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Abstract— This work presents a thorough study on the effect
of the inclusion or not of a fuselage in flapping wing robots,
for which no clear criterion has been found so far. The study
consists of a dynamic analysis for level flight conditions at both
configurations of an actual prototype. An overall aerodynamic
model based on CFD simulations is used for modeling the
average in-flight forces performed by the ornithopter elements,
wing, body, and tail. Experimental thrust correction is devel-
oped to include the effects of wing flexibility, thus increasing
the accuracy of the results. Results show better performance at
low speeds when the ornithopter does not carry the fuselage. At
higher speeds, the lower drag provided by the fuselage becomes
important. However, the increased weight always needs a higher
flapping frequency for the low velocity range of our prototype,
creating a disadvantage for this regime. The results highlight
a fuselage design criteria, which can be extrapolated to other
bird-scaled flapping wing robots performing slow maneuvers,
such as perching, as well as to hybrid flapping-fixed wing UAVs.

I. INTRODUCTION

Aerial platforms with the capability of moving their wings
resembling the behavior of birds are particularly interesting
for real-world applications in close proximity to humans and
structures. This makes these bio-inspired Unmanned Aerial
Vehicles(UAVs) particularly interesting in situations where
physical interaction is needed, and they are increasingly be-
coming a feasible alternative to those traditionally based on
fast-rotating propellers. Altogether make them a promising
technology to perform safe and reliable aerial flights.

In this work, we focus on the aerodynamics of such UAVs
which are able to physically interact with their environment,
possibly with humans. Even though physical interaction is a
common task for birds, the ability of aerial robots to resemble
it is still quite limited. The main difficulty is being able
to fly and control low-speed maneuvers which rely on high
amplitude flapping to generate enough thrust.

There are several projects focused on research and devel-
opment of ornithopters. Small scale prototypes, such as the
Robobee [1] or the BatBot [2], resemble the behavior of
insects or small birds, with complex wing kinematics that
provide high maneuverability, including also the ability of
performing hovering operations.
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Regarding bird-scale ornithopters, existing prototypes go
from medium to large scale. For instance, the Dove [3] and
ThunderI [4] are in the range of 200-350 g and a wingspan
around 0.5 m, flying at speeds around 10 m/s. Meanwhile,
the RoboRaven project [5] provides a larger solution (200-
700 g), with low operational speeds around 6 m/s. On the
other hand, Robird Falcon (730 g) and Bald Eagle (2.1 kg)
[6] are the faster existing prototypes with operational speeds
of 16 m/s and 18 m/s respectively.

However, in all of the aforementioned prototypes the lack
of payload capabilities and computational power limit their
perception subsystems and then makes it more difficult to
perform autonomously safe physical interaction tasks.

Fig. 1. GRIFFIN ornithopter prototype with fuselage and camera case in
the head.

For large flapping-wing aerial robots, those common birds
tasks become a challenge, which is the case of study in this
work. Thus, in the context of the GRIFFIN Advanced Grant
of the European Research Council, we have developed a
fully operational large aerial robot with available payload and
low-speed operational range (2-6 m/s) [7], with characterized
aerodynamics [8], [9], to perform real-world applications
based on the perception of the environment. As a new
addition to this prototype, a fuselage body has been designed
in order to get a bird appearance, providing also impact
resistance and better aerodynamic performance in forward
flight. We see the prototype with the new fuselage in Fig. 1,
However, in those applications, the full perception system is
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mounted onboard and then the available payload becomes
quite limited. Therefore, in this task-oriented application
the fuselage adds extra weight and possibly reduces the
low-speed maneuverability. Of course, in a platform with
more payload, this would not be a problem, but the current
technology does not allow that without enlarging the 1.5 m
wingspan, which would go against the ultimate goal of flying
safely in proximity to humans. As usual in engineering, we
find contradictory requirements that make us take trade-off
solutions eventually.

The aerodynamics studies in the above mentioned pro-
totypes are concerned mainly in the flapping wing or in
the tail. However, there is no analysis of the influence of
the body and the advantages of an aerodynamic design of
a fuselage body, especially when the aforementioned task
is a requirement. Airplanes normally design their fuselage
in order to reduce the aerodynamic drag, improving energy
efficiency. This structure is needed in order to protect the
payload at the high speeds and altitudes aircraft fly. However,
ornithopters fly considerably slower and at low heights.
Therefore, the fuselage body is not always a necessity to
operate. In fact, it adds more weight, which is a problem
given the limited payload that these UAVs usually have.
For that reason, we observe different choices for the design
of the body in existing ornithopters. For instance, ThunderI
adds just a frontal protection over the skeleton, that works
as a frontal fuselage. RoboRaven does not use any protective
structure, having its mechanism directly frontal to the airflow.
Meanwhile, faster ornithopters, such as the Dove and Robird
prototypes, have developed a complete fuselage body around
the mechanism as a protection from the airflow and impacts,
improving the aerodynamic performance.

The disparity of choices in those prototypes makes us
wonder if the addition of a fuselage body provides an
actual operational advantage or not. Furthermore, the fact
that faster existing prototypes choose to use it, while the
slow ones prefer not to carry the additional load, leads to a
possible answer. In this work, and to the best of the author’s
knowledge for the first time, we provide the answer that
the advantages of the fuselage in ornithopters depend on the
operational conditions of the task for which they were made.

The contribution of this article consists of an operational
study of an ornithopter flight which leads to the decision
about carrying a fuselage. Two cases are analyzed with and
without fuselage. Dynamic analysis is based on aircraft flight
equations, using results of CFD experimentally validated [8],
[9] for the formulation of the aerodynamic forces. In order
to model the aerodynamic performance of the fuselage, a
new CFD analysis is also developed. Thrust formulation
is corrected to take into account the contribution of wing
flexibility. Considering conditions of level flight, an opera-
tional comparison is presented. The results are limited to the
longitudinal plane as just symmetrical behavior is considered.

The results of this paper can be applied to both flapping
wing and hybrid flapping/fixed wing UAVs as considered in
the AERIAL-CORE H2020 project[10].

The paper is structured as follows. Section II provides

information about the design and optimization of the fuse-
lage. Then, section III develops the flight dynamic equations.
The aerodynamic forces are modeled in section IV, with the
correction of the thrust explained in section IV-C.2. Finally,
simulation results are presented in section V.

II. FUSELAGE DESIGN

The design and manufacturing of the Griffin fuselage have
been carried out by FADA-CATEC [11]. The optimized
geometry was obtained based on stress analysis in Ansys.
The main requirements for the optimization of the structure
were the manufacturing material Polyamide 12 and the
lightweight. The final design is shown in Fig. 2.

Fig. 2. Fuselage design CAD (left) and stress analysis (right). Courtesy
of FADA-CATEC [11]

The load and boundary conditions have been estimated
based on the stress to which the structure will be subjected
as: embedding in the junction of the fuselage and head,
moments generated by the flapping wings and a force at the
bottom emulating the impact when landing on the ground.
The results based on Von Mises stress and displacements are
shown in Fig. 2.

Finally, the fuselage was built with the additive manufac-
turing technology named Selective Laser Sintering, in which
polymer powder particles of Polyamide 12 are sintered to
fuse them locally. Other designs manufactured by FADA-
CATEC with these technologies are in [12], [13], [14].

The optimized fuselage adds a weight of 82 g as shown
in Fig. 2 and 93 g with the covering fabric as shown in
Fig. 1. The studies developed in this article consider this in-
crease, compared to the prototype presented in [7]. However,
it should also provide a better aerodynamic performance,
eliminating the protective frontal body used in that work.

III. DYNAMIC ANALYSIS

The analysis developed in this section consists of a com-
parison between the behavior of the ornithopter with the
fuselage and without it in level flight conditions. Parameters
used and their nomenclature are defined in Table I. Fig. 3
shows how those variables are defined in the ornithopter.

Level flight conditions consist of a steady state with
symmetrical behavior, so dynamics outside the longitudinal
plan are not considered. In addition, the velocity vector of the
prototype is in the horizontal plane. With those conditions,



TABLE I
NOMENCLATURE

Variable Parameter
W (N) Weight of the ornithopter
L(N)∗ Global aerodynamic lift
D(N)∗ Global aerodynamic drag
T (N) Thrust
CL∗ Global lift coefficient of the ornithopter
CD∗ Global drag coefficient of the ornithopter
ρ(kg/m3) Air density
U(m/s) Flight velocity
S(m2) Wing surface
St(m2) Tail surface
Λ Surface relation (St/S)
c(m) Mean chord
α(◦) Angle of attack
k Reduced frequency
f (Hz) Frequency of flapping motion

lw
Distance from wing aerodynamic center to the center
of gravity

lt
Distance from tail aerodynamic center to the center
of gravity

δe(
◦) Deflection of the tail

* Found with the subscripts w, b and t they refer to
the wing, body and tail respectively.

the equations that rule the flight are given by

W = L =
1
2

ρU2SCL (1)

T = D =
1
2

ρU2SCD (2)

The fuselage affects mainly by two parameters, the weight,
and the drag coefficient. It also has a small contribution over
the lift coefficient, almost negligible when compared with
the entire lift. Therefore, from equation (1), we can obtain
the velocity needed for flight for the same lift as a function
of the weight,

U =

√
2W

ρSCL
(3)

being useful to study the effect of the weight on the flight
velocity. Alternatively, we can analyze the lift coefficient
needed to fly at a certain velocity,

CL =
2W

ρU2S
(4)

For both the lift and drag coefficients, there are three
contributions, namely the wing, the tail, and the body. Those
aerodynamic contributions are modeled separately in §IV.
The global coefficients are defined as

CL =CL,w +CL,b +ΛCL,t (5)
CD =CD,b +ΛCD,t (6)

and the contributions can be expressed as a function of the
angle of attack and the reduced frequency. Tail coefficient
also includes the deflection of the tail. In the case of
the ornithopter, the thrust needed to overcome the drag is
produced by the wing. Hence, the contribution of the wing
to the drag is included in the thrust formulation. The reduced
frequency is given by

k =
π f c
U

, (7)

α

W

D t V

f

lw

lt

Fig. 3. Forces produced by the different elements of the ornithopter.

It is important to consider also the equilibrium of momen-
tum in the ornithopter, given by the moments generated by
the lift forces of both the wing and the tail,

0 = Lwlw +Lt lt =
1
2

ρU2S (CL,wlw +ΛCL,t lt) (8)

The needed thrust is obtained by equation (2), through
the drag coefficient defined by the tail and the body. It
can be expressed as a function only of the weight and the
aerodynamic coefficients

T =W
CD

CL
(9)

With equations (3)-(9), a direct relation between the
control variables, namely the deflection of the tail and
the flapping frequency, is defined in order to obtain the
conditions for level flight. However, it is more interesting
to define the conditions by the frequency needed to fly at
a certain velocity or a certain angle of attack. Then, we
can obtain the deflection of the tail needed by equation
(8). To complete the formulation done here, we need the
aerodynamic coefficients formulated in section IV.

IV. AERODYNAMIC MODELING

In order to obtain the aerodynamic model of the complete
ornithopter for the dynamic analysis, separate aerodynamics
models of the ornithopter body (with and without fuselage),
wings and tail have been made. While a single degree of
freedom is taken into account for the body simulation, that
is the angle of attack, the influences of the reduced frequency
on the wing and the control deflection on the tail have been
included, which are presented in the following sections. The
models are primarily based on Computer Fluid Dynamics
(CFD) numerical simulations and identification method. In
addition, the empirical correction of the wing thrust model
due to the elasticity of the wing is also included.

A. Fuselage modeling

A set of CFD simulations of the body with and without
the fuselage has been carried out for the present study. The



Reynolds-Average Navier-Stokes (RANS) model is chosen,
in particular the k−ω with Low Reynolds correction, an in-
compressible two equation Eddy-viscosity model commonly
used in intermediate-range Reynolds aerodynamics, and a
pressure-velocity coupled scheme, with a first order implicit
time discretization for the transient simulation. The fuselage
has been modeled as a continuum body with no holes, while
the non-fuselaged body geometry has been simplified to
improve simulation performance. The geometry can be found
in figures 4 and 5.
The fluid has been meshed by tetrahedrons, of the order of
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Fig. 4. Pressure contours at angle of attack 20deg and V = 4m/s around
the ornithopter’s body without fuselage.
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Fig. 5. Pressure contours at angle of attack 20deg and V = 4m/s around
the ornithopter’s body with fuselage. Note that the colorbar is scaled at each
simulation, so they are not comparable between figures.

3M elements approximately, refined near the bodies at the
length of 1mm. Mesh sensitivity analysis has been carried out
with no noticeable differences. Several steady simulations
have been performed at low velocities (U= 4 m/s) in the
range of angle of attack of interest α = [−30,30]deg. The
longitudinal forces and moments produced by the body in
both cases are projected in the aerodynamic reference frame,
providing lift and drag forces LF/NF

b ,DF/NF
b , of the fuselage

(F) and no-fuselage (NF) configurations. The aerodynamic
coefficients are constructed as follows

CF/NF
L,b =

LF/NF
b

1
2 ρU2S

(10)

CF/NF
D,b =

DF/NF
b

1
2 ρU2S

(11)

The results obtained are shown in Figure 6. The single
points represent the CFD solutions, which have been used
to identify through regression a polynomial model to better
analyze their contribution to the ornithopter dynamics. The
model is given by
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Fig. 6. Lift and drag coefficients of the body, without and with fuselage,
obtained at different angle of attack from CFD calculations (squares and
circles respectively). Continuous lines represents the identified model.

CF/NF
D,b = Θ

F/NF
D

 1
α

α2

 (12)

CF/NF
L,b = Θ

F/NF
L


1
α

α2

α3

 (13)

Note that while CF/NF
D,b is a par function, the quadratic term

is included, while on the contrary, for CF/NF
L,b identification, it

is necessary to include the cubic term. Finally, a regression
factor greater than 99 percent has been reached for those
parameters presented in Table II, whose results are shown as
continuous lines in Figure 6.

TABLE II
IDENTIFIED COEFFICIENTS OF THE BODY’S FORCES MODELS.

ΘF
D 0.0013 0.0033 0.0334 -

ΘNF
D 0.0077 -0.0005 0.0291 -

ΘF
L 2.17 e-5 0.0156 0.0165 0.0809

ΘNF
L 8.39 e-4 0.0135 -0.0043 -0.0381

B. Tail modeling

The tail must produce sufficient forces to balance the
moments produced by the rest of the elements in the center of
gravity when performing a balanced flight, so it is crucial to
define the flight envelope and dynamic analysis of the whole
ornithopter. For this analysis, an inverted T-tail (see figure
1) has been used. The longitudinal forces are controlled by
the deflection of the horizontal plane, δe. The aerodynamic
model of the tail at different velocities, angles of attack, and
elevator deflection is used for the dynamic analysis, which
is based on the CFD simulations and identified by a ”delta
wing” type model, including the stall effect. The model is
valid in the range of δe,α = [−30,30]deg. A representation
of the pressure contour and streamlines over the tail is
presented in Figure 7.

Analogous to body forces in Equations 12 and 13, the
tail model shown in Equations 14 and 15, has been non-
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Fig. 7. Contour plot of pressure and streamlines over the tail, at U = 4m/s
and δe = 20deg [8]

dimensionalized by the tail surface, being corrected in equa-
tions (5)-(6).

CL,t =Cmax
L,t sin

(
aα(δe +α)

)
(14)

CD,t =Cmax
D,t −

(
Cmax

D,t −C0
D,t

)
cos

(
bα(δe +α)

)
(15)

The coefficients have been identified with a regression
factor greater than 97 percent, and are as follows: Cmax

L,t =

0.94, aα = 2.92, Cmax
d,t = 0.36, C0

d,t = 0.04 and bα = 4.23.
For further information about the design, aerodynamic sim-
ulations and performance analysis and maneuverability we
refer to [8], where three different tails at the range of interest
were modeled and analyzed experimentally.

C. Wing modeling

The modeling of the forces exerted by an elastic flapping
wing is complex because it involves the simultaneous solu-
tion of the non-stationary three-dimensional fluid field and
the structure of the elastic wing. While the effect of elasticity
on the lift can be neglected, it plays a major role on the thrust.
Therefore, for the modeling of the aerodynamic forces on
the wing, an accurate CFD model of a rigid flapping wing
has been used, and the thrust model has been experimentally
corrected as shown below.

1) Rigid wing modeling: The wing aerodynamics of
the E-flap flapping wing is an unsteady three-dimensional
phenomenon, accurately modeled in previous studies [9].
However, for flight dynamics analysis, only the mean values
of the forces developed by the wings are needed, which are
characterized by the flapping frequency. For that purpose,
the model presented in [9] is used, and the mean values are
extracted as a function of the reduced frequency and angle
of attack, as shown in Figure 8.

2) Experimental elastic correction of the thrust: The
thrust given by flapping rigid wing is limited when compared
with a flexible wing. For this reason, CFD results from
[9] give an underestimated thrust coefficient compared with
the real one observed in experiments [7]. To estimate the
additional thrust given by chordwise flexibility, we use
results from theoretical aerodynamic work [15] which study
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Fig. 8. Lift and drag coefficients of the wing from [9]. Note that as the wing
is rigid, the thrust coefficient (−CD) remains small, so the elastic correction
will improve the results (see Section IV-C.2).

the aerodynamic forces generated by a flapping oscillating
airfoil with a quadratic deflection.

The quadratic deflection along the chord comes defined
by a quadratic deflection (δm) and a pivoting point p. The
deflection is measured from experimental data. For that goal,
we measure the deflection of the trailing edge. In order to
convert the measured deflection we have to consider the
position of the pivoting point and the dimensions, obtaining

δm( f ) =
1

(1− p)2
2∆ze( f )

c
(16)

The thrust of an elastic wing can be obtained by cor-
recting the rigid wing model by a given factor to estimate
the wing deflection. For this purpose, bench flapping wing
experiments have been performed at different frequencies.
Several passive markers have been positioned along the chord
and span of the wing, as in Figure 9. In this way, a Motion
Capture System measures the three-dimensional position of
each marker over time, with a frequency of 120 Hz and a
precision of the order of 1mm.
By postprocessing the data, the section j deflection θ i

e in
degrees and the trailing edge deflection ∆z j

e is obtained
for each wing section by subtracting the theoretical rigid
displacement which is known a priori, which is presented
in Figure 10. Note that a quadratic dependence with the

S-1S-2
S-3

S

ze

e�

Section j

x

yz

Fig. 9. Positioning of the markers through the half wing.

frequency can be found. The outer section of the wing
has less deformation due to the shorter chord, with the
exception of the last section, which presents a slightly lower
deformation than its neighbor, due to the boundary condition
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in the socket, whose trailing edge is not free.
The mean deflection of the trailing edge of the wing can
be constructed as a function of the flapping frequency f as
follows:

∆ze( f ) =
n

∑
j=1

(1− p
2 )c

j sinθ
j

e ( f )
)

n
(17)

Where the number of sections measured is n = 5, and c j

is the chord of section j. In this case, the pivoting point is
defined, by the construction of the wing, at a quarter chord
measured from the leading edge (p =−0.5). Then, by using
(16), the normalized deflection used to correct the thrust is
obtained and presented in Figure 11.
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Fig. 11. Experimental normalized deflection used for thrust elastic
correction in function of the frequency.

Finally, a non-dimensional deflection model (18) is iden-
tified from the experimental data shown in Figure 11, whose
parameters with a 98 percent regression quality are: Θδm =
[−1.37 4.37 2.03] 10−2.

δm = Θδm

 1
f
f 2

 (18)

V. RESULTS

With the coefficients defined in §IV and §IV-C.2, the
dynamic analysis proposed in §III can be developed numer-
ically. In this case, given that both lift and thrust depend on
the angle of attack and the reduced frequency, the system
has to be solved entirely to get results.

A. Flight velocity
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Fig. 12. Velocity as a function of the angle of attack

Ornithopters usually need low velocities in order to inter-
act with the environment. Meanwhile, long distance flights
may benefit from fast flights, due to energy savings. There-
fore, the analysis of the velocity range, is useful to study
the performance of the ornithopter, for both cases with and
without the fuselage.

Using equations (3) and (8) we see in fig. 12 the velocity
as a function of the angle of attack. As discussed above, the
angle of attack is defined by the deflection of the tail with
equation (8), and its relation does not change by adding the
fuselage. Therefore, the lift coefficient of the wing and the
tail remain the same. In addition, the lift coefficient of the
body is almost negligible when compared to the contributions
of wing and tail. Then, the main difference between both
cases is due to the additional weight added by the fuselage.

The results show that, as expected, the ornithopter will
fly faster with the fuselage. Therefore, for maneuvers at
low speed, the fuselage is a disadvantage, as the minimum
speed is bigger. On the other hand, for long flights, it would
be interesting to study the flapping frequency needed to
maintain flight, which should lead to a direct relation with
the power consumption.

B. Comparison with the angle of attack

Fig. 13 shows the thrust needed to fly at different angles
of attack. These results are obtained using equation (9). We
can see how the thrust grows at low angles of attack as the
lift force generated by the wing is limited, needing a higher
velocity which increases the drag. Note that the minimum
thrust is obtained at a different point in both cases. This point
corresponds to the minimum CD/CL ratio, which changes due
to the addition of the fuselage.
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Fig. 13. Thrust and thrust coefficient needed as a function of angle of
attack

The thrust coefficient provides a useful tool for the di-
mensional analysis and the influence of the weight. Hence,
we see that the high thrust needed at low angles of attack is
due to the high velocity. Then, when the angle of attack gets
higher, the drag coefficient grows. However, this growth is
noted at the dimensional thrust just at the highest angles of
attack.

10 15 20 25 30

 (º)

3.45

3.5

3.55

3.6

3.65

3.7

3.75

3.8

3.85

3.9

f(
H

z)

no fuselage
fuselage

10 15 20 25 30

 (º)

0.5

1

1.5

k

no fuselage
fuselage

Fig. 14. Dimensional and reduced frequency as a function of angle of
attack

Fig. 14 shows the flapping frequency for the studied range
of the angle of attack. We see that the frequency needed is
always higher for the prototype with the fuselage. Again, this
is caused by the higher velocity that this vehicle has, as we
see that the reduced frequency is very similar in both cases
when plotted.

Note also the influence of the angle of attack on the
formulation of the thrust. At high angles of attack, the
difference in the thrust coefficient is lower, as seen in fig. 14.
However, the difference in the reduced frequency needed is
higher, caused by the cross terms with both variables (α and

k).
To sum up, we have seen that, when the same angle of

attack is considered, the frequency needed to fly with our
fuselage is always bigger. However, the flight velocity with
the fuselage is also higher, so a further comparison is needed
to study those variables.

C. Comparison with the flight velocity

Considering the velocity as the input variable, the analysis
gets more practical. Now the power consumption concerns
disappear, as the velocity gives the information about the
distance traveled.
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Fig. 15. Thrust and thrust coefficient needed as a function of the flight
velocity

Fig. 15 shows an intersection between the two thrust
curves. At low velocities, the weight of the fuselage causes
the prototype to need more thrust. However, the reduction
of drag becomes more significant as the velocity grows, and
the fuselage provides an important advantage.

Note that, given the thrust as a function of the velocity,
now the relation between both cases does not change for the
dimensionless thrust coefficient. However, it is interesting to
see how the thrust coefficient needed is almost constant from
a certain velocity.

Note also that the minimum thrust is not obtained at the
same velocity for both cases, as it was not at the same angle
of attack neither. Then the velocity of minimum drag to lift
ratio changes for both cases.

When the flapping frequency is considered as a function
of the velocity (fig. 16), we see how when the velocity
increases, the difference of frequency needed for both cases
(with and without fuselage) gets lower. At high speeds, the
fuselage provides an important aerodynamic advantage, as
discussed before. Note that the dimensional frequency does
not vary from a small range in all the operational conditions.
In fact, it has a minimum at a certain flight condition which
varies in both cases, as it depends on the aerodynamic
characteristics of the ornithopter.
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D. Payload analysis

Fig. 17 shows a deeper analysis of the comparison between
flight velocity and flapping frequency required. When we
consider the same weight for the ornithopter, we see that,
at low speeds, the aerodynamic performance of the fuselage
adds no improvement to the flight performance. On the other
hand, at high speeds, the fuselage gives better aerodynamic
performance. Moreover, note that, with the same weight, the
ornithopter is carrying 93 g more of payload.

VI. CONCLUSIONS

The use of a suitable fuselage has not received significant
attention in the research and development of small UAVs.
However, the improved aerodynamics provided by the fuse-
lage can compensate for the weight increase. In addition, the
flight conditions of the ornithopter do not necessarily require
a closed case to protect the on-board mechanisms, payload
and electronics.

In this paper, we have studied the influence of the fuselage
on the ornithopter flight. The aerodynamic forces have been
obtained for the CFD analysis of the E-flap ornithopter, but
the procedure can be generalized for any prototype.

The modification of the thrust coefficient due to the
flexibility of the wings of an ornithopter is also a contribution
of the paper.

Results obtained show how the added weight of the
fuselage gives an operational disadvantage. The minimum
velocity is directly related to the weight, so the ornithopter
can fly slower without the fuselage, providing added maneu-
verability. In addition, the flapping frequency needed at a
low velocity range is lower.

A general conclusion is the change on the optimal flight
conditions when the fuselage is added, so the minimum thrust
needed is found at different points of the operational range
for both cases. In addition, the payload analysis shows that
the fuselage provides advantages at high velocity. However,
at low velocity flights, like those required for inspection,
or immediately before perching, the added weight of the
fuselage may not compensate for the aerodynamic advantage.

The benefit of the fuselage could be more evident in
the hybrid fixed wing-flapping wing configuration developed
in the AERIAL-CORE H2020 project [10]. In this case,
substantial energy savings can be obtained in the reduction of
the drag in the fixed wing flight mode, as the aerodynamics
of the prototype change and the flight velocity gets higher.
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