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ABSTRACT

Micro air vehicles (MAV) and the notion of morphing are always changing to suit their mission
characteristics. To achieve twist morphing, however, the process underlying the application of
the morphing force and its related aerodynamic load is not well understood. In this study, the
structural deformation of the washout twist morphing wing MAV was investigated, and the
association between wing deformation, morphing force, and membrane inflation owing to
aerodynamic force was clarified. Several numerical simulations of washout TM wings were
undertaken and compared to those of rigid and membrane wings. The results demonstrated that
twist morphing is associated with considerable wing deformation. In comparison to the TM 3N,
TM IN, and baseline wing, the TM 5N wing was the most distorted. The deformation of the wing
structure was substantially influenced by the morphing force applied to the wing. Larger
morphing power led to a greater degree of wing distortion.
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1.0 INTRODUCTION

Innovation knows no bounds in the aviation industry. The rise of Micro Air Vehicles (MAVs)
demonstrates the relentless pursuit of smaller, more agile aircraft. MAVs, which are derived from
the rapid development of Unmanned Aerial Vehicles (UAVs), are revolutionizing aerial missions
due to their small size and enhanced agility.

A Micro Air Vehicle, also known as an smaller version of UAV[1], is the most recent
generation of aircraft. It is a direct result of the growing demand for smaller, more agile platforms
in the realm of UAVs. Its compact size and unparalleled agility set it apart, making it an ideal choice
for a variety of missions. To provide context, an MAV typically has a wingspan of 6 inches[2]
(approximately 15 cm), a maximum velocity of less than 15 m/s[3], and an overall weight of less
than 1 kg[4]. To truly understand the significance of MAVs, it is necessary to first understand their
origins in the evolution of UAVs. UAVs have rapidly altered the aviation landscape. These pilotless
aircraft have proven to be extremely useful in a variety of applications ranging from military
reconnaissance[5] to disaster relief. The demand for smaller, more maneuverable UAVs, on the
other hand, drove the development of MAVs[6].

One of the distinguishing features of MAVs is their increased agility. Their small size and
lightweight[7] construction allow them to perform intricate maneuvers[8] with remarkable
precision. This agility is especially useful in environments where larger UAVs would struggle to
navigate[9]. As a result, MAVs are increasingly being used in situations that require quick and
precise[10] actions. Another notable feature of MAVs is their versatility[11]. Their small stature
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and agility open up a world of possibilities in a variety of domains. MAVs are used for
reconnaissance, surveillance, and even as decoy drones in military operations. Their ability to enter
confined spaces and gather real-time intelligence makes them invaluable assets on the battlefield.
MAVs are used in search and rescue missions outside of the military. Their small size allows them
to easily navigate through debris and collapsed structures, assisting in the search for survivors and
assessing disaster-stricken areas. MAVs also play a role in environmental monitoring, assisting
scientists in gathering data from remote or inaccessible locations.

MAVs are not without challenges, despite their impressive capabilities. These miniature
aircraft's limited payload capacity limits their endurance and range. Furthermore, their small size
makes incorporating advanced sensors and communication systems difficult. Researchers and
engineers are working hard to overcome these limitations so that MAVs can reach their full
potential. Several of MAV designed, built and flight tested by Torres and Mueller[12], Chen et. al
[13], Phan et al.[14], and Abdulrahim[15] were successful and efficacious.

Due to their diminutive size and nimbleness, Micro Air Vehicles (MAVs) are ushering in a
new age of aerial capabilities. These compact aircraft have evolved as a result of the rapid
advancements in unmanned aviation technology, which have necessitated the development of
innovative solutions to overcome inherent difficulties. The incorporation of morphing wing
concepts, in which the wing's geometry changes during flight to address multiple critical problems,
is one example of such a solution. This article explores how this cutting-edge technology can
revolutionize the design of MAVs by mitigating flow separation bubbles, large wing tip vortex
swirling systems, challenging flight control, and issues associated with small center of gravity (CG)
locations.

Flow separation occurs when the airflow passing over an airfoil separates from its surface,
resulting in a loss of lift and increased drag. Mitigating flow separation is critical for sustained
performance in MAVs, which frequently operate in challenging flight conditions. MA Vs can adjust
their wing profiles in real time thanks to morphing wing technology, which reduces the risk of flow
separation. MAVs can maintain optimal lift and minimize drag by dynamically adjusting the wing's
camber and other parameters, thereby improving overall aerodynamic efficiency.

Large wing tip vortex swirling systems are a common problem in traditional fixed-wing
aircraft, resulting in increased drag and decreased efficiency. Morphing wing technology provides
an elegant solution in MAVs, where every ounce of energy counts. MAVs can reduce the generation
and impact of wing tip vortices by changing the shape of the wingtips during flight. This improves
not only aerodynamic performance but also maneuverability and the energy required for sustained
flight.

Difficult flight control poses a significant challenge for MAVs, especially in adverse weather
or complex mission environments. Morphing wings can alleviate this burden by actively adjusting
the aerodynamic properties of the aircraft. Better balance and stability result from the ability to
redistribute aerodynamic loads across the wings. As a result, MAVs with morphing wings have
better flight control, even in turbulent or gusty conditions. This translates to more accurate and
dependable mission execution.

MAV payload capacity is frequently limited, resulting in small center of gravity (CQG)
locations that can affect stability. Morphing wing technology allows for CG adjustment while in
flight. MAVs can maintain stability with varying payloads or equipment by strategically shifting
the CG position. This adaptability ensures that the aircraft remains responsive and balanced in the
face of mission-specific requirements.

Morphing wing technology represents a paradigm shift in aviation design. Unlike traditional
fixed-wing configurations, morphing wings are designed to adapt and change shape during flight,
dynamically responding to varying aerodynamic conditions. When applied to MAVs, this concept
provides unprecedented advantages, including the ability to compensate for some of their inherent
limitations. Therefore, it is very important to introduce the morphing capability on MAV in view
to further improving the flying platform.

This paper considers the introduction of washout twist morphing to a MAV’s wing. The
actual morphing is quite straightforward and generates from twisting the wing tips by imposing a
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certain magnitude of forces. A two-way fluid structure interaction (FSI) investigation which
consists of a quasistatic aeroelastic structural analysis coupled with 3D incompressible Reynolds-
averaged Navier—Stokes and shear-stress-transport (RANS—SST) solver was used in this study. It
could be argued that the use of two-way coupling fluid structure interaction is unwarranted for wing
structure deformation analysis but is essentially impossible to actually develop and estimate the
pre-deformed MAV wing since membrane and aerodynamic force are considered in the study. Use
of FSI for current wing simulations is expected to adequately predict the range of deformation on
the MAV wing. As such, this paper analyzes the wing structure deformation, morphing forces and
aerodynamic loads/derivatives, clarifying the proper correlation between wing deformation
distribution and morphing forces as well as the potential benefits of membrane.

2.0 METHODOLOGY
2.1 Boundary conditions for MAV Wing model

The MAV wings (half wing) used for the structural analysis are presented in Figure 1. The baseline
wings (rigid and membrane wings) and the washout TM (twist-morphing) wings (TM 5N, TM 3N
and TM 1N wings) considered in this work have similar design dimensions and platform shape and
were developed based on previous research by N.I. Ismail et al [16]. Each wing, whose physical
properties and configurations are given in Table 1, has 1 mm thickness membrane skin component
stretched about a frame, except the rigid wing. The inclusion of membrane skin onto the wing
skeleton would permit gross deformation in wing shape in response to the subjected morphing
forces[17]. Polymethyl methacrylate (also known as Perspex[18]) and silicone rubber[19] are
utilized for the wing skeleton and membrane skin of the wings, respectively. Isotropic,
homogeneous, and linearly elastic characteristics are assumed for all materials considered. The
material properties of Perspex and rubber are listed in Table 2. Instead of a hyper elasticity material
model, a linear elastic model is used for rubber material for simplification. Additionally, the flexible
wing structures whose shapes are easily altered, required less force than a homogeneous wing
(compared to rigid wing) for washout morphing. Generating washout twist morphing for the TM
wings were achieved by enforcing 1N, 3N, and 5N at an optimized morphing location. Such forces
were used to vary the y-direction displacement normal to the wing. The optimized morphing
location is given in Figure 1 and is positioned at the wingtip and directed at 45° from XZ plane.
This research excluded fuselage, stabilizers, and propeller components from the computational
simulation.
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Figure 1: Morphing force imposed on TM Wing

FRONT VIEW

Table 1: Design dimension and configuration for all wing types

Parameter Rigid wing Mev':‘i';’l;a“e T™ IN TM 3N TM5N
Wingspan, b 150mm 150mm 150mm 150mm 150mm
Root chord, ¢ 150mm 150mm 150mm 150mm 150mm
Aspect ratio, A 1.25 1.25 1.25 1.25 1.25
Maximum camber 6.7% ofc(at  6.7%ofc(at 6.7%ofc(at 6.7%ofc(at 6.7% of c (at
at the root x/c =0.3) x/c =0.3) x/c =0.3) x/c =0.3) x/c =0.3)
Maximum reflex 1.4%ofc(at 1.4%ofc(at 1.4%ofc(at 1.4%ofc(at 1.4%ofc(at
at the root x/c = 0.86) x/c = 0.86) x/c = 0.86) x/c =0.86) x/c =0.86)
Built-in geometric
twist 0.55° 0.55° 0.55° 0.55° 0.55°
Force component  Excluded Excluded F=IN F=3N F=5N
Membrane skin Excluded Included Included Included Included

Table 1 Material properties of Perspex[18] and rubber[19]
Tensile
. Density Young Poisson’s Bulk HlICE: Yield
Material name (kg/m’) modulus ratio modulus modulus strength
5 (Pa) (Pa) (Pa)
(Pa)
Perspex
(polymethyl 1190 2.8x10° 0.46 1.667x10'°  9.589x10% 70
methacrylate)
Rubber 1000 8.642x10° 0.49 1.44x108 2.9x10° 1.3787x107

2.2 Mesh Sensitivity Study

The selection of mesh, which serves as the foundation for numerical simulations, is a critical aspect
of computational analysis in engineering and aerodynamics[20]. In this work, researchers
conducted a mesh sensitivity study to assess the impact of various mesh element types on the
accuracy and reliability of their results. Three distinct mesh types were considered in this study:
coarse, intermediate, and fine meshes. An unstructured tetrahedral mesh type was chosen for their
construction to ensure consistency and comparability across all wing models[21]. This mesh type
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provides flexibility in accurately capturing the complex geometries of the wings. The primary goal
of a mesh sensitivity study is to determine the grid independence of computational analysis. In a
nutshell, it seeks to determine whether the results obtained from various mesh types converge and
become consistent as the mesh size is refined. Grid independence is critical in numerical simulations
because it ensures that the results are not overly influenced by mesh density[22], indicating that the
chosen mesh adequately captures the underlying physical phenomena. In this study, the researchers
chose a static structural analysis, to examine the structure responds to a load or force while at rest,
with no dynamic motion. The results of this grid independence study are encapsulated in Figure 2,
which serves as a visual representation of the findings. Notably, the optimized grid around 116,000
elements was chosen as the reference point for comparison. It is essential to highlight that the choice
of this reference point was made based on the researchers' assessment of achieving a balanced trade-
off between computational cost and accuracy.

Figure 2: Elements for static structural analysis of a (half) TM wing.

The results of the relative error and grid convergence index are compiled in Table 3, as crucial
component of current case study. In the realm of computational simulations and numerical
modelling, these metrics are importance to illuminate the precision and dependability of current
computational approach[23]. In particular, the fine mesh configuration employed in this study has
gained effectiveness and is acceptable. This evaluation is predicated primarily on the relative error,
a fundamental measure of precision. In this instance, the relative error associated with the fine mesh
is significantly below the 10 percent threshold[24], a widely accepted benchmark for acceptable
simulation accuracy. The relative error is a quantitative measure of this simulation results match
actual physical observations or experimental data. As this error falls below the 10% threshold, it
indicates that the numerical model produces results that are sufficiently close to the actual behavior.

Table 3: Relative error and grid convergence index

Model Outputs
Relative Error 1.93%
Extrapolated Relative Error 1.73%
Grid Convergence Index 1.87%

2.3 Validation Study

Based on experimental study conducted by N.I. Ismail et al. [17], Table 3 provides a comparison
between experimentally measured wing tip deformations and those obtained through simulation for
different morphing force levels (1N, 3N, and 5N). The relative error quantifies the difference
between the experimental and simulated results as a percentage of the experimental value[25]. This
data is to evaluate the accuracy of the simulation results in predicting the wing tip deformation
under different morphing force levels. Wing tip deformation is used as a critical parameter, as it
directly influences the aerodynamic performance and structural integrity of current works.

The table lists two sets of values for each of the three force levels (1N, 3N, and 5N): the
measured wing tip deformation (in mm) obtained through experiments and the simulated wing tip
deformation (also in mm) obtained through numerical simulations. The relative error is 0.3 percent
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for morphing forces of 1N. Accordingly, only 0.3 percent of the experimental measurement differs
between the simulated and actual wing tip deformation. This result shows that the simulation and
experiment for this force level were remarkably close to each other. The relative error decreases
even more to 0.08 percent at 3N, a higher force level. It appears from this that the simulation, with
only a small amount of variation from the experimental data, is remarkably accurate in predicting
the wing tip deformation under this force. The relative error is 0.1 percent at a force level of 5N,
too. The strong agreement between the simulation and experimental results is highlighted by the
low relative error, which holds true even when the morphing forces are increased.

Table 3: Relative error for wing tip deformation values between N.I. Ismail et al. [17] and the present works

Morphing force Wing tip deformation Wing tip deformation by Relative
by N.I Ismail et al. [17] simulation error
(mm) (mm)
IN 3.15 3.14 0.3%
3N 11.7 11.71 0.08%
5N 19.5 19.52 0.1%

3.0 RESULTS AND DISCUSSION
3.1 Wing displacement results

The out of plane wing displacement results for all wings are presented in Figure 3. 3D wing
displacement contours were visualized from the wing top view angle of the upper wing surfaces to
capture the details magnitude of the displacement on y-axis. All wings were compared relatively
between the AOA (angle of attack) cases with their respective location to demonstrate the wing
deformation magnitude and deformation patterns. The wing displacement, normalized by the wing
chord value (c= 0.15m) is calculated based on equation (1) which is taken from N.I. Ismail [17].

max

i = (maximum displacement magnitude at x/c = 0.4 to 1.0 area) e (1)
= c
wing chord lenght

All the washout TM wings had considered the aecrodynamic and morphing loads for the wing
displacement since both of these factors contributed to the total wing deformations. The baseline
wings (rigid and membrane wings), by contrast, were not subjected by morphing force and therefore
deformed solely due to the aerodynamic force. Deformations are relatively insignificant for the
rigid and membrane wing (dmax = 0.013¢) with maximum displacement occurring at higher
incidence angle (14° ~ 24°) at the leading edge. The measured membrane inflation (1.0<2z/b<0.83)
which occurred due to aerodynamic force is very minimal and negligible, with no evident
differences between the rigid and membrane wings.

As expected, the washout TM wings demonstrate a positive deflection (y-direction normal to
the wing) of the wing tip, resulting a geometric twist of the wing. Nearly invariable maximum
displacement magnitude (dmax) throughout each angle of attack cases can be observed with each
wing experiencing maximum displacement at the wing tip (x/c = 0.6, 2z/b = 1.0).

Analyzing the deformations contour in Fig. 3, the TM 5N wing exhibits the highest displacement
magnitude at dmax = 0.13c compared to other wings. This is followed by TM 3N and TM 1N wings
which have slightly lower displacement at 0.078c and 0.021c, respectively. Such morphing force
generally increases wing structural deformations, with the baseline wings differing than TM 1N
wing on the order of 37%. This value can be expected to double when comparing the deformations
magnitude of the TM 3N and TM 1N wings (74%). A comparison between TM 3N and TM 5N
wings finds percentage changes of 40%. The structural deformation of the washout TM wings is
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characterized by morphing load implemented at the wing tip: higher morphing force induced higher
dmax magnitude.

Some displacement of the leading edge at low AOA (0° ~ 14°) can also be seen for the TM 5N
and TM 3N wings, but not on TM IN wing as leading-edge deformation occurred at higher AOA
(20° ~ 24°). These are probably a result of the highly concentrated low-pressure cells at leading
edge [17] with very high aerodynamic forces to cause a deflection.

4.0 CONCLUSION

The deformation patterns displayed by baseline wings and washout trailing-edge morphing (TM)
wings are thoroughly examined in this research. Using sophisticated Ansys-FSI simulations, the
paper explores their connections to morphing force and flying loads. The goal is to have a thorough
grasp of how these wings react to different forces and how these reactions could affect the
performance and design of MAV. The deformation patterns refer to the changes in the physical
form and structure of the wings under various situations in the context of this study. These changes
are important because it may influence the aircraft's aerodynamic performance, structural reliability,
and overall performance. The study uses interconnected wing designs, including baseline wings,
rigid wings, membrane wings, and washout TM wings, to analyze these patterns. The research's
conclusions imply that the deformations in rigid and membrane wings are negligible, and the
membrane frame shows no significant difference. On the other hand, the washout TM wings react
very differently. When morphing force is applied at the wing tip, these washout TM wings exhibit
substantial structural displacement. This obvious variation in behavior is important because it
emphasizes how the morphing is affecting wing deformation. In-depth analysis of this phenomenon
is provided in the study, along with information on the connection between morphing force and
wing structural displacement. Notably, not all layouts exhibit the same amount of wing distortion.
Instead, it fluctuates according to the magnitude morphing force. The TM 5N wing exhibits the
maximum magnitude of displacement, making this variability particularly clear. This variation
highlights the sensitivity of wing deformation towards the strength of external forces. Detailed
analysis of the stated wing displacement trends leads to a solid conclusion. The effect of morphing
force is proportional to the degree of wing deformation. The magnitude of structural wing
displacement increases in proportion to the applied force. This knowledge is crucial for MAV
designers and engineers, as it shows how varying loads and pressures affect the flight characteristics
of aircraft wings.
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Figure 3: The 3D displacement contours for all wings at different angle of attack.
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