J: Moment of inertia (kg )
» B: Damping coef cient (Nm/(rad/s)) 1.2 Servo Control
The voltage equation for the motor and the torquea regular servo typically actuates from point A to point
produced by the motor are respectively: B at a constant speed. However, this constant speed
di () can introduce a sudden impulse or jerk, particularly in
VO = TR+ L=~ + Kel (1) delicate mechanisms like apping-wing micro aerial
vehicles (FWMAVs). This jerking motion can negatively
(1) = K.l (t) impact the stability and performance of the MAV. To
address this issue, velocity control strategies were
di (1) implemented to smooth the transition between positions,
t)=1J .dt + B! (1) thereby reducing the jerk and enhancing the overall

) stability and performance of the MAV.
we can easily get:

LJ d?! (t) JR LB d(t) The goal is to transition the servo from the initial
v(t) = K, dt2 + K¢ + K, dt angle to the objective angle within a specied
actuation timeT, in a manner that minimizes jerk. This
BR . . .
+ —+ Kg (1) was achieved by controlling the velocity pro le of the
Kt servo.

.1.1 Torque as a Function of Angular Position

The torque function derived earlier is: a0 =

3

K. L LB, al= — ()
= — —1 + — | 2

M= VO R I+ 1A T

2
Ke a2 = T3 ( )
B+ — I(t
= '
Where:
In the Laplace domain, substitutiny(s) = ( as? + bs+
¢) ( s) into the torque function and simply we get: * a0, al, and a2 are coefcients that de ne the
K LRI LB @9 polynomial for the position (t) over time.
0 RK R R R 1 e istheinitial angle.
Ki 57+ B+K : oot
+ @ tR ! = A s( s) » isthe objective angle.

(s)=

T is the total time of actuation.

e (s « tis the current time step.
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The position (t) of the servo at any given timieis
described by the cubic polynomial:

()= a0+ al t>+ a2 t3

This polynomial ensures a smooth transition from
to overthe timerT.

1. Initial Conditions:

(@) Att=0, (0)= .Thus,a0 =
(b) Att=T, (T)=

2. Velocity Constraints:

(a) The initial velocity and nal velocity is zero,
ensuring smooth stop.

3. Jerk minimization:

S~

&D (&) The cubic polynomial (t) = a0 + al
o t> + a2 t3 is chosen to ensure continuous
(§ acceleration and to minimize jerk.

<

£

=

oF

N

N

=
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