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Abstract

The potential of Flapping Wing Micro Air Vehicles (MAVs) for sensing and information
gathering relevant for environmental and disaster monitoring and security surveillance
leads to the identification and modeling the salient features and functional significance
of the various components in the flying reasonably sized biosystems. The dynamics,
kinematics and aerodynamics of their wing systems and the production of mechanical
power output for lift and thrust will be synthesized following a simplified and generic,
but meticulous, model for a flapping wing ornithopter. Basic unsteady aerodynamic
approach incorporating viscous effect and leading-edge suction is utilized. The first
part of the study is focused on a bi-wing ornithopter. Later, parametric study is carried
out to obtain the lift and thrust physical characteristics in a complete cycle for evalu-
ating the plausibility of the aerodynamic model and for the synthesis of an ornithopter
model with simplified mechanism. Further analysis is carried out by differentiating the
pitching and flapping motion phase-lag and studying its respective contribution to the
flight forces. A similar procedure is then applied to flapping quad-wing ornithopter
model. Results are discussed in comparison with various selected simple models in the
literature, with a view to develop a practical ornithopter model.

1 Introduction

Motivated by flying biosystems, flight engineering has been initiated since hun-
dreds of years ago and has gradually grown from the time of Leonardo Da Vinci
to Otto Lilienthal’s gliders, to modern aircraft technologies and present flapping
flight research. Recent interest in the latter has grown significantly particularly
for small flight vehicles (or Micro-Air-Vehicles) with very small payload carrying
capabilities to allow remote sensing missions in hazardous as well as confined
areas. Some of these vehicles may have a typical wingspan of 15 cm, with a
weight restriction of less than 100 g [1]. Perhaps the most comprehensive ac-
count of insect flight or entomopter to date is given by Weis-Fogh [2], Ellington
[3-5], Shyy et al [6,7], Dickinson et al [3], bikowski [9] and Ansari et al [10],
while one of the first successful attempts to develop birdlike flapping flight was
made by DeLaurier [11]. In a recent paper, Wang [12, 13] has elaborated the
peculiar nature of insects hovering, which has been efficiently acquired not by
the dominant aerodynamic lift, but by the drag in a paddling like motion.

Although our interest in developing a mathematical and experimental model
is on more or less rigid bi- and quad- wing ornithopter, it should also take note
on other relevant lightweight, flexible wings characteristics of insects and hum-
mingbirds, that undergo large deformations while flapping, which can increase
the lift of flapping wings (Rosenfeld [14]), as applicable.

In the past, flapping wing designs have been created with varied success, for
forward or hover mode, but not both, based on observations of hummingbirds
and bats (Nicholson et al [15]). According to Maybury and Lehmann [16], the
dragonfly has the capability to shift flight modes simply by varying the phase lag
between its fore and hind wings. With that observation, a quad-winged flapping

1 Department of Aerospace Engineering, Faculty of Engineering, Universiti Putra Malaysia,
43400 UPM Serdang, Selangor, Malaysia

2 Aerodynamics & Flight Mechanics Research Group, University of Southampton, Southamp-
ton SO17 1BJ, UK.

doi:10.3293/asdj.2016.31

H.DJOJODIHARDJO!
A.S.S.RaMLI*
M.A.A.BAR?


http://dx.medra.org/10.3293/asdj.2016.31

Figure 1: a. Pterosaur
[19]; b. Soaring eagle c.
A dragonfly exhibiting its
wing geometry and struc-
tural detail.

Figure 2: (a) and (b)
Upstroke and downstroke
motion  of  dragonfly
(Adapted from [20]); (c)
Saving power by elimi-
nating a half stroke in
normal hovering [12, 13].
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system could be conceived as the simplest mechanism that has the capabilities
to shift between flight modes [17]. In one of the recent works in developing quad
flapping wing micro air vehicle, Ratti [17] has theoretically shown that a flight
vehicle with four flapping wings has 50% higher efficiency than that with two
flapping wings. Inspired by the flight of a dragonfly, Prosser [138] analyzed, devel-
oped and demonstrated a Quad-Wing Micro Air Vehicle (QW-MAV) which can
produce higher aerodynamic performance and energy efficiency, and increased
payload capacity compared to a conventional flapping wing MAV (FW-MAV).
In developing a generic model of flapping wing ornithopter, the bi-wing or-
nithopter will first be reviewed and developed, and then extended to quad-wing
ornithopter. In addition, the present approach is aimed at finding the simplest
ornithopter configuration which can be used as the baseline for progressive and
continued development. Also, by analyzing and synthesizing simple ornithopter
configuration, the latter can be built into a simple mechanized one that can be
used for experimental studies and further development. For this purpose, the
sequence of Figs. 1 to 3 is presented, which are ordered according to the wing
structure characteristics. Fig. 1 exhibits wing geometries of a Pterosaur, an
eagle and a dragonfly, which could inspire the development of the geometrical
and aerodynamic modelling of an ornithopter.

The image displayed in Fig. 2 exhibit a dragonfly, which will later be im-
itated to take advantage of the quad-wing kinematic and aerodynamic inter-
actions, in the effort of improving the performance of the ornithopter to be
developed. Fig. 2 also schematically exhibits the flapping motion of the quad-
wing dragonfly, as studied by Wang and Russell [20]. It is of interest to note
that a systematic study by Wang [12, 13] shows that in the case of insects with
dominant hovering movement, due to comparable lift and drag components of
the aerodynamic force, the sustainment of flight is attributed to the drag, like
in paddling movement. Fig. 2 (c), adapted from Wang [12, 13], shows how by
eliminating a half stroke in hovering, like in dragonfly, power efficiency can be
achieved.

Taha et al [21] made a thorough review of the significant work done so far
in the area of flight dynamics and control of flapping-wing micro-air vehicles
(MAVSs), covering the flapping kinematics, the aerodynamic modeling, and the
body dynamics. They identified the missing gap between hover and forward
speed movement, where k>0.1, flapping frequency w in the order of the body
natural frequency, and relative flow angle a>25° or dynamic stall, where there
is dominant LEV contribution and coupling between the aerodynamic forces
and the body modes.

Addressing this gap and in dealing with LEV, Taha et al [22] embarked
upon a novel approach of using a state-space formulation for the aerodynamics
of flapping flight by extending the Duhamel’s principle in the linear unsteady
flows to non-conventional lift curves to capture the LEV contribution. Their
proposed model has been validated through a comparison with direct numerical
simulations of Navier—Stokes on hovering insects.
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Table 1: Overview of some relevant characteristics of flapping biosystems (extension based on [25] and [26]).
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It has also been observed that the flapping frequency tends to decrease with
body mass increase [6]. In view of these findings, the classification tabulated
in Table 1 could summarize some of the relevant features of flapping biosys-
tems that may give us an overview for developing flapping ornithopter MAV.
Whereas crane-flies, mosquitoes and other Nematocera as well as many larger
Brachycera and Cyclorrhapha undoubtedly use normal hovering in most cases
[23]. Birds habitually perform aerial maneuvers that exceed the capabilities of
best anthropogenic aircraft control systems (Tedrake et al [24]). The complexity
and variability of the aerodynamics during these maneuvers are difficult, with
dominant flow structures (e.g., vortices) that are difficult to predict robustly
from first-principles (or Navier-Stokes) models. In this conjunction, machine
learning will play an important role in the control design process for respon-
sive flight by building data-driven approximate models of the aerodynamics and
by synthesizing high-performance nonlinear feedback policies based on these
approximate models and trial-and-error experience.

Biosystem flapping flights are characterized by a relatively low Reynolds
number, flexible wing, highly unsteady flow, laminar separation bubble, non-
symmetrical upstroke and downstroke and for entomopters, the presence and
significant role of the leading edge vortex, and wake vortices capture, among
others.

Hence the objective of the present work are: first, to understand and mimic
the kinematics and unsteady aerodynamics of biosystems that can be adopted
in the present bi-wing FW-MAV and quad-wing QWMAYV. Second, following
our previous attempt to develop pterosaur-like ornithopter to produce lift and
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Figure 3: A generic
semi-elliptical or-
nithopter’s wing planform
with the backdrop of
various wing-planform
geometries: (a) a ladybug
half-wing and its outline;
(b) an American Avocet
half-wing and its outline;
(¢) an eagle top view
and outline and (d) the
present  generic  wing
planforms.
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thrust for forward flight as a simple and workable ornithopter flight model [25,
], the present work will simulate and analyse the kinematics and aerodynamics
of bird-like rigid Bi- and Quad-Wing ornitopter.

At the present stage, which is addressed on bi-wing ornithopter mimicking
bird’s forward flight, the work does not incorporate leading edge vortex effects.
In modeling and simulating the influence of the leading edge vortex in our future
work, information gained from many recent approaches such as those of Ansari
et al [10], Jane Wang [13] and Taha et al [21, 22] will be taken into consideration.
A simplistic and heuristic leading edge vortex modeling which associate the shed
vortices with rapid pronation of the wing is presented in a companion paper [28].

2 Theoretical Development of the Generic Aerodynamics
of Flapping Wings

Following the frame of thought elaborated in the previous section, several generic
flying biosystem wing planforms are chosen as baseline geometries for the or-
nithopter. Referring to the eagle wing and for convenience of baseline analysis,
the semi elliptical wing (shown in Fig. 3) is selected for current study with the
backdrop of various wing-planform geometries utilized by various researchers.

Analytical approaches of quasi-steady and unsteady model are carefully eval-
uated in the present work in order to deal with the aerodynamic problem. In
agreement with the quasi-steady model, based on observation on flying birds,
it can be assumed that the flapping frequencies are sufficiently slow that shed
wake effects are negligible, as in pterosaur and medium- to large-sized birds.
The unsteady approach attempts to model the wake like hummingbird and in-
sects will be deferred to succeeding work. The present unsteady aerodynamic
approach is synthesized using basic foundations that may exhibit the generic
contributions of the motion elements of the bio-inspired bi-wing and quad-wing
air vehicle characteristics.

To account for the unsteady effects, Theodorsen unsteady aerodynamics [29]
and its three dimensional version by Jones [30] have been incorporated. The
computation of lift and thrust generated by pitching and flapping motion of
three-dimensional rigid wing is conducted in a structured approach using strip
theory and Jones’ modified Theodorsen approach (DeLaurier [11], Jones [30])
for a wing without camber. Furthermore, the Polhamus leading edge suction
[31, 32] is also incorporated. The total lift and thrust for the wing is calculated
by the summation of the contributions from each strip for a whole flapping cycle.
Fully unsteady lifting-surface theory [33-36] may later be incorporated.

At the present stage, which will be assessed a posteriori based on the results,
DeLaurier’s [11] unsteady arodynamics and modified strip theory approach for
the flapping wing is utilized with post-stall behavior. The computational logic
in the present work is summarized in the Flow-Chart exhibited in Fig. 4.

To obtain insight into the mechanism of lift and thrust generation of flapping
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and pitching motion, Djojodihardjo et al [37, 38] analyzed the wing flapping
motion by looking into the individual contribution of the pitching, flapping and
coupled pitching-flapping to the generation of the aerodynamic forces. Also the
influence of the variation of the forward speed, flapping frequency and pitch-flap
phase lag has been analyzed. Such approach will also be followed here through
further scrutiny of the motion elements. The generic procedure is synthesized
from the pitching-flapping motion of rigid wing developed by DeLaurier [1 1] and
Harmon [39]. The flapping motion of the wing is distinguished into three distinct
motions with respect to the three axes; these are: a) Flapping, which is up and
down plunging motion of the wing; b) Feathering is the pitching motion of wing
and can vary along the span; c) Lead-lag, which is in-plane lateral movement of
wing, as incorporated in Fig. 5. For further reference to the present work, the
lead-lag motion could be 1nterpreted to apply to the phase lag between pitching
and flapping motion, while the fore-and-aft movement can be associated with
the orientation of the stroke plane. The degree of freedom of the motion is
depicted in Fig. 5. The flapping angle § and pitching angle 6 are varied as a
cosinusoidal function, given by the following equations.

'S

B(t) = Bo coswt (1)

0(t) = 0y cos(wt + @) + byp (2)

where 6y and 3, indicate maximum value for each variables, ¢ is the lag
between pitching and flapping angle and y is the distance along the span of
the wing, and 64, is the sum of the flapping axis angle with respect to flight
velocity (incidence angle) and the mean angle of the chord line with respect to
the flapping axis. A different scheme, however, can be adopted and varied for
investigation purpose.

Leading edge suction is included following the analysis of Polhamus [31,
32] and DeLaurier’s approximation [11]. Three dimensional effects will later
be introduced by using Scherer’s modified Theodorsen-Jones Lift Deficiency
Factor [40], in addition to the Theodorsen unsteady aerodynamics [29] and its
three dimensional version by Jones [30]. Further refinement is made to improve
accuracy. Following Multhopp approach (Multhopp [41]), simplified physical
approach to the general aerodynamics of arbitrary planform is adopted, i.e. a
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Figure 5:  (a) Forces
on section of the wing.
(b),(c),(d) Flapping and
pitching motion of flap-
ping wing.

Figure 6: Schematic
diagram of flapping and
pitching components

of induced velocities at
chord.
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lifting line in the quarter-chord line for calculating the downwash on the three-
quarter-chord line for each strip.

In the present analysis no linear variation of the wing’s dynamic twist is
assumed for simplification and instructiveness. However, in principle, such ad-
ditional requirements can easily be added due to its linearity.

The total normal force acting perpendicularly to the chord line and given by

The circulatory normal force for each section acts at the quarter chord and
also perpendicular to the chord line is given by

Uv
dN. = pT n(y)edy (4)
prc? .
dNnc = Tvmidfchorddy (5)
where
) 1.
Vinid—chora = Ud — —cf) (6)

4

Using these relationships, the relative velocity at three-quarter chord point
which is used for the calculation of the aerodynamic forces can be established.
The relative angle of attack at three-quarter chord, «, is then given by
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which is schematically elaborated in Fig. 6.

The modified Theodorsen Lift Deficiency function for finite aspect ratio wing
is given by Jones [30]. Another derivation for unsteady forces for finite aspect
ratio wing carried out by Scherer [10] arrived at a similar form to the Theodorsen
two-dimensional case. It is utilized here for convenience and takes the following
form

C(k)jones = %Cj;(]];) (9)
where
C(k) = F(k)+iG(k) (10)

C(k), F(k) and G(k) relate to the well-known Theodorsen function [29,

| which are functions of reduced frequency, k. Following the methodological

philosophy of Theodorsen [29] and Garrick [42, 43] and the classical unsteady
aerodynamics, the unsteady lift is expressed as [413]:

L =7mepUC(K)Q (11)

where @Q is given by Q = we™*. Then, substitution @ into eq. (11) gives

L = mepUC (k) (we'™") (12)

The convenience of the Complex Analysis of Theodorsen is exemplified by
Garrick by associating the imaginary part of (11) and (12) with the lift [43].
The details are elaborated for the sake of completeness. The reduced frequency

is defined as k = 57, or wt = 57 - QTUt = ks. Assuming sinusoidal motion
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Figure 7: Verification of
aerodynamic modelling of
present work with work by

Zakaria et al [46] and De
Laurier [11].
Figure 8: Left:  Lift

and thrust for bi-wing or-
nithopter; Right: Stall
angle criterion to show
post-stall behavior within
the present modelling.
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we™t = w (cos wt + i sinwt) (13)

or
we'! = w (cos ks + isin ks) GrindEQ (14

Combining (10) and (13), one obtains:

L =ncpUw [(F(k) +iG(k)) (cosks + isinks)] (15)
Note that
CR)| = C (k) = |F(k) +iG (k)] = |(F(R) + G F|  (16)
where the imaginary value of Eq. (15) is the lift:
_, G(k)
_ 1
QTheodorsen = tan F(]C) (17)
F(k) = |O(k)| COS AT heodorsen = C (k) COS T heodorsen (18)
G(k) = |C(k)| sin OTheodorsen (19)

After some algebraic manipulation, Eq. (15) reduces to

O(k) COS(kS) COS AT heodorsen — C(k) Sin(k}S) SiN T heodorsen

L =mcpUw.I.P +iC(k) (cos(ks) sin AT heodorsen + Sin(ks) cos arheodorsen)

(20)
and the imaginary parts (I.P) of the above equation is
C(k) (cos(ks) sin arheodorsen + sin(ks) cos AT heodorsen) (21)
or
O(k) sin (kS + aTheodorsen) (22)
Therefore:

Nl

L =mcpUw | (F(k)* + G(k)®) * sin (ks + tan™? G(k))] (23)

F(k)
Consistent with the strip theory, the downwash for untwisted planform wing is
given by [14, 17]
Wo 2(ag + Gfp)
U  2+AR

Considering all of these basic fundamentals, the relative angle of attack at
three-quarter chord point « is given by

(24)

/ AR c G(k) . Wo
=——— |F(k — 4| — — 25
“ (2+AR){()Q+2U k O‘} U (25)
which has taken into account the three dimensionality of the wing.
From Fig. 6(c), the flow velocity which include the downwash and the wing
motion relative to free-stream velocity, V can be formulated as

1
2

V= (U cos 6 — husin (6 — ef))2 + (U (o +0p) — ;cé>2] (26)
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where the third and fourth terms are acting at the three-quarter chord point.
The apparent mass effect for the section is perpendicular to the wing, and acts
at mid chord, and can be calculated as

2
1 .
ANy, = pT (Ué— seh)dy (27)

The term Ua — icé is the normal velocity’s time rate of change at mid-chord
due to the motion of the wing.

The total chordwise force, dF, is accumulated by three force components;
these are the leading edge suction, force due to camber, and chordwise friction
drag due to viscosity effect. All of these forces are acting along and parallel to

the chord line.

dF, = dTy — dDegmper — D (28)
The leading edge suction, dT; , following Garrick [42, 43], is given by
1ed\ pUV
dTs = 2mn; (o/ + 05y — 4U> —5 cdy (29)
while following DeLaurier [11] the chordwise force due to camber and friction is
respectively given by
uv
ADcamber = =2m0i,(o +07,) = —cdy (30)
L
dD; = ipVx Cy,cdy (31)

The efficiency term 75 is introduced for the leading edge suction dTy to
account for viscosity effects. The vertical force dN and the horizontal force dF,
at each strip dy will be resolved into those perpendicular and parallel to the free-
stream velocity, respectively. The resulting vertical and horizontal components
of the forces is then given by

dL = dN cos @ + dF, sinf (32)

dT = dF, cos — dN sin 0 (33)

To obtain a three dimensional lift for each wing, these expressions should be
integrated along the span, b; hence

b
L- / dLdz (34)
0
b
T= | drde (35)
0

3 Results

3.1 Results for Bi-Wing

For later comparison with appropriate results from the literature, numerical
computations are performed using the following wing geometry and parame-
ters: the wingspan of 40cm, aspect ratio of 6.36, flapping frequency of 7H z,
total flapping angle of 60, forward speed of 6m/s, maximum pitching angle of
20, incidence angle of 6 and there is no wing dihedral angle. In the calculation,
both the pitching and flapping motions are in cosine function by default, which
is subject to parametric study, and the upstroke and downstroke have equal
time duration. The wake capture has not been accounted for in the current
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Table 2: Average lift and
thrust of present work (bi-
wing).

Figure 9: Results valida-
tion with Yu et al [47].

Figure 10: Lift and

thrust for bi-wing or-
nithopter for each
kinematics definition

(flap articulation).
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computational procedure. The computational scheme developed has been val-
idated satisfactorily, starting from the verification of present work with other
works by Zakaria et al [46] and DeLaurier [11] which is shown in Fig. 7, where
it uses the pterosaur’s wing model.

The result of bi-wing calculated using chosen wing geometry and parameters
is shown qualitatively in Fig. 8 (left) and the average values of both lift and
thrust forces are shown in Table 2. Also in Fig. 8 (right), the criterion for
post-stall behavior is shown to emphasize that at certain angle of attack, it
is exceeding the limit of maximum stall angle to enter the region of post-stall
condition, eventhough the angle is only accounted for the upper (positive) limit,
following DeLaurier’s assumptions in his work.

In Fig. 9, the present work uses Yu et al’s [17] parameter to produce com-
parable agreements qualitatively and quantitatively with the behavior of Yu et
al’s [47] results. For the thrust force per cycle, during downstroke, the force is
not really pronounced and low due to the stall condition, causing such trend.

3.1.1 Variation of oscillatory articulation of the Bi-Wing

In modeling the pitching and flapping motion of the ornithopter wing, one may
learn from the biosystems as summarized in Table 1, but could also attempt to
introduce variations. Based on a close observation to selected avians, such as
soaring eagles, one can observe that before taking off, they expand (flap) their
wings up to a maximum position and stretch their legs simultaneously. It fol-
lows, that the oscillatory motion can be modeled as a cosine function. However,
many researchers did their studies with different kinematic settings for flapping
and pitching motions, for example, negative sinusoidal motion. Related to this,
DeLaurier introduced spanwise sinusoidal twisting for his wing model. Moti-
vated by these meticulous observations, various possible models can be defined
and utilized accordingly to account for every possible flapping kinematics. The
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Av. Forces (N) Present Work Yu et al [47] Table 3: Average lift and
Lift 0.1243 0.121 thrust of present work and
Thrust 0.0337 0.119

Yu et al’s calculation [47].

Av. Forces (N) Flap Articulation (Pitch-cosine function) Table 4: Average lift and
Cosine - Cosine  Sine - Sine thrust (bi-wing) for flap

Lift 0.06621 0.02595 0.2193 -0.09304 articulation.

Thrust 0.1110 0.1953 0.2139 0.05715

LI pay i Sor i arsouiseeen Thius: per cyche or pibch arkoulaian

Figure 11: Lift and

thrust for bi-wing

ornithopter for each kine-
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Figure 12: The influ-
ence of individual contri-
butions of the pitching-
flapping motion and inci-
dence angle on the flight
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Table 5: Average lift and
thrust (bi-wing) for pitch
articulation.

Table 6: Average lift and
thrust (bi-wing) for each
individual contribution.

Table 7: Average lift and
thrust with variation of
flapping frequency.

48 Kinematic and Unsteady Aerodynamic Study ...

Av. Forces (N) Pitch Articulation (Flap-cosine function)

Cosine - Cosine Sine - Sine
Lift 0.06621  0.006561  -0.1094 0.2289
Thrust 0.1110 0.2001 0.07077 0.2062
Av. Forces (N) Individual Contribution for Bi-wing
Incidence only Flap only Pitch only Combined
Lift 0.2776 -0.1864 0.01615 0.06621
Thrust -0.01803 0.3123 -0.05182 0.1110

results are shown in Fig. 10 and 11, and Table 4 and 5.

What can be seen in Fig. 10 and 11 is that, in conformity with our observa-
tion and those researchers like DeLaurier [11], Fujiwara et al [18] and Chen et
al [49], flapping motion should be in cosine function. Interestingly, as observed
by Chen et al and assumed by DeLaurier, the pitching motion is prominent in
negative sine function and exhibited by our calculation. Table 5 lists the aver-
age lift and thrust for various pitch articulation. Judging from these results, at
least within the assumptions adopted in the present work, one can obtain an
impression, which combination of cosine-flap and negative sine-pitch produces
the highest value of lift and thrust forces. These results exemplify that the
flapping kinematics can produce significant aerodynamics forces and the sen-
sitivity of the lift and thrust produced to the oscillatory articulation could be
utilized for tailoring or optimization purposes. Further investigation is currently
in progress.

3.1.2 Component-wise Forces for Bi-Wing

Another study is carried out to investigate the influence of individual contri-
butions of the pitching-flapping on the flight performance. Results obtained
as exhibited in Fig. 12 show that the lift is dominated by the incidence angle
while the thrust is dominated by the flapping angle (other parameters remaining
constant).

From the above component-wise force analysis, it can be deduced that also
an appropriate combination of these force elements can be obtained to produce
optimum lift and thrust. The optimization of this problem is also currently
under study.

3.1.3 Parametric Study for Bi-Wing

A parametric study is carried out to assess the influence of some flapping wing
motion parameters to the flight performance desired. The study considers the
following parameters: the effect of flapping frequency and total flapping angle.
The results are exhibited in Fig. 13. From this study, in general, the lift (at
higher degree of frequency) and thrust forces always increases as the flapping
frequency increases. As for the flapping amplitude, the thrust increases but the
lift decreases over the cycle.

By referring to Pennycuick’s [50] and Tucker’s formula [51] to associate wing
aspect ratio and wing area of birds, the present ornithopter model operating
frequencies as anticipated in Fig. 13 are close to the operating flapping frequency
values of selected birds shown in Table 18.

The phase lag angle between the pitching and flapping motion should be in
such way that when the relative air velocity is at its peak, the pitch angle should
be maximum. With such condition, this can be achieved only if the phase angle

Av. Forces (N) Frequency, f (Hz)

2.96 5 7 9 11 13 15
Lift 0.1536 0.09848 0.06621 0.06189 0.07878 0.1186 0.1785
Thrust -0.03580  0.02167 0.1110 0.2366 0.3990 0.6031 0.8515
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Av. Forces (N) Flapping Amplitude, 3 () Table 8: Average lift and

20 30 40 50 60 70 80 thrust with variation of
Lift 01976 0.1606  0.1252  0.09623 0.06621 0.03899 0.01668f4pning amplitude.
Thrust -0.06182  -0.04379 -0.01122  0.04039 0.1110 0.2053 0.3287

FEmi tegecy wreca

Figure 13: Parametric

study on the influence

of flapping frequency

and flapping amplitude

. ; . ; ; on cyclic lift and thrust

<1l ' : . : : i (bi-wing, semi-elliptical
Flpnihg Ampibuc (3] planform) .
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is w/2 (90). Table 9 shows the value for both average values of lift and thrust
forces and it is in agreement with the statement above.

4 Analysis and Results for Quad-Wing

For the quad-wing kinematics and aerodynamics, the present work takes into
account the influence of the fore-wing induced downwash on the hind-wing effec-
tive angle of attack. This effect is modeled by assuming that, at any instant, the
circulation I' of the fore-wing acts at its quarter-chord point, and the induced
downwash is calculated at the three quarter-chord point of the hind-wing, as
depicted in Fig. 16.

Following Kutta-Joukowski Law, the instantaneous equivalent circulation
generated by the fore-wing is given by

L ore
r = =fore

36
pi (36)

and the induced velocity V; , following Biot-Savart law is given by

r
V= — 37
2nd (37)
Following Fig. 16, for small angle of attack, the induced angle is formulated
as
Vi

Ainduced ~ Uoo (38)

Therefore the pitching angle of the hind-wing is given by

G

eh’dei’ﬂg (t) = eohindwing COS(Wt + ¢) U + efphindwing

______________

=y B A Figure 14: Lift and
BT B 65 oF Of ©F %7 o o7 G BT S A thrust variation with
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Table 9: Average lift and
thrust variation with lag
of phase angle.

Figure 15: Kinematics
variation with phase lag
angle.

Figure 16: Schematic
diagram of the fore wing
downwash and the
duced angle of attack on
the hind wing.

in-
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Av. Forces (N)
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The analysis is then carried out for the quad-wing with similar wing geom-
etry as for the bi-wing. Initial initiative was done with an assumption that the
fore- and hind-wings are closely attached; meaning of inexistence of gap between
the leading edge of the hind-wing and the trailing edge of the fore-wing. The
results for quad-wing configuration below are obtained using the same wing ge-
ometry and parameters used in bi-wing case, for fore- (front) wing and hind-
(latter) wings. The results are compared and analyzed to appreciate the influ-
ence of physical refinements in the computational procedure and for validation
purposes. This analysis also accounts for the induced angle of attack on the
hind-wing due to downwash of the fore-wing. The results are presented in Figs.
17 and 18, and Table 10.

Fig. 17 compares the lift computed using the present model to Wang and
Russell’s more elaborate model calculation [20]. This comparison is very qual-
itative, for proof of concept considerations. Fig. 18 shows the default motions
of flapping and pitching for both fore-wing and hind-wing, which are in cosine
function.

4.1 Variation of Oscillatory Articulation of the Quad-Wing

Following the procedure and parametric study carried out for bi-wing ornithopter,
the present study also addresses the flapping kinematics accordingly, by taking
into considerations what has been learned from bi-wing parametric study. The
fore-wing and hind-wing are arranged in tandem without gap, so that the lead-
ing edge of the hind-wing touches the trailing edge of the forewing, and they are

Forces (N) Present Work Fore-wing Hind-wing Ref.[20]
Average Lift 0.1193 0.0662 0.0531 1.136567
Average Thrust 0.2248 0.1110 0.1138 -
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Figure 17: Left: Lift
and thrust for quad-wing
ornithopter; Right: Qual-
itative investigation with
Wang & Russell [20].

Figure 18: Flapping &
pitching kinematics for
Fore-wing & Hind-wing.

Table 10: Average lift
and thrust for present
work.



Figure 19: Lift and
thrust for quad-wing
ornithopter for each flap-
ping kinematics definition
(pitching motion in cosine
function).

Table 11: Average lift
and thrust for quad-wing
ornithopter for each flap-
ping kinematics definition
(pitching motion in cosine
function).

Table 12: Average lift
for quad-wing ornithopter
for each pitching and
flapping kinematics
definition.
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Av. Forces (N) Quadwing (Hind-wing Art.)

(Fore-wing in cosine function)

Cosine - Cosine Sine - Sine
Lift 0.1193 0.0828 0.2719  -0.0376
Thrust 0.2248 0.3103 0.3307  0.1706

moving simultaneously. The flapping and pitching motions of both forewing and
hind-wing are varied following negative cosine, sine and negative sine functions.
The results, as exhibited in Fig. 19 and Table 11, show that the synchronous
(in-phase) sinusoidal pitching and flapping produce the maximum average val-
ues of lift and thrust. Table 12 and 13 show the articulation of kinematics
in pitching and flapping, for lift and thrust forces respectively. These results
also indicate variation of such oscillatory articulation possibilities that could be
further tailored to meet certain objectives.

4.2 Component-wise Forces for Quad-Wing

Individual contributions of the pitching-flapping motion on the flight perfor-
mance are assessed. The calculation is performed on semi-elliptical wing. Re-
sults obtained as exhibited in Fig. 20 and Table 14 depict similar behavior to
the bi-wing cases that the lift is dominated by the incidence angle. For the
thrust, the flapping motion has a very dominant influence over the force.

From the component-wise force analysis, it can be summarized that also a
suitable combination of these force elements can be attained in order to generate
optimum lift and thrust. The optimization of this problem is also currently being
studied.

4.3 Parametric Study for Quad-Wing

A parametric study is carried out to assess the influence of certain flapping
wing motion parameters to the flight performance desired. The study considers
the following parameters: the effect of flapping frequency and the gap distance
between fore-wing and hind-wing. The results are exhibited in Fig. 21, Table
15 and 16. It can be seen that the effect of flapping frequency exhibits similar
trend as bi-wing’s. For the gap distance effect, as the distance increases, the lift
increases but the thrust decreases in small magnitude.

Results obtained as exhibited in Fig. 22 show the lift produced for various
scenarios involving phase combinations between flapping and pitching motions

Av. Lift (N) FLAP (Hind-wing)
FLAP (Fore-wing) Cosine - Cosine Sine - Sine
Cosine 0.1193 0.0828 0.2719  -0.0376
- Cosine 0.0979 0.0605 0.2513  -0.0640
Sine 0.2587 0.2238 0.4045 0.1014
- Sine -0.0138 -0.0536 0.1452 -0.1762
Vol. 4, No. 1, pp. 1-23 ASDJournal
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Av. Thrust (N) FLAP (Hind-wing) Table 13: Average

FLAP (Fore-wing) Cosine - Cosine Sine - Sine thrust for quad-wing
Cosine 0.2248 0.3103  0.3307 0.1706
- Cosine  0.3075 0.3924  0.4138  0.2526 o ;
Sine 0.3358 0.4238  0.4460  0.2785 pitching and flapping
- Sine 01624  0.2457  0.2625 0.1097 kinematics definition.

ornithopter  for  each
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Figure 20: Component-
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Av. Forces (N) Individual Contribution for Quad-wing Table 14: Average
Incidence only Flap only Pitch only Combined lift and thrust (quad-
Lift 0.5052 -0.3412 0.0293 0.1193

wing) for each individual

Thrust -0.0329 0.6162 -0.1036 0.2248 . .
contribution.
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Figure 21: Parametric
study on the influence
of flapping frequency
and gap distance be-
tween  fore-wing  and
hind-wing on cyclic lift
and thrust (quad-wing,
semi-elliptical planform).
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Figure 22: Fore flapping
phase lag variation for
Quad-wing.

Table 15: Average lift
and thrust with variation
of flapping frequency.

Table 16: Average lift
and thrust with variation
of gap distance (expressed
in chords) between fore-
wing and hind-wing.
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Av. Forces (N) Flapping Freq., f (Hz)

2.96 5 7 9 11 13 15
Lift 0.294 0.182 0.119 0.107 0.128 0.187 0.277
Thrust -0.065 0.047 0.225 0.476 0.802 1.215 1.718

of the individual fore- and hind-wings. Table 17 summarizes the average forces
per cycle for the selected scenarios.

A deduction can be made from the results from Table 17 that having in-phase
flight produces the maximum lift and thrust, among the others. In conformity
with the observation by Deng & Hu [52] and Alexander [53] in their study, the
present study also indicates that when quad-wing insect like dragonfly performs
aggressive maneuvers, they will employ in-phase flight to generate larger aero-
dynamic forces. However further analysis to optimize the combination of these
parameters is still under progress.

5 Comprehensive Assessment of Modeling Results

Better understanding of the production of lift and thrust are intended for cur-
rent simplified modeling of both bi-wing and quad-wing ornithopters. It is also
meant to build a comprehensive foundation and act as a guideline to develop
a simple experimental model ornithopter. A more sophisticated computational
and experimental prototype can be built in a progressive manner by super-
posing other significant characteristics. To gain better comprehension into the
kinematic and aerodynamic modelling of bi-wing and quad-wing ornithopters,
comparison will be made on the basic characteristics and performance of selected
ornithopter models with those of selected real birds and insects.

The use of CFD computation to simulate the vorticity field for quad-wing is
a complex study as reported by Wang and Russell [20]. Although on average,
an upward net force is generated on the wing due to the downward flow created
by the wing motion, the computation is not readily related to the computa-
tional results for lift and thrust. For future progress, such result could be the
basis platform to the present aerodynamics and kinematics modeling of non-
deforming quad-wing ornithopter, which can extensively and progressively be
further redeveloped and refined to approach the genuine living biosystem flight
features, such as those of dragonfly and other related enthomopters.

For this purpose, Table 18 has been prepared as an extension of the earlier
Table presented in [26], to obtain an insight of the flight characteristics and basic
performance of ornithopter and entomopter models, and birds and insect. Table
18 exhibits the ratio of the lift per cycle, thrust per cycle, lift per aspect ratio and

Av. Forces (N) Distance, d

No Gap 1/2¢ 1c 1.5 ¢ 2 ¢
Lift 0.1193 0.1227  0.1247 0.1260 0.1270
Thrust 0.2248 0.2241 0.2237 0.2234 0.2232
Vol. 4, No. 1, pp. 1-23 ASDJournal



H.Djojodihardjo, A.S.S.Ramli, M.A.A.Bari 55

Av. Forces (N) phase lag of fore-wing flapping motion
(Fore- & Hind-wing in cosine function)

0 /4 w/2 3r/4 ™
Lift 0.1193 0.0123 -0.0376  -0.0208  0.0847
Thrust 0.2248 0.1792  0.1706 0.2312  0.3107
(ORNITHOPTER Present Work Previous Work Byl's hummingbird- DeLaurier's pterosaur
Malik & Ahmad [5. -
IMODEL (Semi-elliptical) (Semi-elliptical) [26] mad [55] scale robot [56] model [11]
ILength - - - - -
[Wingspan 0.4m 0.4m 0.4m 0.16m 5.4864m
|Aspect Ratio 6.36 6.36 6.2 - -
[Wing Area 0.0251m* 0.0251m* 0.0251m? - -
[Lift/Cycle 0.0662N 0.1403N 0.1705N 0.2000N 177.923N
[Thrust/Cycle 0.1110N 13163N 0.0201N - -
| A naagr -
Lift(N)
_— 0.1655N/m 0351 N/m 0.4263N/m 1.25N/m 32431N/m
Wingspan(m)
Thrust(N)
_— 0.2775N/m 3.291N/m 0.0503N/m
‘Wingspan(m)
[Wing Loading 2.64N/m* 5.59N/m* 6.79 N/m? - -
Lift(N) 0.025N 0.022N 0.027N - -
Aspect Ratio
[BIRD Pandens Turkey Vulture Red-tailed Hawk Bald Eagle Peregrine Falcon
Albatross
[Cength 110 em 67 cm (26in) 49 cm (19 im) 79 cm (31 in) 46 cm (18 i)
[Wingspan 300 cm 171 am (67 in) 125 cm (49 in) 203 cm (80 in) 116 cm (46 i)
|Aspect Ratio 15 7.0 71 6.6 8.91
[Wing Area 0.643 m? 0.612 m? 0.188 m? 0.703 m? 0.151 m?
[Weight 900 kg 18kg (31b) 1.082kg (2.41b) 43kg(951b) 0.952kg (2.1 1)
s | Rat-tatied [ fan--
Lift(N)
Wingspan(m) 29.4N/m 10.5N/m 8.656N/m 21.182N/m 8.206N/m
[Wing Loading 137.31 N/m? 28.84 Nm? 3741 N/m? 60.00 N/m? 61.80 N/m?
Lift
i - 587N 23TN 152N 652N 107N
Aspect Ratio

*For the omithopter models, the lift used in the calculation is the Lift/Cycle whereas for the birds, the lift represents the weight of the birds

the wing loading calculated using the present simplified computational model
and those obtained by other investigators; for comparison, the weight per wing-
span of a selected sample of birds are also exhibited. Although the comparison is
by no means rigorous, it may shed some light on how the geometrical modelling
and the flapping motion considered in the computational model may contribute
to the total lift produced and how further refinement could be synthesized.

The development carried out in this work is addressed to biomimicry of
biosystem flying in the Reynolds number range of 1.0 x 10* to 1.0 x 10° which
is turbulent. The projected ornithopter and MAV will be also operating in
this range of Reynolds number. The aerodynamics that have been adopted in
the present work takes into account viscous correction appropriately (DeLaurier
[11], Shyy et al. [7]). Shyy et al [7] show that for all airfoils, the CL/CD ratio
exhibits a clear Reynolds number dependency. For Re varying between 7.5x10%
and 2.0x105, CL/CD changes by a factor of 2 to 3 for the airfoils tested.

In the present work, viscosity effects are taken into account following the
approach and results of DeLaurier [11], using the computational formulation as
given in the present paper as a simplified approach to the problem, but vali-
dated through comparison with comparable experimental results range. Such
approach can be justified as a preliminary step towards more accurate approach
and to develop simple flapping ornithopter MAV.

6 Conclusions
The present work has been performed to assess the effect of flapping-pitching

motion with pitch-flap phase lag in the flight of ornithopter. In this conjunc-
tion, a computational model has been considered, and a generic computational

ASDJournal (2016) Vol. 4, No. 1, pp. 1-23

Table 17: Average lift
and thrust with variation
of flapping phase lag for
fore-wing.

Table 18: Comparison
of basic performance of
ornithopter models and
birds (extended from ear-
lier work [25, 26, 54]).
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method has been adopted, utilizing strip theory and two-dimensional unsteady
aerodynamic theory of Theodorsen with modifications to account for three-
dimensional and viscous effects and leading edge suction. The study is carried
out on semi-elliptical wing planforms. The results have been compared and
validated with other literatures within similar unsteady aerodynamic approach
and general physical data, and within the physical assumptions limitations; en-
couraging qualitative agreements or better have been indicated, which meet
the proof of concept objectives of the present work. For the bi-wing flapping
ornithopter, judging from lift per unit span, the present flapping-wing model
performance is comparable to those studied by Yu et al [47]. The analysis and
simulation by splitting the flapping and pitching motion shows that: (a) The
lift is dominantly produced by the incidence angle (b) The thrust is dominated
by flapping motion (c) Phase-lag could be utilized to obtain optimum lift and
thrust for each wing configurations.

For the quad-wing ornithopter, at the present stage, the simplified compu-
tational model adopted verified the gain in lift obtained as compared to bi-wing
flapping ornithopter, in particular by the possibility of varying the phase lag
between the flapping and pitching motion of individual wing as well as between
the fore- and hind-wings. A structured approach has been followed to assess
the effect of different design parameters on lift and thrust of an ornithopter, as
well as the individual contribution of the component of motion. These results
lend support to the utilization of the generic modelling adopted in the synthesis
of a flight model, although more refined approach should be developed. Vari-
ous physical elements could be considered to develop ornithopter kinematic and
aerodynamic modelling, as well as using more refined aerodynamic computa-
tion, such as CFD or lifting surface methods. In retrospect, a generic physical
and computational model based on simple kinematics and basic aerodynamics
of a flapping-wing ornithopter has been demonstrated to be capable of reveal-
ing its basic characteristics and can be utilized for further development of a
flapping-wing MAV. Application of the present kinematic, aerodynamic and
computational approaches shed some light on some of the salient aerodynamic
performance of the quad-wing ornithopter.
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