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Abstract: Fixed-wing MAV with morphing wing configuration is seen as the future design
requirements for more aerodynamic efficiency. Wash in twist morphing MAV wings have shown a
promising ability by producing smoother lift behavior and exhibited a significant increase in lift
performances. However, the wash in twist morphing wings also suffer from massive drag penalties
as compared to rigid or membrane (baseline) wings. Thus, the objective of this paper is to explore
the aerodynamic performances of another morphing configuration known as wash out twist
morphing MAV wing with a view towards the improvement of the drag performances of morphing
MAV wing. Technically, the wash out twist morphing (TM) wing has deformation characteristics
which are opposite from those of the wash in morphing wing. The force execution of the wash out
morphing wing is similar to the wash in wing but with reversed vector direction. The investigation
was carried out based on Fluid-Structure-Interaction (FSI) simulation method. The simulation was
conducted in a 3D, quasi-static linear structural model combined with a steady-state, incompressible,
and turbulent flow model. Three levels of the wash out morphing force (SN, 3N, and 1N) were used
here to evaluate the morphing performances together with the baseline wing models (membrane wing
and rigid wing). The lift coefficient results show that the wash out TM wings produced inferior lift
performances compared to the baseline wings. This is due to weak vortices interactions, which lead
to substantial adverse pressure on the TM wings. Meanwhile, TM wings have slight advantages in
producing better drag performances than the rigid and membrane wings. Vortices study discovered
that the TM wings have a weak tip vortex formation, which subsequently induces lower drag
magnitude. However, the drag advantages found on the TM wings are still unable to overcome the
lift drawbacks, which in turn, reducing the overall aerodynamics efficiency performances.

Keywords: Wash out Twist Morphing Wing; Biomimetic Wing, Micro Air Vehicle;
Aerodynamics

15 cm)'. MAV velocity speed is less than 15 m/s, with

Micro air vehicle (MAV) is a relatively new generation
of aircraft. MAV design becomes a feasible aircraft design
over the past 15 years due to continuous research in micro
size wings. Technically, MAV is defined as a micro-scale
class of Unmanned Aerial Vehicle (UAV), which has the
wingspan equals to or less than 6 inches (approximately

the overall weight less than 1 kg>® The fixed-wing MAV
type is the most popular choice among researchers since
the design offers better payload and endurance
capability”®. However, the fixed-wing MAV also suffers
from several drawbacks, such as the low lift and high drag
generation”!'? It also has a nature of difficult flight
controllability and a small center of gravity (CG)
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range'"!? The biological wing inspirations, such as
morphing wings, have been introduced to improve the
performance of fixed-wing MAV aerodynamics'>!¥.

Morphing is defined as an ability of an aircraft’s wing
to change its shape during a flight to improve its overall
flight performance'. It is also known as a biomimetic
wing design'¥ that provides a smooth and continuous
wing shape changes through the feature of wing flexibility.
The biomimetic morphing wing is a new generation of
wing mobility adopted in micro air vehicle'® (MAV) flight,
which can be classified accordingly to the outcome of
shape parameters. There are three main categories of
morphing wings, namely in-plane alternation, out-of-
plane transformation, and airfoil profile adjustment '>.

The in-plane alternation refers to the changes of wing
shape that occurred in a two-dimensional (2D) plane (e.g.
X- and Y-directions) wing plane, while the out-of-plane
transformation refers to the changes of wing shape
involved in Z-direction'”'®. The in-plane morphing
actuation is implemented through wingspan, sweep angle,
and chord length changes, whereas the out-of-plane
morphing is executed through the chordwise or spanwise
bending and wing twisting actuation. The airfoil profile
morphing is materialized through the application of wing
camber and thickness adjustments'>).

The use of morphing wings along with low aspect ratio
(LAR) wings (approximately AR = 1 to 1.5)!”)is the future
design requirement of efficient MAV wings. However, the
resulting LAR wings shall allow the flow vortices
attached over most of the wing area, and therefore
considerably affect its aerodynamic characteristics?*?",
Previous studies have shown that these vortices are able
to generate a nonlinear lift due to the low-pressure
formation on the top wing surface, which consequently
influences the induced drag components at high angles of
attack?).

Induced drag plays a major contribution towards the
over drag performances, which is highly associated with
the wingtip vortices characteristics?»*¥ Despite the
empathize theory in the induced drag distribution, the
influence of morphing wing mobility especially due to
twist morphing wing deformation (wash in and wash out)
towards the tip vortices characteristics and induced drag
distribution on MAV wing size still remains unclear.
Closest attempts of morphing MAV wing implementation
can be found in the work of Ismail®®, who proposed a
wash in twist morphing (TM) wings intending to improve
the aerodynamic performances of MAV. The result
showed that the wash in TM wings had a noticeably
produced smoother lift behavior and capable of
demonstrating a  significant increase in  lift
performances®*?®. However, the result also indicated that
massive drag penalties were observed on the wash in TM
wings, which also superior to the ones found on the rigid
and membrane wings®>. Thus, the main objective of this
paper is to investigate the aerodynamic performances of
another biomimetic morphing mobility known as wash

out morphing wing. The investigation on the wash out
morphing wing was executed with the purpose to improve
the drag distribution of MAV wings and clarify the
correlation between the wash out morphing wing vortices
and their aerodynamic attributes. Technically, the wash
out morphing wing has opposite deformation
characteristics from the wash in morphing wing'®. The
force execution of the wash out morphing wing is identical
to the wash in wing case study but with reverse vector
direction. Table 1 summarizes the difference between the
wash out and wash in twist morphing condition on the
MAV wing. However, the current scope of works is not
about to compare the aerodynamic performance between
the wash in and wash out twist morphing wing. But it is
executed to understand the correlation between the wash
out morphing force variation towards its aerodynamics
attributes. In this work, the Fluid-Structure-Interaction
(FSI) simulation method was fully utilized, similar to
previous works shown in reference?. The simulation was
conducted using the quasi-static linear structural model in
3D combined with the fully utilized flow model in a
steady state. The airflow domain was simulated through
the FSI computational frameworks in the CFD
commercial software. Three levels of the wash out
morphing force (SN, 3N, and IN) were used to evaluate
the morphing performances together with the baseline
wing models (membrane wing and rigid wing). Before the
wash out morphing wing investigations were conducted, a
verification of the FSI simulation method was executed by
comparing simulation results with available experimental
results.

2. Methodology
2.1 FSI Framework

The 3D, quasi-static, and linear structural models were
used in this computational FSI framework to solve the
deformation problems due to the morphing force. The FSI
structural framework was then coupled with the steady-
state, incompressible, and turbulent flow model, which
solved based on Reynolds-averaged Navier Stokes
(RANYS) equations combined with SST turbulent model.
The FSI framework (shown in Fig. 1) was fully
implemented, which is similar to the previous morphing
wing study found in the reference?”.

2.2 MAV Wing Model

Three levels of morphing force were implemented on
a Zimmerman shape MAV wing known as TM 5N, TM
3N, and TM 1IN (refer to Table 2) to elucidate the
morphing conditions. The baseline wings (known as
membrane wing and rigid wings) were also included in
the comparison study. Each TM wing was modeled
based on the previous works shown in reference?”. In
this work, the component of the fuselage (body),
stabilizer (horizontal and vertical), and propeller were
intentionally removed from the MAV models to avoid
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any other aerodynamics influence (due to the
components) on the TM wing results. The study
focuses more on the wing aerodynamic performances
rather than on the “ready-to-fly” MAV configuration.
Thus, high attention is given on the wing’s
aerodynamic performances by excluding the fuselage,
stabilizers, and propeller components. Based on
previous studies?’?®, it shows that the fuselage and
propeller attachment on MAV wing would require a
complex system-level of design considerations and
requirement. Contradiction in aerodynamic interest
arises from multi-component MAV due to wing,
fuselage, propeller and stabilizer aerodynamic design
requirement. The aerodynamic influences presented by
fuselage and propeller components shall dominate the
flow behavior surrounding flow of MAV wing
Generally, all wings considered in this work have
geometrical similarities in terms of shape, planform
size, and overall wing dimensions with thickness
maintained at 1 mm. However, the wings shape

discrepancy was solely contributed by the morphing
force magnitude (among the TM wing) and the
membrane skin components (between the TM wings
and baseline wings). The TM wings enforced with three
levels of morphing force (5N, 3N, and IN) with
membrane skin components. Considering the MAV
scale and its payloads size, the feasible morphing force
magnitude generated on this wing must be relatively
low. Hence, in this work, the maximum morphing force
magnitude imposed on TM wing is limited at 5N, which
is equivalent to the pull force provided by a 0.2 mm
Flexinol® SMA wire?”. Meanwhile, no morphing
force was applied to the baseline wing configurations.
The summary of wings similarities and discrepancies is
given in Table 2. The coordinate system for each wing
is set as follows: x is the chordwise direction, z is the
spanwise direction, and y is the directed normal to the
wing. The wing coordinate origin is set at the outer-
most point of the wing leading edge.

Table 1. The deformation that distinguishes between wash out and wash in twist morphing on MAV wing.

n n-1
PRESSURE (from fluid solver) ‘u —u ‘ <&

l I

MECHANICAL SOLVER NAVIER-STOKES (ALE)
Static Equilibrium o . Slw\\c I‘m'l o

”

Solve for d, w VW PR @
l T mesh velocity l,tj
CHECK COUPLING
CONVERGENCE DYNAMIC MESH SOLVER
Static Equilibrium Update fluid mesh at fluid iteration n
‘d;‘ -d<s ‘ff;k —U;H‘ <&
FLUID SOLVER
k=k+1

d; at interface

yEs [ NO  [COUPLING ITERATION
END k

Fig. 1: FSI framework 29

Non-morphing condition Wash in Twist Morphing Wash out Twist Morphing
Wing o
Deformation .
from Isometric ]
view \\ _.’
Wing
Defor.matl(.)n — J
from Side view
Wing = .
Deformation e S /
from Front view p/
2.3 Mesh Characteristics and Material Properties for
MAY Wing
i k
P and T atintertace The half wing geometry of TM wing and baseline wing
EXTERNAL FORCE (nput forcoNESI pp o convERGENCE N0 (membrane and rigid) components are shown in Fig. 2.

ABS plastic and silicone rubber material were assigned
for the wing skeleton and membrane skin, respectively.
The ABS plastic material selection was made based on the
actual wing development that used 3D printing equipment
and ABS plastic as its filament material. The material
properties for the ABS plastic and silicone rubber material
are listed in Table 3. For the simulation works, the wing
skeleton and the membrane skin material were modeled as
a linear elastic material. 3D hybrid mesh was used for the
solid element for all wing components and models. The
mesh independent study (for static structural analysis) was
achieved with an optimized grid at 116,796 elements, as
shown in Fig. 3.
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Table 2. MAV wing characteristics.

Wash Out Wash Out Wash Out Membrane Rigid wing
TM 5N TM 3N T™ IN wing

Wingspan, b 150 mm 150 mm 150 mm 150 mm 150 mm

Root chord, ¢ 150 mm 150 mm 150 mm 150 mm 150 mm
Aspect ratio, A 1.25 1.25 1.25 1.25 1.25
Morphing force F=5N F=3N F=1N F=0N F=0N
component
Membrane skin Included Included Included Included Excluded
component

Half wing geometry . T I ! I
. 5N . 3N |
b '_. S 1 :!
\\J \\
wing skeleton area
A
membrane skin
r'y
gomm | Morphing point
wing skeleton
nembrane sl v
M area
™ \ﬁng membrane wing rigid wing

Fig. 2: TM wing component (half-wing view)

Table 3. The ABS Plastic material properties.

Physical Properties ABS Plastic | Silicone Rubber
Density 1260 kg/m*® | 1290 kg/m?
Tensile Strength, Yield | 43.4 MPa 2.5 MPa
Young’s Modulus 2.27 MPa 6.5 MPa

Shear Modulus 0.8 GPa 2.2 GPa

Fig. 3: The optimized mesh for solid component of wash
out TM wing (half-wing view).

2.4 The Static Structural Boundary Conditions of
Morphing Wing

Fig. 4 shows the morphing principle behind the wash out
TM wings concept. Due to the complexity and miniature
size of morphing mechanism, the actual mechanism to
induce the morphing mobility was not considered here as
it was considered as beyond the current scope of works.
Instead, only a virtual force was imposed on the TM wing
to induce the morphing motion. In this work, the virtual
force was imposed at a 45° angle, as shown in Fig. 4,
directed upwards with the objective to produce a local
wing deformation, especially near the wingtip. the
centerline (root) of the wing is imposed as the fixed end
to replicate the similar experimental setup as shown in
reference’”). Three levels of morphing force magnitude (1
N, 3 N, and 5 N) pointed near the wingtip to ensure the
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morphing condition achieved. The point location is an
optimized morphing point, as determined by the previous
morphing study shown in the reference®?). As expected,
the morphing point located at the wingtip effectively
produced a significant wing deformation, as shown in Fig.
5, which resulted in a wash out morphing condition on
each TM wing. The wash out morphing level found on
each TM wing was clarified based on its magnitude of
geometric twist (€), which was obtained from the local
angle of attack extraction method shown in reference®".
The wing deformations results with its € magnitude are
given in Fig. 5. Theoretically, the deformation found on
the baseline and TM wings is mainly contributed by two
main sources; the aerodynamic loads and the morphing
forces®). The results exhibited that there was no significant
wing deformation found on the baseline wings. It means
that the aerodynamic loads which were solely enforced on
the baseline wing surface were not intense enough to
deform the wing. Thus, the baseline wings maintained
their original € magnitude at € = 0.5°. Instead, the virtual

ISOMETRIC VIEW

MORPHING FORCE COMPO!

FRONT VIEW

7 ... XZ PLANE /"m'- =

morphing force which was found on TM wing produced a
wash out wing deformation on every TM wing
significantly. The level of wash out twist morphing
characteristics was denoted through its negative €
magnitude’V. As expected, the TM 5N wing produced the
largest wash out twist morphing characteristic among the
wing with € magnitude at € =-12.7°. This was followed by
the TM 3N and TM 1IN wings at € = -8.5° and -3.0°,
respectively. Based on these € results, it can be concluded
that aerodynamic loads have a minimum impact on the
overall wing deformation and € magnitude compared to
the morphing forces. Instead, the morphing force showed
a substantial influence on the overall wing deformations
and € magnitude. In fact, TM wings with higher morphing
force exhibited greater wing deformations, which
consequently induced a higher level of wash out twist
morphing characteristics based on the negative €
magnitude.

TOP VIEW

MORPHING POINT LOCATION

SIDE VIEW

Fig. 4: The imposed morphing force on wash out TM wing (half-wing view)

1948¢-002 MEMBRANE

1.7540-002
1.559¢-002
1.3640-002
1.169-002
9.744¢-D03
7.795¢-003
5.846¢-003
3.898e-003
1.949¢-D03

0.000e+00¢
L]

e=05° «=05°

Fig. 5: The wing deformation and geometric twist (€) for all wing (half-wing view).

2.5 The Flow Field Boundary Conditions Surrounding
Morphing Wing

In this work, the symmetrical geometrical condition
was fully implemented for the 3D computational flow
domain surrounding the wash out TM wing. The size of
the 3D domain size was built relative to the root chord unit
(c), as shown in Fig. 6. The mesh independent studies
were carried out (as shown in Table 4) to evaluate the
quality of the constructed numerical mesh grid. Based on
the mesh independent study, the optimized grid was

achieved at 661,247 elements (case 3), as shown in Fig. 7.
Mesh with y+ < | criteria achieved to ensure the boundary
layers phenomenon on the wing surfaces were sufficiently
captured. The inlet and outlet boundary conditions applied
at the 3D flow domain and marked by flow vectors shown
in Fig. 6. The inlet flow velocity is set to maintain at 9.5
m/s (equivalent to Re = 100,000 at the root chord) which
is the common speed for MAV wing operation. For the
airflow simulation continuity, a zero-pressure boundary
condition is implemented at the outlet. The wall on the
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wing-half side is defined as a symmetrical wall, while the
opposite wall is defined as a slip surface condition. The
wing surface itself is defined as a no-slip boundary and
surface boundary for FSI interaction. For the
aerodynamics variation study, the wing angle of attack (a)
was defined at the wing root and set to be increased from
-10° to 35° with 2° interval. The ideal air properties assign
for the flow domain, which is given in Table 5. In the
current work, the convergence criteria for the wing static
structural and fluid simulation solver are set based on the
root mean squared error value with the magnitude of 10
to ensure the solution accuracy.

Table 4 The mesh independent studies executed at
o =10 °, Re = 100,000, Wash Out TM 5N wing

Case Case2 | Case3 | Case4 | Case5
1
Total 167, | 335, | 661, 1221, | 2,402,
elements | 521 541 247 516 533
CL 0.123 0.098 0.246 0.244 0.244
CD 0.039 0.051 0.0643 | 0.063 0.064
CM -0.034 | -0.040 | -0.114 | -0.112 -0.113

OUTLET

INLET

rrrri_rrrrrd

Fig. 7: The optimized grid for wash out TM wing

Table 5 The Ideal Air Properties at 25 °C
Value

1.185 kg/m3

Properties

Density

Dynamic Viscosity | 1.831 x 10 Pa

Reference Pressure | 1 atm

3. Results and Analysis
3.1 Verification on FSI Simulation Method

Verification on the FSI simulation method was
conducted to justify the method in predicting the twist
morphing wing performances. The experimental data
from previous works*” were adopted and compared with
predicted data produced by the current FSI simulation
method. The verification works concentrated on two main
aerodynamic parameters known as the lift coefficients
(Cv) and drag coefficient (Cp) results. Fig. 8 shows the lift
coefficient (Cr) and drag coefficient (Cp) results for SN
force wash in twist morphing MAV wing with a speed of
9.5 m/s (Re=100,000 at chord). The results show that the
CL and Cp results (simulation curves) predicted by the FSI
simulation method remained close to the experimental
data (experimental dots) starting from low a (a = -10°)
magnitude up to high stall angle (o =15°). The results
clearly show that the simulation satisfactorily captured the
significant trend found in overall Cp and Cp results with a
slight discrepancy in magnitude (below 10%) compared
to the experimental results. However, as the a increased
beyond the stall angle, the simulation curve began to
deviate at a lower magnitude compared to the
experimental results. Such characteristic typically
happens as the RANS SST k-o turbulent model
insufficiently captures high turbulent phenomenon and
organized transient motion produced at the post-stall
angle?>3Y), Despite this discrepancy, the general trend of
the Cr and Cp magnitude and their increment with a value
were satisfactorily predicted by the FSI simulation. A
strong correlation between the simulation and
experimental results is clearly shown, particularly at the a
region below the stall angle (pre-stall angle). Thus, it can
be concluded that the FSI simulation method applied in
this work is satisfactorily verified to be employed in
further morphing investigations.
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Fig. 8: Comparison of C. (top) and Cp (bottom)
performance based on simulation and experimental results”
on wash in 5 N twist morphing wing at 9.5 m/s.

3.2 Lift Coefficient

Fig. 9 Lift coefficients (Cy) results for the wash out TM
wings (TM IN, TM 3N, TM 5N), and the baseline wings

(rigid, membrane) throughout the o region are given in Fig.

9. In general, the trend of lift curves for all wings was
commonly seen where the magnitude of Cy increases with
a increment. A clear linear increment trend for all wing is
found in the Cy slope started at o = 0° until the stall
condition (Otstalt)-

These results show that the wash out TM wings
demonstrate a substantial Cp decrease in the lift curve
(between 5% and 23%) from TM IN to TM 5N wing.
Based on these results, the wash out TM 5N wing
produces the lowest maximum lift coefficient (Crmax) at
Crmax = 0.92. This is followed by the wash out TM 3N
(Crmax = 1.0) and TM IN (Crmax = 1.08) wings compared
to the rigid (Crmax =1.20) and membrane wings (Crmax =
1.13).

1.2 A~
N

1 = AN
1.0 A wRee

] X . A =
0.5 A A e

] 5 L ] -

0.6 ¥ /‘/

] ,/ y

- 0.4 s Vel
o ] ” o = Washout TM 5N

0o P el —e— Washout TM 3N

| ’,_4" ,/‘/' Washout TM 1N
0oJ¥h T ey Membrane

el d + Rigid
[ & o
024w
Re = 100,000

-04 T T T T T T T 1

5 0 5 10 15 20 25 30 35

a(’)
Fig. 9: Lift coefficient performances for all wings.

Analysis of a cases between a = 0° and 22°clearly
shows that all wash out TM wings produced lower Cp
magnitude compared to the baseline wings. On average,
wash out TM 1N and TM 3N wings produced between 4%
and 50% lower Cp magnitude than the baseline wings. In
fact, TM 5N significantly produced two times lower Cp
magnitude than the baseline wings. Based on this attribute,
it highlights the drawbacks of wash out morphing motion
on the overall Cy distribution of wash out TM wing. The
wash out TM wings have lowered the C; distribution than
the baseline wings. In fact, the wash out TM wing with
higher morphing force has lower Cy. distribution.

Based on stall angle (o) characteristics, the rigid and
wash out TM 3N wings surprisingly induced similar o
magnitude at osan = 24°, while the membrane wing
showed identical stall angle to the wash out TM 1IN wing
at osan = 22°. However, the wash out TM 5N wing
produced a more delay stall angle at o = 26° in which,
the highest stall angle among the wings. This exhibits that
wash out TM 5N wing is able to induce at least 8.3% better
ostanl angle compared to the baseline wing. Despite better
ostan performances exhibited by almost all wash out TM
wings, the results needed to be carefully considered due to
turbulent model capability in predicting the ogan
performance, which was near the stall region.

In terms of zero-lift angle of attack (ocr-o)
characteristics, all wash out TM wings exhibited higher
ocrL=0 magnitude compared to rigid and membrane wings.
TM 5N wing induced the highest acr-o magnitude at ocr-o
=4.3°. While TM 3N induced ocr-o magnitude at ocr-o=
1.4° and the TM 1N wing exhibited a oc - negative value
(acr=0 = -2.7°). The rigid and membrane wings also
exhibited a negative value of acr-o at -5.2° and -4.9°,
respectively.

Detailed analysis of Cp increment magnitude
(Clincrement) Was also conducted at the incline angle (o= 5°
to 10°). The analysis shows that the wash out TM 5N and
TM 3N wings induced the lowest Crincrement magnitude at
70% and 75%, respectively. Wash out TM IN wing
induced the highest Crincrement among the morphing wing
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at Clincrement = 84%. However, the baseline wings (rigid
and membrane) induced better C; magnitude increment at
ClLincrement = 90% and 97%, respectively.

Based on the overall C performances, a significant
effect of wash out twist morphing is established. Wash out
morphing motion on TM wings clearly induced a few
drawbacks in its overall Cy performances by degrading the
Cr magnitude, Crmax, 0cr=0, and Cerincrement performances.
In fact, TM wings with higher morphing force showed
inferior overall Cr, performances.

3.3 Drag Coefficients

The drag coefficient (Cp) results for all wings
throughout the o region are shown in Fig. 10. In general,
every wing performs a gradual decrease in drag magnitude
at early o region (-4° < a < 6°), before it reaches the
minimum drag magnitude known as the Cpmin point. After
the Cpmin point, every wing performs a dramatic increase
in Cp magnitude approaching the stall region (0ostan = 22°-
26°). Every wing showed a slight halt in the Cp increment,
particularly at the early post-stall angle (1° to 2° after stall).
But the halt was recorded below than a 2% drop of Cp
magnitude before it continued to increase monotonically
at least 12 % at higher post-stall wing incidence. The Cp
magnitude kept on increasing after the stall angle.

0.8 -

{ —=— Washout TM 5N
074 e Washout TM 3N

Washout TM 1N
0.6+ ~— Membrane 3
+— Rigid 2

0.5 - ¥

{ Re= 100,000 o
0.4 N

(=} N /
© 1 '/’/ ¢

0.34 _ /6’ /-

] X ¥
0.24 ;& ./'

r oy s 4
.
0.1 %-u_ . ¥ ”,_:,}/-/
,""",* = S

OD T T T T T T T 1

5 0 5 10 15 20 25 30 35

Fig. 10: Drag coefficient performances for all wings

Based on the overall trend, the Cp curve for the baseline,
wash out TM 1IN, and TM 3N wings performed almost
similarly before the Cpmin point (Comin= 0.04 at o= -2°).
After the Cpmin point, the results show that the membrane
wing drastically deviated at a greater Cp magnitude,
which left the other wing at a lower Cp level. The rigid
wing induced a slightly lower Cp level than the membrane
wing but marginally higher than the wash out TM IN wing.
However, wash out TM 3N and TM 5N wings had a
significantly lower Cp trend compared to the other wings.
Initially, such Cp trends highlighted the influence of the
wash out morphing wing in reducing the Cp magnitude at
a region after Cpmin point. Further analysis was conducted
to compare the Cp performances among the wings.

Detailed analysis of Cpmin magnitude exhibited that, in
general, the baseline wings had a lower magnitude of
Cpmin than all wash out TM wings. It was recorded that the
Cbmin point for the baseline wings occurred at a lower a
compared to the wash out TM wings. Wash out TM 5N
wing had the highest Cpmin = 0.06, which occurred at o=
6°. This is followed by the wash out TM 3N (at Cpmin=
0.05 at o= 4°) and TM 1IN (Cpmin = 0.04 at o= 0°) wings.
The rigid and the membrane wings had identical and the
lowest Cpmin magnitude among the wings at Cpmin = 0.03
and o= -2°. However, as the o increased beyond the Cpmin
point, TM wings considerably lowered Cp magnitude
compared to the baseline wings. Detailed analysis at a pre-
stall angle (0= 5° to 25°) shows that wash out TM 5N wing
averagely produced 71% lesser Cp magnitude than the
membrane wing. This was followed by wash out TM 3N
and TM 1IN wing, which averagely induced about 49% to
15% better Cp magnitude than the membrane wing. Such
a result indicated that the wash out TM wings induced
significantly lower Cp magnitude than the baseline wings,
particularly at o between 5° and 25°.

Analysis of such benevolent Cp performance can be
further clarified through the Cp increment rate (Cpincrement)
analysis, which averagely taken at every 2° of a increment.
The analysis was also specifically conducted at a cases
beyond the Cpmin point (o= 5° to 25°). The result has
revealed that as the o increase beyond o = 5°, there was a
remarkable increase in Cp magnitude, especially for the
baseline wings. The baseline wings induced the highest
Cp increment rate at Cpincremen= 22% for every 2° of a
increment. This was followed by wash out TM 1IN and TM
3N wings at Cpincrement= 20% and 16%, respectively. Wash
out TM 5N wing remarkably induced the lowest Cp
increment rate among the wings at Cpincremen= 12%. Based
on these Cpincrement and Cp magnitude analyses, the results
imply that wash out TM wings promisingly induced lower
drag penalty compared to the baseline wings, notably at a
cases between 5° and 25°. Thus, higher morphing force on
wash out TM wings induced better Cp performance,
which may offer a good advantage for MAV in improving
its cruise-speed condition and power-saving flight.

3.4 Moment Coefficients

The longitudinal pitching moment (Cum) result, which
took at the wing leading edge, is presented in Fig. 11. The
Cw result is given in the lift coefficient (Cy) function for
Cwm curve slope (ACw/ACL) analysis, which was used to
indicate the level of the nose-down moment and further
represented as initial evaluation on the MAV longitudinal
static stability performance. Steeper Cm curve slope
indicate larger static margins: stability concerns are a
primary target of design improvement from one
generation of micro-air vehicles to the next. The range of
flyable CG locations is generally only a few millimeters
long; meeting this requirement represents a strenuous
weight management challenge on MAV®, In general, it is
found that the Cy slope has a strong function of a with
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negative Cwv slope recorded for all wings. This condition
indicates that each wing is able to produce a nose-down
moment that is essentially required for MAV longitudinal
static stability. Detailed ACm/ACL analysis was further
conducted at the linear Cy curve region between Cr= 0.0
and 0.6.
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Fig. 11: Moment coefficient performances for all wings

The ACM/ACL analysis result shows that wash out TM
5N wing produced the steepest Cum slope with ACW/AC =
-0.31. This is followed by wash out TM 3N and TM 1IN
wings at ACw/ACi= -0.28 and ACWAC= -0.27,
respectively. Meanwhile, the baseline (rigid and
membrane) wings have a slightly higher ACw/ACL
magnitude than the wash out TM wings at ACW/AC = -
0.25. Based on these results, it was found that wash out
TM wings showed a slight advantage by producing better
longitudinal static stability due to steeper Cum curve slope
results. A wash out TM wing produced at least 8% more
negative ACw/ACL magnitude than the baseline wings.
However, the current ACm/ACy result only presented as an
initial ~stability finding, which warrants further
investigation that is way beyond the interest of the current
study.

3.5 Aerodynamics Coefficients

Based on the Cp and Cp results mentioned above, the
aerodynamic efficiency (Cr/Cp) performance for each
wing is presented in Fig. 12. Aerodynamic efficiency is a
derive function through the ratio between Cr. and Cp at a
given a case. Overall, the results show that each wing
produces an almost similar trend of C./Cp curve. The
Cu/Cp curve starts at low Cp/Cp value at a below 0°
before the Cr/Cp magnitude increases up to its maximum
point (known as maximum Cp to Cp ratio point or C./Cp
max) at o between 6° to 16°. After the Cr/Cp max point, the
Cr/Cp curve starts to decrease monotonically at lower
Cr/Cp value until the stall condition produced at o
between o =24° to 26°.

The Cr/Cp max results clearly show that the rigid wing
had the highest C1/Cp max magnitude with C1/Cp max=6.32,

which also constituted as the best acrodynamic efficiency
among the wings. This was closely followed by the
membrane wing with C/Cp max = 6.08. Based on the
detailed analysis of C1/Cp max magnitude, the result shows
that the baseline had at least 2% better Cr/Cp max
magnitude than the wash out TM wings. Wash out TM 1IN
wing only managed to produce the best aerodynamic
efficiency among the wash out TM wing with Cr/Cp max =
5.97. It was closely followed by the wash out TM 3N at
CL/Cpb max= 5.59. However, wash out TM 5N had the least
CL/Cp max magnitude among the wing with Cr/Cp max=5.12.

Based on the C/Cp max Occurrence point, the baseline
wings were found to occur coincidentally at a = 6°, while
the wash out TM wings were seen to produce the Cr/Cp
max at a relatively higher inclined angle between o = 8° to
16°). The occurrence of the Ci/Cp max at higher o
(compared to baseline wings) was interestingly analogous
to its intrinsic advantage in extending the osen, as shown
in Fig. 9.
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Fig. 12: Aerodynamic efficiency performances for all
wings.

As a conclusion to this performance, it clearly shows
that the trade-off between degrading Cyr. performance (low
C. magnitude, Crmax, 0Ocr-o, and Crincrement) While
improving Cp performance (low Cpincremenr and Cp
magnitude) seemed to affect the aecrodynamics efficiency
of all wash out TM wings. The aerodynamics efficiency
trade-offs were vastly visible for all wash out TM wings,
in which the wing had at least 2% aerodynamically less
efficient than the baseline wings. Apparently, the
benevolent Cp performances found on the wash out TM
wings were significantly overwhelmed by the malevolent
CL performances. The advantages found in the Cp
performances still could not overcome the drawbacks of
CL performances. Further investigations on the vortex
formation and pressure distribution over the baseline and
wash out TM wing surfaces were carried out to explain the
reason behind the drawbacks in Cr and the advantages of
Cp performances.
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3.5 Vortex Formation and Pressure Distribution on
Wash Out TM Wing Surface

The investigation of vortex formation and pressure
distribution over the baseline and wash out TM wing
surfaces is very useful to explain the reason behind the
degradation of Cp and the improvement of Cp
performances. Thus, this current study on vortices was
established based on the method used by Ismail??), as
shown in Fig. 13. The method used the approximation
type measurement to estimate the maximum diameter and
length of tip vortices (TV) and leading-edge vortices-tip
vortices (LEV-TV) interaction based on wing chord length
(). TV is clearly produced downstream of the wingtip.
While the LEV-TV is located at the wingtip which is the
edge of LEV and at the beginning of TV. The visualization
of these vortices formations was highlighted (noted as
blue color contour) using limited Q criterion magnitude
with ISO-contours of Q = 3.0. The vortices observation
was viewed only at the half wing due to the symmetrical
existence of vortices and wing conditions. The vortices
measurements were designated as follows; TV diameter
(DTV), TV length (LTV), and LEV-TV diameter (DLEV-
TV). The sizes of DTV, LTV, and DLEV-TV were used to
indicate the strength of the vortex’s formations. Larger
DTV, LTV, and DLEV-TV sizes indicated stronger
vortices and vice versa. The sizes of DTV, LTV, and
DLEV-TV were also used to correlate with the Cr and Cp
performances found on the baseline and wash out TM
wings.
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Fig. 13: a) LEV-TV Interaction Area b) The Location and
Measurement of DTV, LTV and DLEV-TV 22

Fig. 14 shows the vortices formation (noted by blue
contour) generated on the wash out TM and baseline
wings at o= 14°. The 14° angle was chosen since the wing
incidence fell within the linear Ci, curve region and away
from any stall occurrence. In general, the results
apparently show that all wings produced a distinct
generation of the TV and LEV-TV interactions structure.
The most noticeable TV and LEV-TV structures were
found on the membrane and rigid wings. The baseline
wings were noted to have produced DTV = 0.09¢c ~ 0.10c
and LTV = 0.54c ~ 0.055c. Wash out TM 1N wing also
induced a visible TV and LEV-TV structures with DTV =

0.06¢c and LTV = 0.38c. These DTV and LTV magnitudes
were at least 50% (for DTV) and 42% (for LTV) smaller
than the baseline wings produced. The vortices deficiency
trend continued for wash out TM 3N and TM 5N wings,
where both wings produced at least two times smaller
DTV and LTV magnitudes compared to the baseline
wings. Based on this result, it can be explained that DTV
and LTV deficiency trend has a good correlation with the
Cp performance on the wings. Apparently, the high
magnitude of Cp (shown in Fig. 10) induced by the
baseline wings (Cp= 0.163 ~ 0.177) highly constituted by
its large DTV’s and LTV’s sizes (DTV = 0.09¢ ~ 0.1c and
LTV = 0.54c ~ 0.055c). Meanwhile, smaller DTV’s and
LTV’s sizes produced on the wash out TM wings (DTV =
0.06¢ ~ 0.4c and LTV = 0.38c ~ 0.3¢) induced lower Cp
magnitude (Cp = 0.147 to 0.084).

The analysis of DLEV-TV formations also showed that
there was a significant DLEV-TV deficiency induced by
the wings. Obviously, the baseline wings had larger
DLEV-TV (DLEV-TV= 0.08c~ 0.11c) compared to the
wash out TM wings (with DLEV-TV= 0.02c~ 0.07c).
According to Ismail”?, the DLEV-TV formation
contributes to the intensity of low-pressure cells in the
same area of LEV-TV interactions (shown in Fig. 13). The
evidence of low-pressure cells induces found on each
wing surfaces is presented in Fig. 15. The results on the
lowest pressure coefficient (denoted as Cpmin) magnitude
induced at the LEV-TV interactions area are particularly
highlighted to elucidate the low-pressure cells (denoted by
mostly blue color contour). Cymin magnitude was used in
the analysis to correlate with the level of the LEV-TV
interactions and further verify the Cp performance found
on each wing. Based on the result of low-pressure cells
(Fig. 15), it was found that the baseline wings induced the
lowest Cpmin magnitude at Cpmin=-2.01 to -2.11. Such Cymin
performances constituted by their large DLEV-TV size
(DLEV-TV= 0.08c~ 0.11c), which was also associated
with their strong LEV-TV interactions. These conditions
provided the evidence behind the superior Cp. performance
(C1=0.784~0.773) found on the baseline wings, as shown
in Fig. 9. Wash out TM wings show consistent evidence
where the higher magnitude of Cpmin was induced by
smaller DLEV-TV size, which also means weaker LEV-
TV interactions compared to the baseline wings produced.
wash out TM 1N and TM 3N produced Cymin=-1.79 and -
1.23, respectively. Meanwhile, wash out TM 5N wing
induced the highest Cpmin magnitude at Cymin=-0.69. Such
Cpmin performances constituted by their smaller DLEV-TV
size (DLEV-TV=0.07c~ 0.02c), which also means weaker
LEV-TV interactions. These conditions are considered
significant evidence behind inferior C; performance
found on the wash out TM wings, which were recorded at
C=0.430~0.714.

Based on these results, it can be concluded that the wash
out TM wings showed better Cp performances compared
to the baseline wings. The morphing force on wash out
TM wing significantly deformed the wing and promoted
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smaller and weaker DTV and LTV structures than the
baseline wing. Such conducive DTV and LTV structures
led to better Cp performances for wash out TM wings. In
fact, wash out TM wings configuration with higher
morphing force had better Cp performances due to more
favorable DTV and LTV structures. Such Cp
performances were seen as the evidence in improving the
drag distribution over the MAV wings.

However, wash out TM wings also endured huge
drawbacks by producing inferior Cp performances. The
morphing wing deformation consequently induced
smaller DLEV-TV size and weaker LEV-TV interactions
compared to the baseline wings. The weak LEV-TV
interactions subsequently contributed to a substantially

22/ 22/
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MEMBRANE

2/
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adverse pressure on the wash out TM wings, which led to
its inferior Cy, performance.

Resulting from the thread-off between the C. and Cp
performances, the magnitude of C/Cp for the wash out
TM wings was well affected. The aerodynamic efficiency
of wash out TM wings was obviously overwhelmed by the
degradation of Cp performances which could not be
recovered through the drag improvement. As a result,
wash out TM wings suffered from less aerodynamics
efficiency compared to the baseline wings. The
degradation of C. and Cr/Cp found on wash out TM wings
was seen as the malevolent performance on such high
potential of a biomimetic morphing wing.
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Fig. 14: Vortex formations over the wash out TM and baseline wings.
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Fig. 15: Pressure Distribution and Magnitude of Cpmin over the wash out TM and baseline wings (half wing view) at 0=14°.

4. Conclusion

In this work, an FSI simulation was used to investigate
the wing aerodynamics for wash out TM wings. The
aerodynamic performance of wash out TM wings was
compared with the rigid and membrane wing with the
intention to elucidate the lift, drag and aerodynamic
efficiency of the wings. The simulation works were
executed based on steady state, incompressible flow,
coupling of quasi-static aeroelastic structural analysis and
RANS-SST turbulent solver model.

The FSI simulation method was initially verified by
comparing the simulation results with available
experimental data on wash in TM wings. The verification
results showed that the FSI simulation model had
satisfactorily ~captured the significant trend and
magnitudes found in overall Cr. and Cp results, especially
at the o region below the stall angle.

Based on the wing structural deformation results, it was
evident that the aerodynamic loads, solely enforced on the
baseline wing surface, are not intense enough to deform
the wing or alter its € magnitude. Instead, the virtual
morphing force, which was found on wash out TM wings,
significantly induced a wash out wing deformation. In fact,
wash out TM wings with higher morphing force induced
larger wing deformation and resulted in a more significant
negative € magnitude. As expected, wash out TM 5N wing
was found as having the largest wing deformation and
negative € magnitude among the wings. In contrast, the
baseline wings exhibited very minimum deformations and
only remained at its original € magnitude.

Cy results exhibited that the wash out TM wings have
lesser CL magnitude, which is about 4% or two times
lower than the baseline wings produced. As a result, the
wash out TM wings have produced inferior Cr, CrLmax,
acr-o magnitudes and Ctincrement performances compared to
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the baseline wings. Furthermore, wash out TM wings,
which carry higher morphing force, have induced poorer
CL performances. The vortex formation and pressure
distribution investigations have revealed that such Cp
degradation found the wash out TM wing is due to weak
LEV-TV interactions, which lead to substantial adverse
pressure on the wash out TM wings.

On the other hand, the wash out TM wings have shown
better Cp performances compared to the baseline wings in
terms of Cp and Chpincrement magnitude especially at o cases
between 5° and 25°. wash out TM wings managed to
produce at least 15% better Cp magnitude than the
membrane wings. In fact, wash out TM wings which carry
higher morphing force have induced better Cp and
Chbincrement performances. Such conditions imply that wash
out TM wings have promisingly induced lower drag
penalty compared to the baseline wings. The investigation
on the vortices formation discovered that the wash out TM
wings have weaker DTV and LTV formations than the
baseline wings which have subsequently induced lower
Cpb and Chpincrement magnitude on the morphing wings. Such
Cp performance is seen as main benevolent performance
for the morphing wings.

Due to the trade-off between Cr and Cp performance,
the aerodynamics efficiency of all wash out TM wings has
been well affected. The magnitude of aerodynamics
efficiency for all wash out TM wings is at least 2% less
efficient than the baseline wings. Obviously, the Cp
advantages found on the wash out TM wings are still
unable to overcome the drawbacks of Cp performances
which in turn, reducing its overall aerodynamics
efficiency performances.

The investigation of vortices formation and pressure
distribution supports the Cr and Cp findings on wash out
TM wing by showing that the wings have a conducive
vortices formation but with adverse pressure gradient.
wash out TM wings are able to promote smaller and
weaker DTV and LTV structures which lead to better Cp
performances. However, the wings also endure drawbacks
by inducing smaller DLEV-TV size and weaker LEV-TV
interactions. Such conditions have substantially induced
adverse pressure on the wing surfaces and lower its Ci
performances.

Therefore, future works should be conducted on the
experimental validation of the aerodynamics, vortices
formation and aeroelastic characteristics on wash out TM
wing.
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Nomenclature
u Micro
CL Lift coefficient
Co Drag coefficient
ClLmax Maximum lift coefficient
Cbmin Minimum drag coefficient
L Total chordwise length
y+ y value of first cell
o angle of attack
OlcL=0 zero-lift angle of attack
Ostall stall angle
DTV TV diameter
LTV TV length
DLEV-TV LEV-TV diameter
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