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A B S T R A C T

In efforts to search for life-form on a planet other than Earth, many projects have been launched to measure and
analyze the surface and atmospheric conditions on Mars. To extend the exploration of Mars, scientists have
attempted to perform flight in the extremely thin air environment of Mars. Inspired by the successful controlled
flight of NASA’s Helicopter on Mars, in this work, we investigate the six-degrees-of-freedom hovering flight
dynamics of an insect-like flapping-wing robot, called KUBeetle. To hover the KUBeetle on Mars, using the
scaling ratios of air density and gravity on Earth and Mars, we have found that the flapping frequency should be
about 113.48 Hz, which is 4.93 times faster than that on Earth, and the required lift on Mars is about 38% of that
on Earth. The computational fluid dynamics (CFD) analysis suggests that the lift produced by the flapping wings
at the frequency on Mars is close to that predicted by the scaling ratios. A series of simulations are used to
compute the stability derivatives to complete the equations of motion. The eigenvalue and eigenvector analyses
have identified one fast subsidence mode, one slow subsidence mode, and one divergence oscillation mode in the
longitudinal and lateral motions on Mars, which are identical to those on Earth. The dynamic responses of the
robot under three initial disturbances in the translational speeds indicate that due to the 94% smaller real part of
the complex roots in the divergence oscillation modes of the longitudinal and lateral motions on Mars, the
growth of flight disturbances is much slower than on Earth. Therefore, the KUBeetle is capable of hovering flight
on Mars, since it has enough time to use the feedback controls to stabilize the system. This work can be used to
support the studies of the flight control of flapping wing robots in the Martian atmospheric condition, and to
generalize such flight control for other non-terrestrial applications in the atmospheres of other planets and/or
their moons.

1. Introduction

To answer the question on whether life exists in the solar system other
than on Earth, many projects for planetary explorations have been
launched [1]. Most recent active space explorations have focused onMars
exploration, probably because the planet is more similar to Earth in size
and environment than the others, and the most accessible planet from
Earth. Mars exploration is not limited to orbital exploration, such as
Odyssey, MRO, and Maven, but extends to surface explorations using
successfully landed and deployed rovers, such as Spirit, Opportunity,
Curiosity, and Perseverance [2]. Interestingly, the Perseverance rover also
brought the Mars Helicopter, also known as Ingenuity, for the first flight
exploration on Mars. On April 19, 2021, Ingenuity wrote a new flight
history by demonstrating a successful controlled flight for forty seconds in

the Martian atmosphere [3]. In the early 21st century, the National
Aeronautics and Space Administration (NASA) launched projects to
realize Martian atmospheric flight beginning with three options of fixed
[4,5], rotary [6,7], and flapping-wing (FW) vehicles [8,9]. After research
on them for about two decades, the final choice was the rotary-wing
robot, due to the various design requirements on the Martian air
vehicle, and the matured technology of rotary wings. Flight on Mars is
very challenging because of the ultra-low air density in the atmosphere,
which is about 1.55% of Earth’s density at sea level [10]. For flight in the
extremely low air-density environment, it is fortunate that the gravity on
Mars is about 37.76% that of on Earth [10]. Considering the lower
air-density and lower gravity conditions, to make the 1.8 kg Ingenuity fly
onMars, two sets of 1.2-meter diameter long, counter-rotating rotors need
to be rotated about five times faster than on Earth.
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The concept of bioinspired flapping flight is also a strong candidate
for Mars air exploration, since insects fly using unsteady aerodynamics
that produce larger lifts than predicted by steady aerodynamics [11–15].
Even though the bioinspired FW robots are technically less mature than
the rotary-wing vehicles in terms of design and control, significant
progress has recently been made in understanding the unsteady aero-
dynamics [11–15] and flight dynamics [16–21] of insects, and their
implementation in several insect-like tailless FW robots that can fly with
independent power sources, such as the Nano-hummingbird [22], Ro-
botic hummingbird [23], KUBeetle [24–31], Delfly Nimble [32,33],
NUS–Roboticbird [34], and Purdue hummingbird [35,36]. Despite the
recent progress, more intensive research seems required to realize FW
flight on Mars. An interesting report on the flight of bumblebees flying at
high elevations may provide an insight into FW flight in low-air-density
conditions. Typically, bumblebees fly at altitudes widely ranging (233 to
4260) meters above sea level [37,38]. Even when they are relocated at a
higher elevation of 9000 m, where the air density is 50% lower than that
of their habitat at 3000 m, they can still fly [37]. In the low-air density
environment, the flapping wings produce lower aerodynamic lift and
drag, and the lower drag results in the increase in the flapping speed and
stroke amplitude. Then, as the air becomes thinner, the faster flapping
speed and larger stroke amplitude partially compensate for the reduc-
tion of lift. Thus, under the low-air density condition, wings may auto-
matically flap faster to some degree, and partially compensate for the lift
reduction, without spending more power.
Recently, Refs. [39,40] introduced a conceptual design of the

Martian FW robot, Marsbee. The authors employed sinusoidal functions
to approximate the wing kinematics of the Marsbee for their computa-
tional fluid dynamics (CFD) simulation framework. They suggested two
feasible FW configurations where the wing areas are six and twelve
times larger than the original area, while the flapping frequencies are
about (26 and 60)% lower than that on Earth, respectively. Unfortu-
nately, the proper experiments in the reports did not well support the
suggestion. More recently, in an experimental work on force generation
by FWs under a low-air-density environment, Tsuchiya et al. [41] pre-
sented the first take-off of a flapper in a high-altitude-air environment,
which is equivalent to a 66% reduction of air density at sea level. The
low air density was simulated by reducing air pressure inside a vacuum
chamber. To compensate for the lower-lift generation due to the low air
density, they used three times larger wings than the reference wings,
instead of raising the flapping frequency. It is reported that the
measured lift produced by FWs was about 0.14 N, which is sufficient to
lift off the flapper weighing 0.12 N. Wang et al. [42] performed a nu-
merical study to search for the wing design that can improve lift gen-
eration and flapping efficiency in an ultra-low-density atmosphere. They
concluded that a flexible wing with high aspect ratio, fast-flapping
speed, and small-stroke motion can produce 38% larger lift and 21%
higher efficiency.
In general, these reports can be regarded as pioneering aerodynamics

studies towards the FW flight in the Martian environment. However, to
draw a feasible design of a Mars FW robot, we need to study the flight
dynamics of FW robots considering the lower gravity and air density of
Mars, as well as the aerodynamics of FWs. Since the dynamic flight
stability analysis of locust by Taylor and Thomas [21], the framework
using the standard equation of motion for an aircraft [43,44] has been
widely used in the flight dynamic analysis of hovering FW insects [18,
19,16,45,46]. The framework assumes that the flapping frequency is
reasonably higher than the natural oscillatory frequencies of insects. In
this case, an insect can be regarded as a rigid body with six degrees of
freedom (three translations and rotations). The assumption allows the
application of the standard equations of motion for an aircraft imple-
menting the cycle-average forces and moments to insects and FW robots.
A set of the linearized equations of motion (EoM) for a FW robot are
established by the stability derivatives and system parameters, and the
use of small perturbation theory. The stability derivatives included in
the EoM are determined using the cycle-average aerodynamic forces and

moments, which can be computed by several methods, such as experi-
ment [21], quasi-steady aerodynamic model [47,48], and unsteady
blade element theory [49]. However, these methods show their limita-
tions in prediction of the outcomes. For example, Taylor et al. [21]
conducted an experiment to analyze the stability of the desert locust,
assuming that the pitch-rate derivatives are independent of the angle of
attack (AoA). This means that all the pitch-rate derivatives with respect
to AoA are zero in the analyses. As confirmed in [47], the magnitudes of
forces computed by the quasi-steady models overpredicted those ob-
tained from CFD results by about 20%. Meanwhile, the rotational force
needs to be included in the quasi-steady model to obtain similar poles
computed by the framework based on CFD in the lateral direction.
Similarly, the mechanism of clap–fling in FW was not included in the
unsteady blade element theory [49]. As revealed in Refs. [24,29], the
clap–fling showed significant unsteady effects on the lift and drag gen-
eration during stroke reversals. Thus, these methods may inaccurately
predict the aerodynamic forces and moments. As a result, some of the
stability derivatives computed by the above-mentioned methods are
inevitably inaccurate. For this reason, numerical methods, such as CFD,
have been widely used to study the flight dynamics of FW robots more
precisely [19,28,50–52].
We have been developing insect-inspired FW robots, called KUBee-

tles [25,26,31], which can perform hovering flights for 8.8 min with a
flapping frequency from (17 to 23) Hz, mimicking beetle flight. Inspired
by the recent successful flight of the Ingenuity on Mars, we pose the
question: how can we make the KUBeetle fly on Mars? To design the
KUBeetle–Mars, we first aim to keep the mass and all system parameters
the same as those of the KUBeetle–S model flown on Earth [31]. For
flapping flight on Mars, a higher flapping frequency is required to pro-
duce a sufficient lift due to the extremely low air density. In this case, the
wings, transmission, and all joints need to be reinforced to endure larger
inertial force and torque. Implementing such modifications while
ensuring minimal mass increase, we may be able to build a
flapping-wing robot for flight on Mars and test the same flapping-wing
system under the Earth and Mars conditions, which are our future
work. Until then, we assume that the same FW kinematics in
non-dimensional time over a period can be generated with the current
flapping system under low air density. The FW kinematics measured in
the tethered test [31], which is not in a simple harmonic form unlike the
assumption in Ref. [39], does not change much, even in the
low-air-density environment. It is because the stroke amplitude is pre-
determined, and the passive maximum wing rotation is preset by con-
straining the trailing edge at the wing root in the KUBeetle design [26,
31]. Due to these designs, the measured lift coefficients of the KUBee-
tle’s wings showed only slight changes under the conditions of lower air
densities varying (100 to 10)% of that of the sea-level air density on
Earth [53], which indicates only slight change in the FW kinematics
under low air density. The change can be minimized when wings are
operated at a higher frequency. Furthermore, if the measured lift coef-
ficient at the Martian air density condition becomes significantly
different from those measured in Ref. [53] due to change in FW kine-
matics change, we may in the future modify the wing vein structures to
make the lift coefficient similar. Under lower-air-density and
faster-flapping-speed conditions, despite the predetermined stroke
amplitude, the flapping wing may bend excessively due to higher iner-
tial forces developed at stroke reversals. The wing bending can be
minimized by increasing bending stiffness of the wing’s leading edge
and installing stoppers to limit the wing motions at the stroke reversals.
Therefore, the assumption regarding the FW kinematics can be consid-
ered valid.
With the above-mentioned assumptions, in this study, we first search

for the flapping frequency that can allow the KUBeetle to perform
hovering flight onMars. Then, through a series of CFD analyses using the
ANSYS–Fluent software, we compute the aerodynamic forces and sta-
bility derivatives at the hovering condition. Finally, we analyze the
hovering flight dynamic characteristics of the KUBeetle-Mars using the
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eigenvalue analyses and compare them with those on Earth in Ref. [28],
to identify any significant changes in the hovering stability on Mars.
This paper is organized as follows: Section 2 presents the conditions

for Martian hovering, definitions of disturbed quantities, CFD model-
lings, and mesh convergence study, as well as the flow solver option.
Section 3 compares the aerodynamic lift, drag, and pitching moment at
the center of gravity (CG) on Earth and Mars, presents the stability de-
rivatives in both longitudinal and lateral motions, specifies the natural
modes of motion, identifies changes in the time responses of the FW
robots on Mars, compared to those on Earth, and provides further dis-
cussion. Finally, Section 4 concludes the paper.

2. Materials and methods

2.1. Flapping frequency for Martian hovering flight and ranges of
disturbance quantities

In this section, we find the flapping frequency required for the
KUBeetle to perform a hovering flight and the magnitudes of distur-
bances for hovering stability analyses on Mars. The physical values of
the atmospheric conditions such as air density, gravity, kinematic vis-
cosity, and dynamic viscosity of Earth andMars are presented in Table 1.
The FW robot with the same mass, wing design, and system parameters
is assumed to flap its wings with a faster speed to fly on Mars. The pa-
rameters listed in Table 2 are used for the final design of KUBeetle flown
on Earth [31].
The flapping speed and frequency of the wings hovering on Mars can

be predicted by balancing the relationship of weight and lift on Earth
and Mars. Eqs. (1)–(3) are used to define the weights of the robot (W),
lifts (L), and moments (M) produced by the wings on Earth and Mars,
respectively, where the subscripts E and M stand for Earth and Mars,
respectively. Note that the parameters appearing in Eqs. (1)–(3) are
summarized in Tables 1 and 2.

On Earth (E) On Mars (M)

WE = mgE WM = mgM
(1)

LE = 0.5ρEClV2ES LM = 0.5ρMClV2MS (2)

ME = 0.5ρECmV2EScmean MM = 0.5ρMCmV2MScmean (3)

where m is the mass of the KUBeetle, S is the two-wing area, cmean is the
mean chord length, gE and gM are the gravity values of Earth and Mars,
respectively, ρE and ρM are the air densities on Earth and Mars, respec-
tively, Cl and Cm are the lift and moment coefficients, respectively, and
VM and VE are the mean flapping speeds on Mars and Earth at the radius
of gyration of the wing, respectively. For clarity, Table 3 presents the
physical values of the FWmodels on Earth and Mars. Following that, the
process to obtain these values is explained further in the text. As re-
ported in Ref. [28], the mean flapping speed on Earth is defined as VE =

2ϕfEr2 = 6.46 m.s− 1, where r2 =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
M2nd/S1w

√
is the radius of gyration of

the wing (42.34×10− 3 m), corresponding to 56% of the wingspan (R),
M2nd is the second moment of inertia, S1w is the one-wing area, ϕ is the
wingbeat amplitude (in rad), and fE is the flapping frequency on Earth.
The ratios of the weight, lift, moment, and gravity on Mars to those

on Earth are computed in Eq. (4), respectively, in terms of air density,
flapping speed, and frequency. According to Refs. [41,54], the changes
in aerodynamic characteristics of the FW are insignificant under various

low air density conditions. Thus, the coefficients of lift and pitching
moment of the wing are assumed to be unchanged. In addition, the mass
of the robot and wing geometry (cmean and S) remain identical.

WM

WE
=
LM
LE

=
MM

ME
=
gM
gE

=
ρM
ρE

(
VM

VE

)2

=
ρM
ρE

(
fM
fE

)2

, (4)

where fM denotes the flapping frequency on Mars. By solving the rela-
tionship between densities and gravitational forces, fM is approximately
4.93 times of fE. This means that the KUBeetle needs to flap its wings
4.93 times faster than flapping on Earth to hover in the Martian thin
atmosphere (or VM = 4.93VE). Then, using Eq. (4), the mean flapping
speed (VM) and flapping frequency (fM) on Mars are about 31.85 m.s− 1

and 113.48 Hz, respectively.
To perform the stability analyses on Mars, we need to identify the

ranges of disturbed quantities, which are based on those proven to be
sufficiently small for linearizing the EoM of general FWs on Earth: 7% of
the mean flapping velocity for the disturbed translational speed (ΔVE),
and 10% of the flapping frequency for the disturbed rotational speed
(ΔqE) [18–20]. The disturbed translational speeds on Mars (ΔVM) can be
computed by Eq. (4) as follows, even for the changed speeds of (VE +

ΔVE) on Earth and (VM + ΔVM) on Mars:

ρM
ρE

(
VM

VE

)2

=
ρM(VM + ΔVM)

2

ρE(VE + ΔVE)
2 =

ρM
ρE

(
VM

VE

)2

(

1+ ΔVM
VM

)2

(

1+ ΔVE
VE

)2 . (5)

Therefore,
(

1+
ΔVM

VM

)2

=

(

1+
ΔVE

VE

)2

. (6)

For small ΔVM and ΔVE,

ΔVM

VM
=

ΔVE

VE
. (7)

This means that the ratio of the disturbed translational speed to the
mean flapping speed on Mars is equal to that on Earth, which is 7%.
Therefore, the disturbed translational speed on Mars ΔVM is 2.23 m.s− 1.

Table 1
Atmospheric conditions between Earth and Mars [10].

Symbols Units Earth Mars

Air density ρ kg.m− 3 1.225 0.019
Gravity g m.s− 2 9.8 3.7
Kinematic viscosity ν m2.s− 1 1.46×10− 5 5.17×10− 4

Dynamic viscosity μ N.s.m− 2 1.79×10− 5 9.82×10− 6

Table 2
Morphological parameters of the KUBeetle flown on Earth [31].

Symbols Units Values

Body mass m g 17.6
Distance of two flapping wing axes d mm 19.0
Flapping frequency fE Hz 23.0
Local chord length at radius of gyration c(r2) m 0.0265
Mean chord length cmean m 0.025
Mean flapping velocity VE m.s− 1 6.46
Moments of inertia about the xb-axis Ixx kg.m2 8.70×10− 6

Moments of inertia about the yb-axis Iyy kg.m2 7.94×10− 6

Moments of inertia about the zb-axis Izz kg.m2 2.38×10− 6

Product of inertia for the zx plane Ixz = Izx kg.m2 –3.94×10− 7

Radius of gyration of the wing r2 m 42.34×10− 3

Second moment of inertia M2nd m4 3.37×10− 6

Two-wing area S m2 3.76×10− 3

Wingbeat amplitude ϕ degree 190.0
Wing length R m 0.075

Table 3
Physical values of the KUBeetle on Earth and Mars.

Symbols Units Earth Mars

Flapping frequency f Hz 23 113.48
Flapping period T ms 43.48 8.81
Mean flapping speed V m.s–1 6.46 31.85
Disturbed translational speed Δu m.s–1 0.453 2.23
Disturbed rotational speed Δq rad.s–1 2.30 11.35

K. Nguyen et al.
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Similarly, using the definition of moment in Eq. (3) and the relationship
in Eq. (4), the disturbed rotational speed on Mars (ΔqM) can be derived
as follows:

ρM
ρE

(
VM

VE

)2

=
ρM(VM + ΔqMl)2

ρE(VE + ΔqEl)2
=

ρM
ρE

(
VM

VE

)2

(

1+ ΔqMl
VM

)2

(

1+ ΔqEl
VE

)2 , (8)

where l is the reference length to relate the disturbed rotational and
translational speeds. For small disturbances of ΔqM and ΔqE,

ΔqM
VM

=
ΔqE
VE

. (9)

Since VM/VE = fM/fE in hover,

ΔqM
fM

=
ΔqE
fE

. (10)

This indicates that the ratio of the disturbed rotational speed to the
flapping frequency on Mars is the same as that on Earth, which is 10%.
Hence, the disturbed rotational speed on Mars ΔqM is chosen as 11.35
rad.s− 1.

2.2. Wing kinematics

The wing kinematics used for the current simulations are the same as
those reported in Ref. [28]. Since the details on how to measure and

process the wing kinematics were reported elsewhere [28], here we just
briefly explain how the coordinates and wing kinematics were defined.
Fig. 1A describes the local and global coordinate systems fixed on the
body of KUBeetle (Obxbybzb) and on Earth or Mars (Opxpypzp), respec-
tively. The originOb is located at the center of gravity (CG), whereObybzb
is the lateral plane of symmetry, and Obxbzb is the longitudinal plane of
symmetry. The xb axis points backwards, yb axis directs to the right, and
the zb axis points vertically upwards, being aligned with the body ver-
tical axis. On the body axis, the CG was adjusted to be located at 75% of
cmean below the stroke plane (Oxy). The chosen CG position is within the
stable range required for the 6-degree-of-freedom (six-DOF) dynamic
flight stability of the hovering KUBeetle, in which its longitudinal and
lateral motions can be stabilized using the pitching and rolling rate
feedback controls, respectively, as reported in Ref. [55].
To describe the wing motion, Fig. 1B introduces the reference co-

ordinate system Oxyz. The pivot point of the left wing located at the
reference O is used to identify the flapping axis, whose distance from the
longitudinal plane of symmetry, d/2, is 9.5 mm, where d is the wing
distance shown in Fig. 1A. In the cross sections of the wing, the full
rotation angle θf is the angle between the stroke plane and the full-chord
line that connects the leading edge and trailing edge. Meanwhile, the
middle rotation angle θm is the angle between the stroke plane and the
mid-chord line that connects the leading edge and mid-chord point. The
wing feather axis aligns with the leading-edge of the wing and moves in
the stroke plane, and the acute angle between the feather and y-axes is
referred to as the flapping angle (ψ). Fig. 1C− E display the measured
(mea) and fitted (fit) wing kinematics, while Fig. 1F & G show the

Fig. 1. Definitions of the coordinate systems and wing kinematics [28]. (A) and (B) Definition of the coordinate systems for (A) the KUBeetle with state variables of
the translational velocities (u, v, w), rotational velocities (p, q, r), and body attitudes (ϕ, θ, ψ), and (B) the wing motion with the defined wing angles (α, θm, θf , ψ).
(C)–(G) Wing kinematics: measured (mea) and fitted (fit) (C) flapping angles, (D) middle rotation angles, (E) full rotation angles at (25, 50, and 75)% R, and fitted (F)
middle and (G) full rotation angles along wingspan with respect to the flapping cycle.
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middle and full rotation angles along the wingspan over a flapping cycle.
The fitted wing kinematics shown in Fig. 1C− E are used in the simula-
tions as in Ref. [28]. More details on the measurement of wing kine-
matics can be found in Ref. [28].

2.3. Equations of motion (EoM)

Similar to the previous works [18,19,28,16,51,52,55,45], we use the
linearized equations of motion and small perturbation theory. The ef-
fects of forces and moments produced by the FWs on the body can be
represented by the cycle-average values. The techniques of eigenvalue
and eigenvector analyses are used to obtain the natural modes of mo-
tion. Here, we briefly present the EoM, and the solutions of linearized
EoM used for stability analyses. The longitudinal and lateral motions are
characterized by the state variables of [u, w, q, θ]T and [v, p, r, ϕ]T,
respectively. The EoMs are linearized and shown in non-dimensional
form for the longitudinal motion in Eq. (11), and the lateral motion in
Eq. (12). Note that the symbol “δ” indicates a small perturbation
quantity, the superscript “+” denotes the non-dimensional form of
quantities, and the upper “.” stands for the differentiation with respect to
time (t+).

⎡

⎢
⎢
⎣

δu̇+

δẇ+

δq̇+
δθ̇

⎤

⎥
⎥
⎦ =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

X+
u

m+

X+
w

m+

X+
q

m+
g+

Z+
u

m+

Z+
w

m+

Z+
q

m+
0

M+
u

I+y
M+

w
I+y

M+
q

I+y
0

0 0 1 0

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

⎡

⎢
⎢
⎣

δu+
δw+

δq+
δθ

⎤

⎥
⎥
⎦, (11)

⎡

⎢
⎢
⎣

δv̇+
δṗ+

δṙ+

δϕ̇

⎤

⎥
⎥
⎦ =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

Y+
v

m+

Y+
p

m+

Y+
r

m+
− g+

L+v I+z + N+
v I+xz

I+x I+z − I+2xz

L+p I+z + N+
p I+xz

I+x I+z − I+2xz
L+r I+z + N+

r I+xz
I+x I+z − I+2xz

0

L+v I+xz + N+
v I+x

I+x I+z − I+2xz

L+p I+xz + N+
p I+x

I+x I+z − I+2xz
L+r I+xz + N+

r I+x
I+x I+z − I+2xz

0

0 1 0 0

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

⎡

⎢
⎢
⎣

δv+
δp+
δr+
δϕ

⎤

⎥
⎥
⎦,

(12)

where the non-dimensional terms in the above system matrices are
computed using Eqs. (13)–(21). The parameters used in these equations
are listed in Tables 2 and 3. Forces in the xb-, yb-, and zb-axes:
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

X+ =
X

0.5ρMV2MS

Y+ =
Y

0.5ρMV2MS

Z+ =
Z

0.5ρMV2MS

(13)

Roll, pitch, and yaw moments at the CG:
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

L+ =
L

0.5ρMV2MScmean

M+ =
M

0.5ρMV2MScmean

N+ =
N

0.5ρMV2
MScmean

(14)

Translational velocities:

u+ =
u
VM

, v+ =
v
VM

, w+ =
w
VM

. (15)

Angular velocities:

p+ =
p
fM
, q+ =

q
fM
, r+ =

r
fM
. (16)

Longitudinal disturbances:

δu̇+ =
∂δu+

δt+
, δẇ+

=
∂δw+

δt+
, δq̇+ =

∂δq+

δt+
, δθ̇

+
=

∂δθ
δt+

. (17)

Lateral disturbances:

δv̇+ =
∂δv+

δt+
, δṗ+ =

∂δp+

δt+
, δṙ+ =

∂δr+

δt+
, δϕ̇

+
=

∂δϕ
δt+

. (18)

Moments of inertia about the xb-, yb-, and zb-axes:
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

I+x =
Ix

0.5ρMV2MScmeanT2M

I+y =
Iy

0.5ρMV2MScmeanT2M

I+z =
Iz

0.5ρMV2MScmeanT2M

(19)

Product of inertia for the Oxz plane:

I+xz =
Ixz

0.5ρMV2MScmeanT2M
. (20)

Mass, gravity, and time:

m+ =
m

0.5ρMVmSTM
, g+ =

gM
VMfM

, t+ =
t
TM

. (21)

The sets of
(
X+
u , X+

w , X+
q ; Z+

u , Z+
w , Z+

q ; M+
u , M+

w , M+
q

)
and

(
Y+
v , Y+

p , Y+
r ;

L+v , L+p , L+r ; N+
v , N+

p , N+
r

)
are the non-dimensional stability derivatives in

the longitudinal and lateral motions, respectively. The entries in the first
set are defined as changes in (X+, Z+, M+) – the front-and-backward and
vertical forces in the xb- and zb-axes, and pitch moment at the CG,
respectively, divided by the corresponding change in the linear and
angular speeds in the longitudinal motion (u+, w+, q+), respectively.
Those in the second set are changes in (Y+, L+, N+) – the sideward force
in the yb-axis, and the roll and yaw moments at the CG, respectively,
divided by the corresponding change in the linear and angular speeds in
the lateral motion (v+, p+, r+), respectively. The rotational angles (θ and
ϕ) represent the attitudes of pitching and rolling Euler angles, respec-
tively. The solutions of EoMs are expressed in Eq. (22) [21]:

δx(t+) = Cdiag
(
eλ1 t+ , eλ2 t+ , eλ3 t+ , eλ4 t+

)
C− 1δx(0), (22)

where δx(t+) represents the non-dimensional state vectors in the longi-
tudinal motion [δu+, δw+, δq+, δθ]T and in the lateral motion [δv+, δp+,
δr+, δϕ]T, C is a non-singular matrix whose columns are the eigen-
vectors of the system matrix, λj = n ± ωi (j = 1, 2, 3, 4) are the corre-
sponding eigenvalues, where n is the real part and ω is the imaginary
part of the roots, and δx(0) is the initial conditions. If the δx(0) is selected
as the eigenvector ϕj corresponding to the eigenvalue λj for the jth mode,
the motion of system can be shown for each of the jth natural modes, as
follows:

δx(t+) = ϕjeλj t+ . (23)

Section 3.3 presents the detailed analyses of the eigenvalues and
eigenvectors.
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2.4. Computational fluid dynamics modeling and result validation

Fig. 2A & B present the CFD models used in the analyses for the
longitudinal and lateral motions, respectively. The similar meshing
methods used in the previous works [24,27–29,55] are applied to model
the computational domains with similar sizes. Two parameters (in mil-
limeters) are used to identify the mesh size: the maximum edge length of
the triangular elements on the wing surface, l1, and the maximum edge
length of the tetrahedral elements around the high-density region, l2.
From the previous work in Ref. [28], it was confirmed that the mesh
with a pair of (l1×l2) = (0.5×2.0) mm2 provided the conversed aero-
dynamic forces. Thus, we applied these two values to model the current
CFD domains, corresponding to the half and full cylinders filled by 3.0
and 4.2 million grid cells, which are used for the longitudinal and lateral
motion analyses, respectively. We also used the same time step size of
0.1% of a flapping period for the converged solutions, as in Ref. [28].
Thus, the results based on the current modeling can be regarded as
converged solutions. More details on the meshing methods can be found
in Refs. [24,27–29,55].
In addition, the local Reynolds number (Re) at the radius of gyration

of the wing (r2) is computed using Eq. (24), which is widely used to
calculate the Re of a flapping wing [12,27–29]:

Re(r2) =
VMc(r2)
vM

=
VMc(r2)ρM

μM
, (24)

where c(r2) represents the local chord length at r2, vM denotes the ki-
nematic viscosity, μM stands for the dynamic viscosity, and ρM symbol-
izes the fluid density of the air on Mars. Based on the parameters in
Table 1, the Re(r2) is 1635, which is about one seventh of Re(r2) of
11,744 on Earth. Thus, the air flow environment is regarded as laminar,

and the laminar flow option is used for the current CFD analysis, as in
the previous works [24,27–29,55]. For accuracy assurance, we compute
the hovering lift and drag on Earth with the current longitudinal
modeling as shown in Fig. 2A, and compare the results with those in
Ref. [28]. In Fig. 2C&D, the time courses of the two lifts (in A) and drags
(in D) in the second and third flapping cycles are almost identical. The
cycle-average lift computed by the current mesh setting is 16.98 gf,
which is about 0.7% larger than the computed one in Ref. [28]. Thus, the
accuracy of the current CFD model is validated.

3. Results and discussion

3.1. Aerodynamic forces and pitching moment of Martian hovering flight

After the flapping frequency has been determined as 113.48 Hz for
hovering flight of the KUBeetle on Mars, the lift, drag, and pitching
moment produced by the FWs are computed, and compared with those
produced on Earth, as shown in Fig. 3A− C, respectively. The tendencies
of lift, drag, and pitching moment about the CG on Earth and Mars look
similar, but the peaks of forces and pitching moment (M) are signifi-
cantly lower in the Martian hovering condition (see Fig. 3A, B, & C,
respectively), which results in considerable decreases in the cycle-
average values. For example, the cycle-average lift and drag are about
(5.99 and 5.11) gf, which are about (65 and 63)% lower than the (16.98
and 13.82) gf produced on Earth, respectively. In the pitching moment
calculation, for the purpose of comparison with the published data in
Ref. [28], the same CG location of the Earth FW design is used to
compute the cycle-averageM produced on Mars, without adjusting the x
position of the CG on the longitudinal plane of symmetry to make theM
perfectly zero as we did in previous works [28,52]. Because of that, the

Fig. 2. CFD modeling and mesh convergence. (A) & (B) Mesh configurations of the computational domain, far field (FF), high-density region (HDR), and wing
surface for the models used in the (A) longitudinal and (B) lateral analyses. (C) & (D) Comparison of (C) hovering lift and (D) drag on Earth over the second and third
cycles (using the longitudinal mesh configuration) for the current CFD modeling and the previous one in Ref. [28], denoted by Based on AST 2021.
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pitching moment M about the CG on Mars is not exactly zero, but is
about − 0.76×10− 5 N.m. In addition, even using this same CG for the
calculations on Earth, the M computed by the current CFD modeling is
also non-zero, but is about 0.46×10− 5 N.m. Therefore, the negligible
pitching moments can be regarded as numerical errors raised by the
different CFD modeling. This also interprets the difference of the small
and insignificant non-dimensional stability derivatives, which are
especially related to the terms of pitching, rolling, and yawing moments,
as presented in Table 4. In addition, Fig. 3D shows the time course of
normalized lift on Mars and Earth. Since the CFD calculation is based on
the scaled flapping frequency, both time courses of normalized lift
should be close to each other.

3.2. Stability derivatives

To obtain the stability derivatives on Mars, we first compute the
cycle-average forces and moments produced in the perturbed motions,
which can be treated as deviations from the reference hovering flight
condition. Then, using the ranges defined for perturbed quantities in the
translational (u, v, w-series) and rotational motions (p, q, r-series), sta-
bility derivatives can be calculated. For example, a stability derivative of
Z+u , which is defined as the changes of vertical forces divided by the
changes of translational speeds in the longitudinal motion

(
Δu+M

)
can be

computed as follows:

Z+
u =

Z+

(
u+M,e + Δu+M,w+

M,e, q+M,e

)
− Z+

(
u+M,e − Δu+M,w+

M,e, q+M,e

)

2Δu+M
, (25)

where Z+ is the non-dimensional cycle-average vertical force,
(
u+M,e ,

w+
M,e , and q

+
M,e ) are fixed at zero as the values of the equilibrium flight,

and Δu+M = 0.07 is the small perturbation of the u-series derived by Eq.
(7). Table 4A & B summarize the non-dimensional stability derivatives
for the longitudinal and lateral motions in hover on Earth [28] andMars,
respectively. Note that the shaded columns in Table 4 indicate the major
terms. The analyses on Mars show that the magnitudes of the major
non-dimensional stability derivatives are close to the corresponding
quantities on Earth. However, their dimensional values are only about (6
to 11)% of those on Earth (see Table A in Appendix). As revealed in Refs.
[18,52,55], the sets of

(
X+
u , Z+w , M+

u , and M+
q ) and

(
N+
r , L+p , L+v , and Y+

v )

show significant influences on the flight dynamics in the longitudinal
and lateral motions of the FWs, respectively. Although the magnitudes of
M+

q and L+p are relatively small compared to the other major
non-dimensional stability derivatives (Table 4A & B), the system poles
are sensitive when their magnitudes are changed [28]. Meanwhile, the
effects of the other derivatives on the system poles are insignificant,
even though their magnitudes become significantly larger. These trends
were confirmed in the study of the hovering flight of the KUBeetle on

Fig. 3. Time courses of (A) lift, (B) drag, (C) pitching moment at the CG, and (D) normalized lift over three flapping cycles. The shaded areas represent the
downstroke wing motions.

Table 4
Non-dimensional (A) longitudinal and (B) lateral stability derivatives on Earth [28], and Mars.
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Earth in Ref. [28]. More details on explaining the effects of all de-
rivatives on the flight dynamics of the KUBeetle on Earth can be found in
Ref. [28]. Since the major non-dimensional derivatives onMars are close
enough to the corresponding values on Earth, we expect that the system
response is similar for the Martian hovering.
Fig. 4A–D & E− H show the changes of the non-dimensional forces

and moments due to changes in the small ranges of disturbances, which
are used to compute the first and second sets of the major non-
dimensional derivatives of the longitudinal and lateral motions,
respectively. In general, the tendencies and slopes of the non-
dimensional forces and moments generated by small perturbations on
Earth and Mars look similar. The fraction (Fr.) included in Fig. 4 stands
for the ratio of each dimensional derivative on Mars to that on Earth,
which are summarized in Table A in Appendix.

3.3. Eigenvalue and eigenvector analyses and natural modes of motion

Then, using the analyses of eigenvalues and eigenvectors in MATLAB
[56], the flight dynamics of the KUBeetle hovering on Mars are char-
acterized, and compared to those on Earth. The modes of motion are
identified based on the magnitude and sign of the roots (eigenvalues)
obtained from the system matrices, which are determined by the
non-dimensional derivatives and system parameters, in the EoM for the
longitudinal and lateral motions, as shown in Table 5A& B, respectively.
Meanwhile, the plots in Fig. 5 illustrate the changes of root loci obtained
from the 6-DOF motions on Earth and Mars. As revealed, the roots of the
longitudinal and lateral motions on Mars include one fast subsidence
mode (represented by a negative real root with a relatively larger
magnitude), one slow subsidence mode (represented by the other
negative real root with smaller magnitude), and one divergence oscil-
lation mode (represented by a pair of complex conjugate roots in the
right-half complex plane), which are similar to the flight modes defined
on Earth [28]. However, their magnitudes are significantly smaller,
compared to those obtained on Earth (in Table 5 and Fig. 5). This in-
dicates that the effects of different gravity and density on the roots ob-
tained from the EoM (in non-dimensional form) are significant.
The growth of the disturbance quantities is the exponential of the

real part of the eigenvalues (n) and time (t) in Eq. (22). If the n is positive
and small, the divergence oscillation modes are less dynamically un-
stable, while if the n is negative and small, the subsidence modes can be
stabilized muchmore slowly. This means that with the small magnitudes
of the eigenvalues of the flight on Mars, the times for the two subsidence
modes of FW to be stabilized are longer than those on Earth. In addition,
the speed for the divergence oscillation modes to increase due to

disturbances is much slower than the mode on Earth. In Table 6, the
detailed analyses are shown with the reference times of thalf and tdouble,
which present number of flapping cycles (or time) to halve the pertur-
bations in the two subsidence modes and to double the perturbations in
the divergence oscillation modes, respectively. In addition, when the
initial disturbances are chosen as the eigenvector ϕj corresponding to the
jth natural mode, the time responses of each mode defined by Eq. (23) on
Earth and Mars are graphically illustrated in Figs. A and B in Appendix
for the longitudinal and lateral motions, respectively.
For example, in the fast subsidence longitudinal motion on Mars

(Table 6A), since the magnitudes of the roots are about 94% smaller than
that on Earth (see Table 5A), the initial disturbances are halved after
24.8 flapping cycles, corresponding to 0.22 s. This is about 3.15 times
longer than 0.07 s, corresponding to 1.5 flapping cycles on Earth (see the
non-dimensional time thalf in the fast subsidence mode in Table 6A).
Similarly, the slow subsidence longitudinal mode onMars needs 10.38 s,
as 1,179 flapping periods are required to reduce the initial disturbances
by a half, which is about 11.3 times longer than 0.92 s or 21.1 flapping
periods on Earth. Meanwhile, since the magnitudes of the imaginary and
real parts of the complex roots are relatively small (Table 5A), the period
of the divergence oscillation longitudinal mode (Τmode = 263.2 flapping
cycles or 2.32 s) on Mars, in Table 6A, is about 3.3 times longer than on
Earth (Τmode = 16.4 flapping cycles or 0.71 s). Thus, the initial distur-
bances in the unstable oscillation mode become double after 0.46 s,
corresponding to 51.9 flapping cycles (see tdouble in Table 6A, Mars). This
is about 2.9 times longer than the time for the robot to tumble on Earth,
which is estimated to be after about 0.16 s, corresponding to 3.7 flapping
periods. Similar tendencies occur for the lateral modes on Mars, in
comparison with those on Earth. See Tables 5B & 6B.

3.4. Comparative flight dynamics of the hovering KUBeetle on Mars and
Earth

This section compares the dynamic behaviors, including the dis-
placements and attitude angles, of the KUBeetle deviating from the
reference hovering condition on Earth (Fig. 6A1− C1) and Mars
(Fig. 6A2− C2). For this purpose, the three initial perturbations, such as
δu+, δw+, and δv+ in the xb-, yb-, and zb-axes, are considered, respec-
tively. The non-dimensional initial perturbations of δu+(0), δw+(0), and
δv+(0) are set to 0.07 in Fig. 6A− C, respectively, while the other cor-
responding non-dimensional initial disturbances are fixed at zero:
(δw+ = δq+ = δθ = 0), (δu+ = δq+ = δθ = 0), and (δp+ = δr+ = δϕ =

0). Using Eq. (22) and the eigenvalues and eigenvectors in Section 3.3,
the solutions of flight speeds and attitude angles, which are obtained

Fig. 4. Non-dimensional forces (X+, Y+, Z+) and moments (L+, M+, N+) due to non-dimensional small perturbed translational and rotational speeds explaining the
production of four major stability derivatives in (A)–(D) the longitudinal motion, and (E)–(H) the lateral motion on Mars relative to those on Earth. Note that the
abbreviation “Fr.” stands for the ratio of each dimensional derivative on Mars to that on Earth.
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from the linearized EoM in the longitudinal and lateral motions, are
computed during the first 0.5 s. Then, using the trapezoidal time inte-
gration rule [57] with a time step size of 5×10− 4 s, corresponding to (1.2
and 5.7)% of the flapping cycles for the calculations on Earth and Mars,
respectively, the horizontal, lateral, and vertical displacements are
computed by integrating the flight speed components in the xb-, yb-, and
zb-axes, respectively. For example, the dimensional horizontal

displacement, x, is computed by the dimensional horizontal flight speed,
δu(t), in the x-axis using Eq. (26), as follows:

x =
∫ tN

t1
δu(t)dt =

tN − t1
N

(
∑k=N− 1

k=2

δu(tk)+
δu(tN) + δu(t1)

2

)

, (26)

where t1 = 0 stands for the time of the hovering reference flight, tN= 0.5
s is the investigated time, which is regarded as long enough for the delay
of feedback control on Earth [51], N= 1000 is the number of trapezoids,
and δu(tk) is the flight speed at tk. Note that the non-dimensional solu-
tions obtained from the EoM need to be expressed in the dimensional
forms for this analysis. As mentioned in Section 2.1, since VM = 4.93VE,
the perturbed translational speeds on Mars are 4.93 times larger than
those on Earth (δuM/δuE = δvM/δvE = δwM/δwE = 4.93). Therefore,
within the same period, larger displacements deviating from the refer-
ence conditions on Mars are expected than on Earth. In detail, Fig. 6
demonstrates the position [x, y, z] of the pivot point of the right wing,
and the Euler angles of [ϕ, θ, ψ ] of the body around the CG after the
vehicle deviates from the hovering flight due to translational
perturbances.
For example, Fig. 6A1 & 2 illustrate the dynamic responses of the

KUBeetle under the initial backward perturbed speeds on Earth and
Mars, which correspond to δuE(0) = 0.07VE = 0.45 m.s− 1 and δuM(0) =
0.07VM = 2.23 m.s− 1, respectively. Under the disturbance, the dis-
placements in the y- and z-axes, and the rolling and yawing rotation
angles around the xb- and zb-axes, respectively, are almost negligible for
flights on Earth and Mars. However, in Fig. 6A1, after flying backward
(in the positive xb direction) for the first 0.2 s from the hovering refer-
ence flight, the robot on Earth shows a forward motion (in the negative
xb direction) with a horizontal displacement of about 0.25 m (or –248.7
mm in Fig. 6A1) at t = 0.5 s. In contrast, when the body is disturbed and
flies with a speed of 2.23 m.s− 1 on Mars, the KUBeetle flies backward
with a horizontal displacement of about 0.92 m (or +918.2 mm in
Fig. 6A2). The robot on Mars monotonically increases the nose-down
pitching angles for the first 0.5 s (see Fig. 6A2). Especially for the
pitching moment from (0.4 to 0.5) s, corresponding to 11.3 wingbeats,
the pitching angle increases to 120.6◦ Meanwhile, on Earth, an extreme
nose-up angle of about 100◦ in pitch is reached at t = 0.5 s after 2.3
wingbeats due to the pitching moment at 0.4 s, when the robot flies with

Table 5
Roots (eigenvalues) of the characteristic equations in the (A) longitudinal and (B) lateral modes on Earth [28] and Mars.

Fig. 5. Root loci for the (A) longitudinal and (B) lateral motions on Mars
(denoted by crosses) and Earth (denoted by circles) [28]. Note that the dashed
lines with arrows show shifts of the roots, the shaded areas in the right-half
complex planes represent the unstable zones, the white left-half planes repre-
sent the stable areas, and the horizontal and vertical axes stand for the real and
imaginary parts of the eigenvalues, respectively.

Table 6
Reference times for each mode of motion in the (A) longitudinal and (B) lateral directions on Earth [28] and Mars.
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Fig. 6. Flight dynamics of the robots on Earth (A1, B1, & C1) and Mars (A2, B2, & C2) under the initial disturbances deviating from the hovering flight of (A1 & A2)
δu+(0) = 0.07, (B1 & B2) δv+(0) = 0.07, and (C1 & C2) δw+(0) = 0.07. Note that the yellow triangles indicate the front of the robot, the green lines stand for the
vertical body axes (zb), the surfaces with the cyan and magenta colors stand for the left and right wings, respectively, the red circles between two wings denote the
CG, the solid lines with circles projected on the orthogonal planes represent the motion tracking of the CG, and the coordinates [x, y, z] in each plot mean the location
of the pivot point of the right wing at t = 0.5 s measured from the pivot point at t = 0.
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a nose-down pitching angle of 20◦ (Fig. 6A1). This indicates that the
pitching motion about the yb-axis of FWs on Earth is too fast compared to
that on Mars, which may cause the system to quickly tumble. Since the
solutions in Eq. (22) are the exponential function of eigenvalues and
time, the positive and smaller real parts of the complex roots on Mars,
which are about 93% smaller than those on Earth (see Table 5A & B for
the unstable oscillation modes), results in less disturbed motions, in
comparison with those on Earth at the same time t. In addition, the
investigated time of the first 0.50 s corresponds to (11.5 and 56.8)
flapping cycles on Earth andMars, respectively, which are about (70 and
20)% of the first cycle of the divergence oscillation modes (Tmode) in the
longitudinal motion on Earth and Mars, respectively (comparing with
Tmode of (16.4 and 263.2) cycles in Table 6A, respectively). The analysis
also shows that the initial disturbances in the longitudinal motion on
Earth and Mars become double after (3.7 and 51.9) flapping cycles,
corresponding to (0.16 and 0.46) s, respectively (see tdouble in Table 6A).
Therefore, as time goes by, the flight perturbation experienced on Earth
increases significantly compared to that on Mars due to the relatively
larger eigenvalues obtained on Earth in comparison to Mars. Overall,
this analysis clarifies how the KUBeetle experiences the more rapid
change from the nose-down to nose-up motions on Earth than on Mars,
when the FW system is subjected to a small-perturbed transitional speed
in the front-to-back direction. Similar interpretations can be applied to
the lateral motion based on Tmode and tdouble in Table 6B.
Fig. 6B1 & 2 graphically show the dynamic behaviors of the robot

when the body is disturbed by a lateral wind blowing from left to right
with a non-dimensional speed of δv+(0) = 0.07, corresponding to (0.45
and 2.23) m.s− 1 on Earth and Mars, respectively. On Earth (Fig. 6B1),
the robot flies to the right for the first 0.2 s, then to the left for a distance
of 0.2 m at t = 0.5 s. In addition, the body attitude angle changes from a
positive value to − 23.1◦ in roll during the time from (0.4 to 0.5) s,
respectively (Fig. 6B1). Meanwhile, during the first 0.5 s on Mars, the
rolling angle monotonically increases to 89.3◦ from the hovering refer-
ence flight, and the body moves towards the right for a distance of 0.96
m (see Fig. 6B2). Both plots show that the FWs fly with relatively small
yawing angles on Earth and Mars, corresponding to (7.6 and 9.8)◦ at t =
0.5 s, respectively. In addition, for these two flight conditions, the dis-
placements in the vertical (zb) and horizontal (xb) axes are less signifi-
cant than in the lateral axis, and the pitching rotations are decoupled
from the disturbed motion by the small speed of δv.
With the initial non-dimensional disturbed vertical speeds of δw+(0)

in the positive zb-axis, the dynamic responses of the FW vehicles flying
on Earth and Mars are described in Fig. 6C1 & 2, respectively. As
depicted, they maintain a stable upward flight, and achieve altitudes of
(0.188 and 1.097) meters within the initial 0.5 s flights with relatively
small displacements of about 9 mm forward and about 7 mm backward
motions on Earth and Mars, respectively. The plots show the relatively
small pitching angles of (1.8 and 3.8)◦ for the flights on Earth and Mars,
respectively, which are close to vertical flights. Meanwhile, the lateral
translation, and rolling and yawing angles are decoupled from the
disturbed vertical motions for both flight conditions.

3.5. Further discussions on CFD modeling validation and wing-kinematics
assumption

Instead of providing details on convergence tests for mesh and time
step size, we applied the same CFD modeling technique that we used in
our previous publications. Still, we may need to discuss the accuracy of
current CFD results. Fig. 2C and D can be a proof of converged solutions
by the current CFD calculations. Using the same FW kinematics, the
current CFD modeling nicely reproduced the time courses of lift and
drag presented in our previous CFD calculations in [28]. Therefore, the
cycle-average lift of 16.98 gf obtained by the current CFD modeling
shows only 0.7% difference from that acquired in [28], as stated in

Section 2.4. Thus, the current CFD for the on-Earth condition is already
validated. In addition, Fig. 3D can be a proof of converged solution on
Mars. The time course of normalized lift onMars is close to that on Earth.
Since the CFD calculation is based on the scaled flapping frequency, both
time courses of normalized lift should be close to each other. Thus, the
current CFD results can be regarded as converged solutions.
In this work, we have assumed that the FW kinematics are identical

for hovering flights on Earth and Mars, which is a limitation of the
current work. However, the assumption is inevitable until the actual FW
kinematics on Mars are available. Similarly, in [39], the authors used a
set of assumed FW kinematics on Mars for their CFD analyses. When we
can design and successfully fabricate the KUBeetle-Mars, another CFD
based on the measured actual FW kinematics will be performed and
compared with the current work. Thus, the current CFD result can be
used as a reference solution and for identifying change of aerodynamic
forces due to the change in the FW kinematics.
Under faster-flapping-speed conditions for flight at extremely low

density, like on Mars, wings and transmissions need extra reinforcement
because they have to endure larger inertial forces. Therefore, instead of
just increasing flapping frequency and keeping the wing geometry,
enlarging wing area and lowering flapping frequency is another option
for flight on Earth. Indeed, the KUBeetle could record endurance of
about 8.8 min due to installing enlarged wings, which lowered the
required flapping frequency [26]. Thus, we may have another design
strategy instead of just increasing flapping frequency for flapping flight
under extremely low air density, as described in [39,41].

4. Conclusions

By scaling the weights and lifts, and assuming the constant lift co-
efficients of the flapping wings under low air density, the required
hovering flapping frequency on Mars of the KUBeetle is identified to be
113.48 Hz, which is 4.93 times faster than on Earth. The 6-DOF flight
dynamics of the FWs in the low-density and low-gravity environment of
Mars are investigated through a series of CFD simulations. The stability
derivatives are computed by taking into account the effects of small
perturbations on aerodynamic forces and moments. The methods of ei-
genvalues and eigenvectors are used to analyze the state variables,
including the three components of flight speeds and attitude angles.
Based on the computed roots, the defined natural modes are similar on
Earth and Mars, which consist of two stable subsidence modes and one
divergence oscillation mode for each of the longitudinal and lateral
motions. It is also revealed that since the real parts of the complex roots
of the flight on Mars are positive, and only about 6% of those on Earth,
its times of doubling the perturbations in the divergence oscillation
modes take relatively longer than on Earth. For more details, the time-
dependent responses of the Mars and Earth-flying robots are investi-
gated under three initial non-dimensional disturbed translational speeds
in the x-, y-, and z-axes. Overall, both FW flights on Mars and Earth are
inherently unstable due to the divergence oscillation modes. However,
the amplification of disturbances on Mars is significantly slower than on
Earth due to their relatively smaller eigenvalues obtained from the EoMs
for the Martian flight. Therefore, with the current design of the
KUBeetle, when hovering on Mars, we may have enough time to stabi-
lize the system using the feedback control, even though the robot is still
dynamically unstable. The current study can be used to provide an
insight into the controlled flight of tailless flapping-wing vehicles in the
Martian atmospheric condition in the future, and generalized to similar
flight in the atmospheres of other planets and their moons.
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Appendix

Fig. A. Non-dimensional longitudinal body state variables on (A)–(C) Earth [28] and (D)–(F) Mars, corresponding to the fast subsidence mode (A) & (D), slow
subsidence modes (B) & (E), and divergence oscillation mode (C) & (F).

Fig. B. Non-dimensional lateral body state variables on (A)–(C) Earth [28] and (D)–(F) Mars, corresponding to the fast subsidence mode (A) & (D), slow subsidence
modes (B) & (E), and divergence oscillation mode (C) & (F).
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