4
& aerospace
7 erosr

Article

Structural and Topological Optimization of a Novel Elephant
Trunk Mechanism for Morphing Wing Applications

Mir Hossein Negahban, Alexandre Hallonet

, Marie Noupoussi Woumeni, Constance Nguyen

and Ruxandra Mihaela Botez *

check for
updates

Academic Editor: Bosko Rasuo

Received: 24 March 2025
Revised: 24 April 2025
Accepted: 26 April 2025
Published: 28 April 2025

Citation: Negahban, M.H.; Hallonet,
A.; Noupoussi Woumeni, M.; Nguyen,
C.; Botez, R.M. Structural and
Topological Optimization of a Novel
Elephant Trunk Mechanism for
Morphing Wing Applications.
Aerospace 2025,12,381. https://
doi.org/10.3390/aerospace12050381

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

LARCASE Laboratory of Applied Research in Active Controls, Avionics and Aeroservoelasticity, Ecole
deTechnologie Supérieure, Université du Québec, Montreal, QC H3C 1K3, Canada;
mir-hossein.negahban-alvar.1@ens.etsmtl.ca (M.H.N.); alexandre hallonet.1@ens.etsmtl.ca (A.H.);
marie.noupoussi-woumeni.1@ens.etsmtl.ca (M.N.W.); constance.nguyen@epfedu.fr (C.N.)

* Correspondence: ruxandra.botez@etsmtl.ca

Abstract: A novel mechanism for seamless morphing trailing edge flaps is presented in
this paper. This bio-inspired morphing concept is derived from an elephant’s trunk and
is called the Elephant Trunk Mechanism (ETM). The structural flexibility of an elephant’s
trunk and its ability to perform various types of deformations make it a promising choice in
morphing technology for increasing the performance of continuous and smooth downward
bending deformation at a trailing edge. This mechanism consists of a number of tooth-like
elements attached to a solid wing box; the contractions of these tooth-like elements by
external actuation forces change the trailing edge shape in the downwards direction. The
main actuation forces are applied through wire ropes passing through tooth-like elements
to generate the desired contractions on the flexible teeth. A static structural analysis using
the Finite Element Method (FEM) is performed to examine this novel morphing concept
and ensure its structural feasibility and stability. Topology optimization is also performed
to find the optimum configuration with the objective of reducing the structural weight.
The optimized mechanism is then attached to the flap section of a UAS-545 wing. Finally,
a skin analysis is performed to find its optimum skin material, which corresponds to
the requirements of the morphing flap. The results of structural analysis and topology
optimization reveal the reliability and stability of the proposed mechanism for application
in the Seamless Morphing Trailing Edge (SMTE) flap. The optimization results led to
significant improvements in the structural parameters, in addition to the desired weight
reduction. The ETM maximum vertical displacement increased by 8.6%, while the von
Mises stress decreased by 10.43%. Furthermore, the factor of safety improved from 1.3
to 1.5, thus indicating a safer design. The mass of the structure was reduced by 35.5%,
achieving the primary goal of topology optimization.

Keywords: bio-inspired morphing wing mechanism; elephant trunk mechanism; structural
analysis; topology optimization; seamless morphing trailing edge flap

1. Introduction

Aerodynamic studies have shown that morphing wing technology [1] was widely
believed to be one of the ways to meet the goals of green aviation [2] by improving aircraft
aerodynamic performance, in particular fuel consumption reduction, which directly leads
to lower carbon emissions. Morphing wing technology is a promising candidate for next-
generation aircraft due to its numerous advantages. While the current hinged flaps used
in the existing fleet have demonstrated reliable performance over the past decades, they
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have introduced discontinuities on the wing surface that lead to several flight performance
issues. These include increased turbulence, reduced functionality in hazardous climates [3],
and increased drag due to the discontinuities on the wing body.

This innovative technology eliminates all discontinuities from the wing surface by
integrating the main wing body with the flap sections, resulting in significant improvements
in aerodynamic efficiency, fuel consumption reduction, and overall flight performance.

This paper presents unique design challenges, particularly in developing the internal
actuation mechanisms for morphing wings, which have been a focal point of research
in recent decades. Over the last decade, several collaborative projects aimed at testing
different morphing approaches have been launched. The DARPA /AFRL/NASA Smart
Wing program, overseen by Northrop Grumman Corporation (NGC) as part of the DARPA
Smart Materials and Structures initiative [4], Flexsys and the US Air Force Research Labora-
tory [5], the CRIAQ MDO-505, a Canadian-Italian collaborative project [6], and Clean Sky
2 [7] in Europe are some of these projects that have brought morphing technology up to the
test level. This level of study requires researchers to work in multiple disciplines, including
aerodynamics, structure, and control.

Structural analysis concerns both the internal actuation mechanism and the external
wing skin design, both of which are complimentary in the structural design. This phase of
the design must comply with the aerodynamic design; any compromise in this phase could
deteriorate the final wing design. Therefore, structural design, whether actuation design or
skin design, should be treated meticulously. While a high number of morphing actuation
designs have been proposed and then developed, however, most of these conceptual
designs lack the desired feasibility at a practical level. Among various morphing designs,
such as winglet [8,9], span [10], twist [11], upper surface morphing [12], or leading-edge
morphing [13,14], trailing-edge morphing has demonstrated outstanding results over the
past decades. Consequently, most research in mechanism design has concentrated on
developing morphing trailing-edge mechanisms, while it needs to be tested in a wind
tunnel due to its promising advantages in aircraft performance improvement.

The Fishbone Active Camber (FishBAC) was an airfoil morphing structure presented
by Woods et al. [15] in 2012. Utilizing a compliant structure derived from biological
inspiration, the FishBAC introduced significant improvements in the aerodynamic qualities
of an airfoil camber. The framework consisted of a thin, chordwise-bending beam spine
connected to a pre-tensioned Elastomeric Matrix Composite (EMC) skin surface using
stringers. Thus, several possible morphing configurations were presented. In their later
study [16], Woods et al. compared the FishBAC structure to a conventional flap during
wind tunnel tests, and they found that using the FishBAC, a significant drag reduction was
obtained in the proposed morphing wing compared to the baseline configuration, while
the lift remained the same. The Variable Camber Trailing Edge (VCTE), developed by
Shi et al. [17], was another design for a morphing trailing edge. Based on a multi-block
rotating rib, it consisted of three morphing blocks and one fixed block, hinged together;
the actuation of any block was followed by the movements of other blocks. Their results
showed a continuous and smooth deformation, ranging from 5° upwards to 15° downwards
without damaging structural integrity. Cheng et al. [18] proposed and developed a seamless
morphing trailing edge with chord-wise camber variations and a good capacity for load
bearing. Finite element numerical simulations and experimental tests demonstrated that
their proposed mechanism sustained the aerodynamic loads of 0.015 MPa and achieved
deflections of 15° both upwards and downwards.

Within the European SARISTU project, an innovative actuation system for morphing
trailing edges was developed by Dimino et al. [19]. They have modeled and analyzed a
morphing actuation system composed of servo rotary actuators with the design objectives
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of supporting aerodynamic pressure loads and actuation forces. Their internal mechanism
with a flexible outer skin was subjected to numerical, analytical, and experimental valida-
tions. In addition to its higher accuracy, the mechanism could significantly save weight
and actuation power and withstand aerodynamic forces. A belt-rib morphing variable
camber concept was developed at the German Aerospace Center (DLR) by Campanile
and Sachau [20]. This concept has been considered as one of the most successful designs
for morphing wings, mainly due to its reliable structure and light weight. Its distributed
flexibility allowed for a range of shape deformations. Through experimental tests on
different prototypes, its stiffness properties were evaluated and then followed by weight
optimization. Another morphing trailing edge concept was also introduced at the DLR [21],
called the “finger concept”. In this concept, a flexible rib design combined from separate
plate-like elements with revolute joints could generate arc-like deformation. A transmission
beam was used to arrange the ribs, and five ribs were actuated with two actuators, leading
to a reduced number of actuators. A smart-actuated trailing edge via smart materials was
investigated by Wang et al. [22]. Their mechanism could perform upward and downward
deflections by using SMA wires. A control system was developed to assess the mecha-
nism'’s accuracy; it indicated that this approach yielded accurate and stable results, with
its maximum error less than 4%. However, the actuation response time reached 6.7 s. Wu
et al. [23] introduced another innovative morphing concept featuring an active trailing
edge, utilizing an internal compliant composite truss. They used an electric actuation
system with Linear Ultrasonic Motors (LUSMs) with the capability of performing multiple
degrees of freedom. Dumont [24] introduced an alternative trailing edge morphing concept,
proposing a system with two flexible surfaces positioned at the upper and lower sides
of the wing, each of them equipped with three internal rotational motors. The rotational
motion of motors was transferred to the bending of the flexible surfaces in a very smooth
manner. A specified degree of rotation was translated as a certain degree of bending both
in the upwards and downwards directions by preserving surface tangency and smoothness.
Bing Li and Gang Li [25] proposed a camber morphing wing model that could perform
continuous camber morphing. Their proposed mechanism consisted of a planar linkage, in
which the connection of the linkages was found through optimization. An aerodynamic
study was performed to measure the airfoil’s performance after its optimization; finally, a
higher lift-to-drag ratio was achieved after optimization. In an experimental study, Nguyen
et al. [26] investigated the performance of Variable Camber Continuous Trailing Edge Flaps
(VCCTEFs). Their design consisted of multi-segment flaps. To cover the gaps between
spanwise flaps, they have used an elastomeric material. The elastic flap had three hinged
sections; a combination of SMA and electric actuators was utilized to bend the overall flap
using the rotation of interior rods. A structural analysis of the morphing trailing edge flap
was conducted by Matteo et al. [27] for a large aircraft wing. The actuation system selected
to deflect the trailing edge (TE) flap structure was an Eccentric Beam Actuation Mechanism
(EBAM), originally developed in the 1970s as part of the DARPA project. They performed a
stress analysis to analyze the flap’s structural motion during actuation and to evaluate its
integrity during its trailing edge deflection. Their findings revealed that, under internal
actuation and external aerodynamic loads, both composite and metallic skin configurations
successfully achieved the desired deflected shapes while meeting their strength constraints.

An Adaptive Trailing Edge Device (ATED) with rotatory segmented ribs was designed
by Pecora et al. [28]. The structural analysis based on advanced FE analyses was performed,
revealing that the proposed mechanism was reliable in terms of stress and maximum
load conditions, as well as elastic stability. A novel concept of variable camber morphing
leading and trailing edge sections was introduced by Takahashi et al. [29]. A prototype was
manufactured, and both finite element structural analysis and an aerodynamic analysis
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were performed. The deformation of the leading and trailing edges was achieved by the
corrugated structure embedded within the lower and upper surfaces of the wing; the
deformation was induced on the corrugated structure by a wire connected to a servomotor.
Finally, wind tunnel tests on the manufactured morphing wing prototype were performed,
and a successful actuation at the speed of 20 m/s airflow was achieved. Barbarino et al. [30]
proposed an innovative flap architecture for variable camber trailing edges based on the
variable geometry truss concept. The compliant rib was based on a truss-like structure,
on which some of its parts were “active” rods made of Shape Memory Alloys (SMAs).
These actuators were able to sustain the external loads while allowing controlled shape
modification. An optimization process based on a genetic algorithm was established to
optimize the topology of the internal truss structure. In a joint project called the Adaptive
Compliant Trailing Edge (ACTE), conducted by the U.S. Air Force Research Laboratory
(AFRL), NASA, and FlexSys Inc. [5,31], a series of flight tests were conducted on a Gulf-
stream GIII business jet with variable geometry multifunctional control surfaces, with
the purpose of eliminating the trailing edge flaps. The test flight was conducted up to
Mach = 0.75 and a maximum altitude of 40,000 ft. In this design, the control surface was
bounded with left and right transition sections, which eliminated all discontinuities on the
wing body. The main purpose of the flight tests was to demonstrate the robustness and
feasibility of the FlexFoil material; they confirmed that the ACTE was structurally feasible
and could perfectly sustain the maximum design loads of commercial aircraft for over 50 h
of flight tests without any failure.

A morphing airfoil concept applicable to high-lift devices such as flaps, ailerons [32,33],
elevators, and rudders was proposed by Du and Ang [34]. They have compared airfoils
with a hinged flap with morphing airfoils with the aim to determine the influence of a
morphing airfoil on the aerodynamic efficiency and the flight dynamics of an airplane. In
an attempt to passively eliminate discontinuities on the wing trailing edge flap, Khorami
et al. [35] from NASA Langley Research Center patented the elastic deformable structure
for the side edges of the trailing edge flap. This elastic structure was designed to minimize
the aeroacoustic noise caused by discontinuities in the side edge gaps while maintaining
the aircraft’s cruise efficiency. This novel configuration could elongate in the chord-wise
direction, bend, and twist, and when it was not deployed, it seamlessly conformed to the
chord-wise cross-section of the flap’s side edge. Woods et al. [36] presented a compliant
morphing flap transition to address the side-edge gaps in the spanwise direction. Their
proposed concept design ensured that the gaps were sealed and that the transition between
the rigid wing and the morphing flap was smooth.

In the present study, a novel bio-inspired morphing trailing edge mechanism is in-
troduced, called the “Elephant Trunk Mechanism (ETM). As indicated by its name, it is
inspired by an elephant’s trunk, which has very good bending flexibility. This type of
deformation is analyzed with the objective of applying it to the trailing edge mechanism of
the Seamless Morphing Trailing Edge (SMTE) flap, on which an aerodynamic optimization
study was performed in a previous work [37]. Fewer movable parts contribute to the
ETM’s unique design, making it simpler and lighter compared to other designs presented
in the literature. Based on the results obtained in previous work, expressed in terms of
geometric constraints and deformation range, in this study, the proposed mechanism is
submitted to a complex structural analysis based on the Finite Element Method (FEM)
with the aim of ensuring its robustness and functionality. To the authors” knowledge, the
designs introduced in the literature may lack an optimization phase for further weight
reduction. However, this study demonstrates that performing topology optimization in the
final phase not only reduces unnecessary structural weight, but it also enhances the design
from a structural perspective, particularly by increasing the factor of safety. Finally, once
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the ETM optimum configuration was found, the mechanism was installed on a UAS-545
wing, and a skin analysis was conducted on the wing to identify a suitable skin material in
terms of flexibility and stiffness. The UAS-545 is a twin-engine tactical unmanned aircraft
system with a range of 120 km, an operating ceiling of 17,000 feet, and 12 h of autonomy;
it is mainly used for surveillance and reconnaissance [38] (see Appendix A for additional
detail). Several studies have been conducted on the UAS-545 at LARCASE in morphing
wing technology [39-42]; most of these studies were performed around aerodynamic opti-
mization. However, in this study, the main purpose is to structurally evaluate the viability
of the mechanism and its advantages.

2. Materials and Methods
2.1. Elephant Trunk Mechanism (ETM)

The motion of biological muscle hydrostats, such as octopus arms, squid tentacles,
and elephant trunks, is remarkably versatile [43]. Their lack of a skeletal structure and a
combination of muscle and soft tissue make them extremely complex. The biomechanics
of their motions are based on the fundamental principle of volume conservation. For
instance, a squid tentacle elongates when contraction occurs in transversely oriented muscle
fibers [44]. Several industrial applications of the elephant trunk mechanism were analyzed,
one of which is the elephant trunk robot used as a gripping mechanism (Yang et al. [45]),
where its flexible rotational and bending motions were applied using a computer-controlled
actuation system.

As an application in the aerospace industry, the bio-inspired Elephant Trunk Mecha-
nism (ETM) is introduced in this paper for an application in morphing wing technology,
utilizing the bending flexibility of the trunk in the morphing of a trailing edge, a comple-
mentary actuation mechanism for a Seamless Morphing Trailing Edge (SMTE) flap [37].
Figure 1 shows a CT scan of an elephant trunk mechanism in detail, clearly depicting its
high degrees of freedom. Although contractions of the tooth-like muscles on the trunk
facilitate its bending in every direction, in a trailing edge, it is important to mention that
teeth contractions are limited to one side (the lower side of the trailing edge) to generate
downward deformations. The initial inspired actuation mechanism is illustrated in Figure 2
with its geometric details.

Figure 1. CT scan of an elephant’s trunk mechanism [46].
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Figure 2. The bio-inspired elephant trunk mechanism for morphing trailing edge actuation.

As shown in Figure 2, the proposed Elephant Trunk mechanism for a morphing
trailing edge mimics the tooth-like structure of the actual elephant trunk, whose contraction
generates the desired deformation in the trailing edge. Three major parts are differentiated
in the structure in terms of material and elasticity: 1-cables, 2-elastic tooth-like part, 3-the
solid edge part. The main part, where the deformation occurs, is the elastic tooth-like
structure, whose contraction generates the desired deformation. It is screwed to the wing
box from one side and to the solid edge part from the other side. Unlike an actual elephant’s
trunk, where the deformation occurs due to the contraction and expansion of muscles,
in the proposed structure, the contraction of the teeth is obtained through tensile forces
exerted on the cables. This preliminary system utilizes 3mm diameter cables that pass
through the structure’s teeth. Upon the exertion of the force to the cables in the negative
x-direction (Figure 2), the tooth-like elements contract towards the direction of the applied
force, causing the bending of the structure, and hence of the trailing edge of the wing.
Using three cables in this mechanism facilitates the mechanical loads by distributing the
total force equally among the three cables.

2.2. Aerodynamic Characteristics of the SMTE Flap

The aerodynamic aspects of the SMTE flap were analyzed in a previous study [37],
where key characteristics such as aerodynamic efficiency, pressure distribution, and vor-
ticity around the SMTE flap were analyzed. The entire flight envelope for the UAS-545,
including climb, cruise, and descent phases, was considered. Using the DAFoam opti-
mization framework [47,48], the optimal aerodynamic configuration of the SMTE flap was
found for each flight condition. Additionally, a comparison was made between the SMTE
flap and conventional hinged flaps aerodynamic performance.

The aerodynamic study covered the entire flight envelope, including climb, cruise,
and gliding descent conditions. The following results were obtained from the aerody-
namic study:

In the climb regime, the optimized SMTE flap achieved a 6.13% increase in climb rate
and a 3.8% reduction in required engine power compared to the clean wing. In the cruise
regime, the aerodynamic efficiency improved by 33% over the clean wing and 17.8% over a
hinged flap due to smoother pressure distribution and extended laminar flow. Finally, in
the gliding descent regime, the SMTE flap reduced the descent rate by up to 43%, enabling
safer emergency glide paths. The comparison of the SMTE flap with a conventional hinged
flap clearly demonstrated the aerodynamic advantage of the seamless design, primarily
due to the elimination of flap side-edge gaps, which led to smoother pressure gradients,
reduced drag, and enhanced lift generation (see [37] for more detail).

The current study focuses on the actuation mechanism of the SMTE flap-based on
previous study findings that are utilized to define the aerodynamic and structural charac-
teristics of the SMTE flap. For example, the proposed Elephant Trunk Mechanism (ETM)
must adhere to certain requirements derived from the aerodynamic analysis. The first
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requirement involves geometrical constraints, ensuring that the SMTE flap dimensions in
the current study match those used in the aerodynamic study. The second requirement
refers to the maximum vertical deflection of the SMTE flap, to be achieved by the ETM.
Additionally, achieving the desired vertical deflection must satisfy structural criteria, such
as the factor of safety, mechanism stiffness, material selection, and structural weight. The
aerodynamic loads acting on the wings’ trailing edge, containing the SMTE flap, were
incorporated in the material selection and adjusting the actuation forces acting on the
ETMs. Figure 3 illustrates the geometrical dimensions of the SMTE flap that the proposed
actuation mechanism must comply with.

0.2m i

Figure 3. Geometrical dimensions of the SMTE flap on the UAS-545 wing in the aerodynamic study.
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Figure 3 depicts the dimensions of the SMTE flap that was used in the aerodynamic
study and will also be used in the present study. In Section 3.7, the orientation of the
embedded ETMs will be discussed in detail. Regarding the second requirement, the
maximum vertical displacement, obtained from the aerodynamic study, was found to be
66 mm in the downward direction. Therefore, the proposed elephant trunk actuation
mechanism should reach the maximum flap deflection of 66 mm.

2.3. Structural Analysis

A static structural analysis was performed in Altair using the FEM by considering the
constraints and forces applied to the mechanism. Several model equations obtained using
the fundamental principles of mechanics were considered during the analysis, including
equilibrium, compatibility, and constitutive equations. Equilibrium equations ensure that
the resultant of the forces and moments acting on the structure is zero. There are three
equilibrium equations for forces and three equations for moments in the 3D Finite Element
Analysis (FEM), each of which represents a direction in xyz coordinates. Given that a static
analysis is performed, the corresponding equilibrium equation is given by:

Ku=F 1)

where K represents the stiffness of the structure in a square matrix, which is based on the
chosen material; u is the vector of nodal displacements; and F denotes the external forces.

The compatibility equations ensure that the displacements of connected nodes are
consistent with the deformations and rotations of the elements; therefore, the continuity
of displacements is preserved. Finally, the constitutive equations are expressed under the
form of Hooke’s law for linear elastic materials and are written as follows.

oc=E-e )
where ¢ denotes the stress, E is Young’s modulus, and ¢ is the strain.

2.4. Material Selection

Material selection is the first and most important phase in the FEA. Since the trailing
edge is free at one end and is located at least 30% of the chord length, it can bend easily
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under the gravity force if it is made of a heavy material. However, the aerodynamic forces
are stronger on the trailing edge; therefore, it should be stiff enough to not bend by any
arbitrary force. By considering these observations, the chosen material should be flexible
enough to generate desired bending deformations, stiff enough to bear strong aerodynamic
forces, and light enough to not bend under the gravity force. To address these criteria, the
aerodynamic loads on the SMTE flap, obtained from a previous study [38], were considered.
Based on the aerodynamic forces” values and the required deflection obtained from the
aerodynamic study, nylon was selected as the material for the elastic part of the ETM,
while aluminum was selected for the solid edge. It was ensured that the selected material
remained undeformed under pure aerodynamic loading, and it achieved the required
maximum deflection exclusively under the applied actuation force.

Nylon is a polymer known for its excellent mechanical properties and hence is adapt-
able for several applications, including those of structural components. In our study, nylon
is suitable for elephant trunk structures due to its high tensile strength and flexibility. The
tensile strength of a material measures the ultimate stress that the material can resist before
breaking when it is undergoing a tension or a compression. The nylon equally allows good
flexibility within elastic deformation. This material property is thus suitable for our study,
given that the intended mechanism should deform repeatedly in its elastic range during
flight. Additionally, nylon has a low friction coefficient, making it especially suitable for
this application, as the cables slide within the tooth-like elements. Its light weight equally
reduces the overall weight of the mechanism.

For the cables, wire ropes are chosen, as they are strong, flexible, and durable structures
made of twisted metal wires within each other. They are commonly used in various
applications in which strength, flexibility, and load-bearing capacities are required. The
wire ropes used in this study are made from high-carbon steel, which has excellent material
properties. Wire ropes are equally known for their high tensile strength in case of heavy
loads. Despite their high strength, wire ropes remain flexible, allowing them to comply
with various structural shapes. Table 1 shows the material properties of the materials
chosen for each part of the mechanism.

Table 1. Material properties for the Elephant Trunk Mechanism (ETM).

. Young’s Modulus . , . Density Yield Strength
Part Material (MPa) Poisson’s Ratio (kg/m®) (MPa)
Elastic tooth-like part Nylon 2960 0.41 1140 75
Solid edge Aluminium 70,000 0.33 2700 40
Cables High Carbon Steel 200,000 0.29 7870 375

2.5. Boundary Conditions

The fixation of the ET rib to the wing box is performed with screws on the first solid
tooth, which restricts any motion on the first tooth. Three cables pass through the interface
(the interface of the wing box and the ET rib); they pass through the holes in the teeth all the
way to the solid aluminium edge, where they are firmly fixed. Two configurations are set up
for the finite element analysis of the cables. In the first analysis, the cables have a “sliding
contact” with the teeth’s holes so that equal forces are applied to all teeth simultaneously.
In the second configuration, the cables move freely within the holes, and “no contact”
is defined between them and the teeth. In the sliding configuration, both the hole and
the cable diameters are 3 mm, while in the no-contact configuration, the diameters of the
holes are 4 mm and the diameters of the cables are 3 mm. Figure 4 shows the boundary
conditions for both configurations.
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\ Sliding contact

Edge fixed supports

no-contact

Figure 4. Illustration of boundary conditions for (A) sliding contact and (B) no contact between cables
and holes.

As shown in Figure 3, two fixed supports are used for the boundary condition; the
“root fixed supports” fix the first tooth (and the whole ET rib) to the wing box, while the
“edge fixed supports” fix the elastic teeth to the solid edge part. These boundary conditions
are the same for both sliding and no-contact configurations. However, the difference
between the two configurations lies in the boundary condition between the cables and
holes. The sliding contact and no-contact configurations are illustrated in yellow and gray
colors, respectively (Figure 4A,B).

Once the fixation and interface contacts are determined, the final phase is the applica-
tion of the desired forces. Each cable sustains a horizontal force of 250 N in the negative
x-direction; the total force of 750 N is equally distributed among the three cables. The
magnitude of the force was determined via our previous study [37], where a maximum
displacement of 66 mm was found for the SMTE flap. The effect of aerodynamic forces
was incorporated into the calculation of the driving force, thus ensuring that the applied
force was sufficiently high to overcome aerodynamic resistance. Note that, for any other
deformation magnitude, the applied force could vary.

2.5.1. Sliding Cable/Hole Configuration

By applying the force to the cables, the contours of structural parameters, including
stress, strain, factor of safety, and displacement, are presented in Figure 5, which also
indicates the maximum value of each parameter.

As seen in Figure 5A, the maximum von Mises stress on the ET rib reaches 58.94 MPa,
which is lower than the structure’s tensile strength of 75 MPa (Table 1). The maximum
local strain is equal to 0.01506, or 1.5% of its initial value, which occurs in the same area as
the maximum von Mises stress, as seen in Figure 5B. The local strain value is less than 2%,
which is within the elastic deformation limit. The safety level is calculated to ensure that
the structure performs within the safety limits. The results show that the minimum Factor
of Safety (FoS) is 1.3 at the place where maximum stress and strain occur (Figure 5C). This
FoS is within the safety limits, which demonstrates the safety of the elastic structure.
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Figure 5. Contours of (A) Von Mises stress, (B) strain, (C) factor of safety, and (D) displacement for
sliding configuration indicating maximum values for each parameter.

In addition, the maximum attainable displacement of the edge can also be calculated,
given the fact that it should respect the maximum displacement obtained from our previous
study for increasing range [28], which was found to be 26 mm in the downward direction.
The results show that using the given force (750N), a maximum deformation of 32.8 mm in
the downward direction is obtained (Figure 5D), which is higher than 26 mm.

2.5.2. No-Contact Cable/Hole Configuration

An analysis like that of the sliding cable/hole configuration was conducted on the
no-contact cable/hole configuration. It was found that for the no-contact configuration,
the maximum von Mises stress reaches 105.3 MPa at the spot where the upper screws
were located, and it was 44% higher than that of the sliding configuration. This increase
was expected, as there was no contact or friction between the hole and the cable, and the
inner teeth were not engaged in the deformation of the ET rib, since they had no friction
against the cable and the applied force on the ET rib was directly exerted to the solid edge.
Nevertheless, the results have shown similar values for the strain, which was equal to
0.01596 and only 5.6% higher than the sliding configuration strain. The minimum factor
of safety is equal to 1.2, which guarantees the safety of the mechanism operation. Finally,
considering the maximum vertical displacement of the ET rib after deformation, the no-
contact configuration achieved higher vertical displacement than that of the sliding contact,
reaching 39.53 mm (17% higher than with sliding contact). Figure 6 shows the maximum
values obtained for each parameter, and Table 2 summarizes the results of both sliding and
no-contact configurations.

Table 2. Summary of the results of structural analysis for both types of cable/hole configurations.

Cable/Hole Contact Type Max. Vo?Ml\l/I)Ls)es Stress Max.o/Straln Min. FoS Max. D(i}::la)cement
(1)
Sliding 58.94 1.5 1.3 32.8
No contact 105.3 1.6 1.2 39.53

A comparison was drawn between the two configurations, as shown in Table 3,
expressed in terms of their advantages and disadvantages.
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Figure 6. Contours of (A) von Mises stress, (B) strain, (C) factor of safety, and (D) displacement for
no-contact configuration indicating maximum values for each parameter.

Table 3. Advantages and disadvantages of the sliding and no-contact configurations.

Contact Type Advantages Disadvantages
1.  Higher stability
Sliding ; i/[ore uniform load distribution 1. Limited flexibility due to friction
. ower stress
4. No undesirable deformation due to frictional forces
1. More flexibility and freedom. 1.  Less support and stability
No-contact 2. Reduced frictional forces on cables 2. Non-uniform load distribution
3. More simple design 3. Undesired deformations of ET rib

As indicated in Table 3, when structural stability and equal load distribution are con-
sidered, the sliding motion was a more suitable choice than the no-contact configuration,
despite having frictional force that introduced resistance, a resistance that acts as a con-
straint against undesirable deformations. Therefore, the sliding configuration was selected
for further study:.

To ensure numerical accuracy, a grid independence study was conducted. The de-
tails of this study, including mesh refinement levels and their corresponding results, are
provided in Appendix B.

3. Results and Discussion
3.1. Geometrical Modifications

Some geometrical modifications to the sliding configuration were required to improve
the robustness of the structure, based on the results obtained in a structural analysis
(Figure 4), especially to reduce the stress concentration around the screws, increase the
reliability of ETM, and increase the maximum displacement of the elephant trunk (ET) rib.
Two analyses are performed in this regard: 1. analysis of the teeth number and thickness,
2. analysis of the upper surface thickness. The first analysis aimed to find the optimum
number of teeth for ETM along with their optimum thickness by considering the ETM
weight and vertical displacement, and the second analysis was performed to improve the
reliability and flexibility of the ETM by finding the best thickness for the upper surface. In
the final step, the fixation of the ETM to the wing box was modified with the aim to reduce
the stress concentration on the upper screws. Figure 7 depicts the initial ETM, in which the
teeth thickness, upper surface thickness, and fixation to the wing box are specified.
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Upper surface thickness

Upper screws

/ ________________________________________________________________________________________________________ :

Tooth thickness Lower screws

Alignment of screws
Figure 7. Initial ETM design.

3.2. Analysis of the Teeth Number and Their Thickness

The teeth number and thickness have an important role in improving the structural
characteristics of the ETM in terms of weight and maximum vertical displacement. As
indicated in Section 2.5, having chosen the “sliding” over the “no-contact” configuration,
the maximum vertical displacement was smaller than 32.8 mm. The analysis of the teeth’s
number and thickness is aimed not only to increase the vertical displacement but also to
reduce structural weight. For this purpose, different numbers of teeth, ranging from 3 to
10 teeth, are analyzed for three different thicknesses, ranging from 5 to 8 mm. The analysis is
divided into two parts: 1. analysis of the teeth number, 2. analysis of the teeth thickness. In
the first analysis, the best three tooth numbers were selected by considering the maximum
force with the minimum factor of safety of 1.5. Table 4 shows the maximum force with the
minimum factor of safety of 1.5 for different thicknesses and numbers of teeth.

Table 4. Maximum applied force for different thicknesses and numbers of teeth.

Maximum Force with the Factor of Safety of 1.5 (N)

Number of Teeth Tooth Thickness (mm)
5 6 8
3 100.92 106.80 105.11
4 101.55 107.40 106.87
5 104.84 108.34 109.75
6 106.23 108.36 108.25
7 106.24 110.54 109.40
8 105.87 108.40 110.26
9 106.21 109.54 111.27
10 107.66 112.10 109.94

As seen in Table 4, by increasing the teeth number from 3 to 10, the force magnitude,
which has the minimum FoS of 1.5, increases. The best three teeth numbers were selected
for different thicknesses. For example, for a teeth thickness of 5 mm, the best three teeth
numbers, which have the highest applicable force, are 106.23 N, 106.24 N, and 107.66 N,
corresponding to the teeth numbers 6, 7, and 10, respectively. The same criterion is used for
the other teeth thicknesses (6 and 8 mm).

Once the best three tooth numbers are selected, the analysis is continued to find the
best tooth thickness among 5, 6, and 8 mm. In this analysis, two parameters, including
structural weight and maximum vertical displacement, are determined as the main cri-
teria in obtaining the best tooth thickness. For this purpose, the weight and the vertical
displacement of the three best tooth numbers (6, 7, and 10) were calculated (Table 5). As
depicted in Table 5, the structural weight has a higher weighting factor than that of the
vertical displacement.
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Table 5. The structural weight and vertical displacement of ETM for the three best teeth numbers.

Tooth Thickness (mm)

5 p 5 Weighting
Factor

Number of Teeth 6 7 10 6 7 10 6 7 10

Structural Weight (g) 150 158 184 170 191 201 208 222 235 3
Score 27 24 18 21 15 12 9 6 3

Vertical Displacement (mm) 51.4 50.1 47 50 46.4 459 43.5 41.8 39.3 )
Score 18 16 12 14 10 8 6 4 2
Total score 45 40 30 35 25 20 15 10 5
Ranking 1 2 4 3 5 6 7 8 9

As shown in Table 5, the tooth thickness of 5 mm has the best ranking among the
9 cases, which corresponds to a number of teeth equal to 6. Thus, for a 5 mm thickness
and 6 teeth, the modified ETM design has a lower structural weight and a higher vertical
displacement compared to its initial design, in which the number of teeth was 5 and the
thickness was 8 mm.

3.3. Analysis of the Upper Surface Thickness

The thickness calculated in this paper is the vertical component of the upper surface
thickness, which connects the teeth to the ETM solid edge (Figure 7). This thickness is
independent of the teeth thickness, and a different analysis than that of the teeth thickness is
established to find the optimum thickness of the upper surface. This analysis is performed
in the absence of the teeth in the ETM flexible part with an aim to find the influence of the
thickness of the bending part and its best thickness with respect to ETM flexibility and
reliability. Figure 8 shows the ETM without teeth for the analysis of the upper surface
thickness. This thickness is aimed to be constant alongside the length of the elephant
trunk rib.

I\'Igz ]3 xF

.ever arm: |,
[ever arm:

Figure 8. Schematics of the ETM without teeth for the analysis of the upper surface thickness.

As illustrated in Figure 8, a smaller moment (M;) is generated by the shorter lever arm
in the section connecting the bending and solid edge parts, resulting in reduced influence on
ETM morphing. In contrast, the section linking the fixation and bending parts experiences
a higher moment (M;) due to its longer lever arm. Consequently, an appropriate upper
surface thickness is necessary to compensate for this difference in moments (M; and My)
and ensure the reliability and durability of the upper surface during ETM morphing.

Different thicknesses are studied, ranging from 4 mm to 16 mm. Their analysis
requires the ETM to preserve its elastic deformation. With the elastic behavior being set,
it is expected that both the displacement and the effort will be linearly proportional. For
each thickness, the vertical displacement is set to be constant while applying different force
magnitudes. With this assumption, several structural parameters, including factor of safety,
von Mises stress, and structural weight, are calculated for each thickness. Table 6 indicates
the values of these structural parameters for each thickness.
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Table 6. Variations of structural parameters for different upper surface thicknesses.

Thickness Force Displacement FoS Von Mises Stress Weight
(mm) (N) (mm) (MPa) (g)
35 62.49 22 33.6
28 50.35 2.8 27.1
4 21 38.21 3.6 20.6 81
14 26.07 5.3 14.1
7 13.93 9.8 7.6
300 62.39 0.9 80.1
240 51.57 12 64.1
8 180 38.75 1.6 48.2 122
120 25.93 23 323
60 13.11 4.6 16.3
1000 62.94 0.6 128.4
800 50.37 0.7 102.8
12 600 37.81 1.0 77.1 162
400 25.24 1.5 51.5
200 12.68 2.9 25.9
2500 63.48 0.4 208.2
2000 54.00 0.5 166.6
16 1500 40.52 0.6 125.1 201
1000 27.03 0.9 83.5
500 13.55 1.8 42.0

Table 6 indicates that by increasing the thickness, the force required to obtain the same
magnitude of displacement also increases, which leads to an increase in the von Mises
stress and weight of the whole ETM and a reduction in the factor of safety. For example,
for the thicknesses of 4 mm and 16 mm, to obtain a displacement of approximately 62 mm,
the required force increases from 35 N to 2500 N, von Mises stress increases from 33.6 MPa
to 208.2 MPa, and the total ETM weight increases from 81 g to 201 g, while the factor of
safety reduces from 2.2 to 0.4. To have a clear understanding of the values shown in Table 6,
Figures 9 and 10 show the variations of the vertical displacement and von Mises stress with
the forces for different upper surface thicknesses.
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Figure 9. Variation in the vertical displacement with the force magnitude for different upper sur-
face thicknesses.
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Figure 10. Variation in the von Mises stress with the force magnitude for different upper surface thicknesses.

Figures 9 and 10 show that if displacement is constant, the increase in the von Mises
stress and vertical displacement are linearly proportional to force magnitude, and this
linear variation is sharp for lower thickness values, while as the thickness increases, the
variation becomes mild. This linear variation could predict the force magnitude for each
displacement and thickness.

In this study, the maximum desired displacement is 66 mm, which corresponds to
the maximum vertical displacement obtained in our previous study [37]. To find the
corresponding thickness for this vertical displacement, the ETM should meet the minimum
factor of safety criteria, as mentioned in the Federal Airworthiness Regulation Part 25.303:
“Unless otherwise specified, a factor of safety of 1.5 must be applied on the prescribed limit
load, which are considered external loads on the structure” [49]. For this purpose, for upper
surface thicknesses ranging from 4 mm to 16 mm, the maximum force for obtaining the
minimum factor of safety of 1.5 was calculated, and then the minimum required force for
obtaining the 66 mm displacement was also calculated. Figure 11 shows the variations of
these forces with the thickness.
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Figure 11. Force variation for different upper surface thicknesses.
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As shown in Figure 11, the two diagrams intersect at the thickness equal to 5.93 mm.
This thickness value means that the ETM can morph up to 66 mm by having the minimum
factor of safety of 1.5. Therefore, the upper surface thickness analysis determines the best
thickness value, by which both the flexibility and reliability of the ETM increased. Figure 12
depicts the contour of the von Mises stress for ETM after morphing.

,.\\Max- =25.37 MPA

| Min.=-33.6 MPA

Figure 12. Maximum/minimum von Mises stress on the ETM after morphing with an optimum
upper surface thickness.

3.4. Modification of the ETM Fixation to the Wing Box

As shown in the initial design of ETM (Figure 7), due to the distance of the upper
screws from the cables, when the ETM deforms in the downward direction, the upper
screws sustain a higher force than that of the lower screws; therefore, higher stress concen-
trations are expected around the upper screws, as shown in Figures 5 and 6. Therefore,
instead of a horizontal fixation of the rib to the wing box, this rib was fixed using three
screws at the top of the rib. This type of fixation reduces the stress concentration around
the screws and moves it to another non-critical area. In the vertical fixation, no tensile force
was expected to act on the screws, since the external force direction was perpendicular to
the alignment of the screws.

Figure 13 shows the ETM modified design after finding the optimum number of teeth,
their optimum thickness, the optimum upper surface thickness, and the suitable fixation to
the wing box.

Alignment of screws

Figure 13. Modified design of ETM.

To avoid errors created by the singularities present in the structural design, round
fillets were added around the edges of the teeth of the ET ribs to create a smooth continuity
on the structures’ surfaces, which increases the safety of the structure by reducing stress
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concentration on the sharp edges. Stress concentration is related to the fillet radius by the
following equation:

F
Ao = Ktﬁ (3)
where K; is the factor of intensity,  is the fillet radius, and F denotes the applied force
on the fillet surface. According to Equation (3), the smaller the fillet, the higher the stress
concentration, which is detrimental to the structure’s safety. Figure 14 shows the ETM after

adding the fillets.

Figure 14. Elephant trunk rib with filleted edges.

3.5. Results of the Structural Analysis

A structural analysis was performed for the modified structural design. Four parame-
ters were analyzed: the von Mises stress, strain, factor of safety, and displacement. Figure 15
shows the results obtained from this analysis, in which the maximum values for stress,
strain, and displacement, and the minimum value for the factor of safety are indicated.
These values indicate that the structural parameters have been improved compared to the
initial design.

"IN

/.
’
[

Figure 15. Contours of (A) von Mises stress, (B) strain, (C) factor of safety, and (D) displacement.

Table 7 compares the results of structural parameters for the initial and modified
structures. The results presented in Table 7 indicate that the maximum von Mises stress
is reduced by 0.24 MP, and moved to an area other than that around the screws; strain is
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reduced by 19%, and vertical displacement by 45.63%, while the factor of safety remained
unchanged. Therefore, the intended goals were accomplished by a geometrical modification,
meaning that the stress concentration was both reduced and moved to a non-critical
area, and the flexibility of the structure was increased. To further improve the structural
parameters, particularly the structural weight, a topology optimization was performed and
is described in the following section.

Table 7. Comparison of the structural parameters of the initial and modified structures.

Max. Von-Mise Max. Strain® Min. Factor Max. Displacement
Stress (MPa) ) ° of Safety (mm)
Initial model 58.94 1.51 1.3 32.8
Modified model 58.7 1.22 1.3 60.33

3.6. Topology Optimization

Topology optimization can be employed to design components with uniform stress
distribution at every point, thereby reducing the weight-to-safety factor ratio [50,51]. This
design approach is particularly employed in the automotive and aerospace sectors. In
these fields, the focus on reducing weight is pushed to its limits, resulting in improved
performance [52]. A multi-objective topology optimization was performed to find the
optimum ETM design while respecting its constraints. The optimization was conducted
using Altair Inspire, with the objectives of minimizing the structure weight and maximizing
the stiffness. In the topology optimization, the material distribution was improved by
strengthening the design in critical areas and by removing unnecessary mass to reduce the
structural weight. In this process, multiple design spaces were considered; not only the
solid edge, but also the interior of the upper surface and the space around the holes are
included in these design spaces. Symmetric controls are also added to the design space
to remove the mass symmetrically on each plane. There are eight symmetrical planes on
the ETM in total, in which six symmetrical planes are located on the teeth (yz-plane) and
two planes along the ETM length (xy-plane). Figure 16 shows the ETM with the specified
design space (highlighted in red) and the symmetric control planes.

Symmetric planes

Figure 16. Illustration of the design space for topology optimization and the symmetrical planes.

The stiffness is reversely proportional to the total structural compliance [53]; therefore,
to increase the stiffness, the optimization tends to minimize the structural compliance,
which is expressed as:

C=Flu (4)

where C denotes the total structural compliance, F is the external force vector, and u is the
displacement vector.
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To respect the equilibrium equation in Equation (1), the stiffness or the internal forces
within the structure should be in balance with external forces. Therefore, Equation (4) is
rewritten in terms of stiffness as follows:

C=u'Ku (5)

By minimizing Equation (5), the objective function of stiffness maximization is satisfied.
The second objective function, that is, the weight reduction, involves the material volume,
V, in the design space, which can be expressed as a function of the material density, p. Since
the analysis is using the FE method, the total volume is differentiated into finite elements,
and it is written as:

V(p) =) peVe ©6)

where p, and V, denote the density and volume of each element, respectively.

The optimization is subject to several constraints that ensure the feasibility of the
optimized topology. These constraints are 1-material distribution constraints correspond to
objective functions in which the effective stiffness of each element is controlled as indicated
in the following equation:

K(p) = Y pbK? )

where p is the penalization factor that ensures the intermediate density penalization, and
KY represents the stiffness matrix of each element when it is completely solid. 2-volume
constraint, which limits the material removal to V", where V" is the minimum allow-
able volume of the material, 3-density constraint, bounded between 0 and 1 (0< p, < 1),
4-symmetry constraint, which ensures symmetric material distribution in the design space,
5-the stiffness constraint that ensures the structure maintains its adequate stiffness by limit-
ing it to a maximum allowable compliance, and finally, 6-equilibrium constraint function.
Table 8 summarizes the entire optimization framework, including the objective functions
and their corresponding constraints.

Table 8. Multi-objective topology optimization framework.

Function/Variable Description

Objective functions

Min. C =u'Ku minimization of structural compliance
Min. V(p) =YL pcVe minimization of weight

Subject to:

K(p)u=F Equilibrium constraint function
K(p) = ¥ ptK? Material distribution constraint
Y. 0.Ve > v Volume constraint

0<p. <1 Ve Density constraint

Pijk = Pij—k)  V(i,] k) Symmetry constraint

C(p) < Cax Stiffness constraint

The optimization uses the combination of the Solid Isotropic Material with Penalization
(SIMP) and the Optimality Criteria (OC) methods. The SIMP method distinguishes the solid
from the void regions, while the penalization factor (p) modifies the material properties as
a function of the density. This penalization factor is especially useful in solving large-scale
problems. The combination of both algorithms ensures the robustness and efficiency of the
optimization process.

The optimization started by initializing the design space with uniform material dis-
tribution (o, = 1). The SIMP method was used to calculate the material properties by
interpolation among element densities, where the penalization factor p was set to 3 to
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suppress intermediate densities and provide a clear material distribution. At each itera-
tion, the structural compliance was computed using a Finite Element (FE) solver, and the
displacement field (u) was obtained by solving the equilibrium equation (Equation (1)).
The sensitivity analysis was performed to compute the derivative of the compliance with
respect to the density variables (9C/ap.). Based on these sensitivities, the Optimality Criteria
(OC) method updated the density values of each element using a heuristic update rule
to satisfy the volume constraint. This iterative process continued until both convergence
criteria—compliance and density field—were obtained below the prescribed thresholds
(1% in this case).

Note that during the optimization, the cables were removed from the design space,
and only the tooth-like elastic part was optimized. Regarding the mass reduction, different
target values are specified for each part. For the teeth, starting from the solid edge part, 75,
73,70, 66, 65, and 64% target mass reductions were specified, respectively. This percentage
decrease was due to the relative proportion of the reference space in the total volume of the
teeth. The fixation part and the bending part (upper surface) have a target value of 45%
mass reduction. Figure 17 shows the ETM after topology optimization.

Figure 17. Schematics of the optimized topology of the Elephant Trunk Mechanism (ETM) from
different views.

By expanding the design spaces to the ETM upper surface, unnecessary interior parts
were removed from the structure. Moreover, more material was removed from the teeth,
and the bulk shapes of the teeth were transformed into linkages supporting the holes,
leading to even greater mass reduction. Figure 17 shows that unnecessary material has
been removed from the ETM elastic bending part, which reduces the bending resistance
and the effort required for the deformation. Table 9 indicates the improvements obtained
from the ETM topology optimization.

Table 9. Comparison of the structural parameters of the ETM before and after optimization.

Max. Von Mises < o . Max. Vertical
Stress (MPa) Max. Strain% Min. FoS Displacement (mm) Mass (kg)
Initial ETM 58.7 1.2 1.3 60.33 0.155
Optimized ETM 52.58 1.63 1.5 66.02 0.100
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The values presented in Table 9 show that most of the structural parameters were
significantly improved. The maximum von Mises stress was reduced by 10.43%, the factor
of safety was increased from 1.3 to 1.5, and the maximum vertical displacement increased
by 8.6% (from 60.33 mm to 66.02 mm), thus indicating more structural flexibility on the
optimized ETM. However, the maximum strain increased from 1.2% to 1.63% due to the
hollow spaces on the upper bending part created after the optimization. Finally, the results
obtained for the mass reduction indicated that the initial mass of 0.155 kg was reduced to
0.1 kg, signifying a reduction of 35.5%. Figure 18 shows the deformation of the ETM before
and after the optimization.

66.02 mm

Figure 18. Maximum displacement of ET rib, (A) before and (B) after topology optimization.

A total number of four ETM ribs were used in the flap section of the UAS-545 wing.
These ETMs were identical, except for small differences in their heights due to the tapered
characteristics of the wing, which gave an infinitesimal difference in the ETMs weight.
Therefore, each ETM rib was optimized separately, and the mass reduction was unique for
each ETM. Figure 19 shows the mass variations for each ETM rib.
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Figure 19. Mass variations for each ETM before (red) and after (blue) topology optimization.
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The mass was reduced for each ETM. Considering one wing, a total mass of 0.214 kg
was removed from all four ET ribs after topology optimization, which would be equivalent
to a 4.2 N weight reduction for the whole UAS equipped with two wings.

3.7. Elephant Trunk Mechanism Integration on the UAS-545 Wing Box

After the structural analysis and topology optimization on the ETMs, a number of
four ETMs were designed on the Seamless Morphing Trailing Edge (SMTE) flap section.
The distance between these ribs corresponded to the flap length, which was defined in our
previous study [28]. Figure 20 shows the SMTE flap and its geometrical details, in which
the elephant trunk mechanism was used with the aim to generate the required deformation
(Figure 20B,C). Therefore, the four ETMs were located inside the morphing flap section,
and the transition sections on the right and left sides of the SMTE flap were used to follow
the deformations obtained from the ETMs (Figure 20B). The total length of the SMTE was
1 m, the section where the ETMs were embedded was equal to 0.735 of the total flap length
(excluding transition sections), and 0.1325 m was allocated to each transition section.

T: Transition parts

A
B
e e

T SMTE Flap T

- » < >

03C
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¢

Figure 20. Schematics of the SMTE flap: (A) top view, (B) back view, (C) side view after deformation.

To fix the ETMs on the wing box, they were screwed from the top, as shown in
Figure 21. The advantage of this type of fixation was its reduced stress concentration
around the screws, as noted in Section 3.4.

Figure 22 illustrates the orientation of the ETMs inside the SMTE flap. Four ETMs were
embedded inside the SMTE flap section, excluding the transition sections. They were fixed
to the solid spar along the span. Respecting the symmetric orientation, ETM 2 and ETM 3
were fixed in the center of the flap, while ETM 1 and ETM 4 were fixed at the beginning of
the transition sections, as shown in Figure 22B.
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ETM1 ETM2 ETM3 ETM4

Figure 22. Installation of the four ETMs on the main wing box of the UAS-545: (A) top view, (B) side
view, (C) isometric view.

3.8. Skin Analysis

In the final phase of this study, a skin analysis was performed with the aim to find the
appropriate skin material corresponding to the requirements of the Seamless Morphing
Trailing Edge (SMTE) flap, which has high flexibility. Figure 23 shows a schematic of a
UAS-545 wing section with the STME flap and the ETMs, where the flexible skin covers the
whole flap section with the ETMs embedded within.
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Actuation and control system

SMTE flap

Flexible skin

ETM4

Figure 23. Schematics of a UAS-545 wing section with the STME flap, ETMs, and flexible skin.

As seen in Figure 23, the skin covers a rectangular area on both the upper and lower
surfaces of the wing. The analysis was performed by focusing on a section of the wing
that contains the skin, which would reduce the computation time and cost. This approach
requires establishing a suitable boundary condition corresponding to the actual constraints.
The skin analysis was performed using the ANSYS 2021 R2 software. Figure 24 shows the
computational domain and the boundary condition for the skin analysis.

Figure 24. Computational domain and boundary conditions for the skin analysis: (A) exterior view,
(B) interior view.

As seen in Figure 24, the wing sections, which have no impact on the skin analysis,
were eliminated; ETMs were considered as the supports for the upper and lower skins and
were included in the analysis. The boundary condition used in this analysis requires the
edges and surfaces specified in red color to have a fixed support during the analysis. In
fact, in the actual wing, these areas (surfaces and edges) with fixed motion constraints are
attached to the wing box. With these constraints, the only moving part of the wing was the
trailing edge, where the downward morphing of the ETMs also deformed the skin.

To simulate the actuation of the morphing mechanism, a prescribed vertical dis-
placement of 66 mm was applied at the trailing edge of the structure. This displacement
corresponds to the maximum downward deflection produced by the Elephant Trunk
Mechanisms (ETMs) during operation. The applied boundary condition was intended to
replicate the deformation profile induced by the ETMs and assess the skin’s flexibility and
conformity to the target morphing shape.
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For the skin analysis, silicon rubber (silicon VMQ) was chosen due to its unique
material properties in morphing wing applications. Table 10 depicts the silicon rubber
properties as follows.

Table 10. Material properties of the silicon rubber.

Young’'s Modulus Poisson Ratio Tensile Yield Strength Density
(MPa) (MPa) (kg/m?)
17 0.5 10.4 1230

Given the nonlinear deformation characteristics of silicone rubber, a hyper-elastic
material model was used for the skin analysis. Silicon rubber is a very soft and flexible
material in terms of elongation and stretchability. In addition, long fatigue resistance is
one of the unique characteristics of silicon rubber, which makes it a suitable choice for
morphing wing application, where frequent deformation during flight demands a material
with high fatigue resistance. Therefore, by performing repeated morphing, it can maintain
its flexibility without significant material degradation. Considering the temperature effect,
silicon rubber performs very well at various temperatures ranging from —60 °C to +200 °C.
For the UAS-545, the ceiling altitude is 15,000 ft, where the temperatures could reach —20 °C
at cruise flight; nevertheless, silicon rubber still performs very well at this temperature, as
mentioned above.

By choosing silicon rubber as the SMTE flap skin material, a skin analysis was per-
formed. In this analysis, the most important factor was the deformation smoothness,
especially on the lower side of the flap, where wavy deformations were very likely to occur

due to the downward deformation. Figure 25 shows the skin deformation contours after
SMTE flap deformation.

Figure 25. Deformation contours of the silicon rubber skin: (A) isometric view, (B) rear view, (C) upper
surface, (D) lower surface.
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As shown in Figure 25, silicon rubber skin perfectly accomplishes the ETM’s morphing,
especially on the transition parts. It was found that the upper surface skin (Figure 25B,C)
had a very good surface smoothness after morphing, and there was no sign of distortion;
however, Figure 25C shows some distortions on the wing lower surface skin after morphing.
This behavior was expected, as the ETM downward deflection contracts the lower surface,
and the skin contracts accordingly. This contraction issue on the lower surface could be
easily solved by pre-tensioning the lower surface skin before attaching it to the ETMs,
which means that the skin is stretched before attaching it to the ETMs, and once the
morphing occurs, the lower surface contraction preserves the initial state of the skin; thus,
the distortions will be eliminated on the lower surface.

4. Conclusions

This paper introduces the novel Elephant Trunk Mechanism (ETM) inspired by an
elephant’s trunk. This ETM was structurally investigated in conjunction with a topology
optimization to examine its reliability and feasibility for its application on the Seamless
Morphing Trailing Edge (SMTE) flap. The promising aerodynamic results of the SMTE
flap from our previous study [28] motivated us to perform this current study to further
analyze it from a structural perspective. This novel morphing concept consisted of tooth-
like elements whose contraction through a horizontal axial force by cables changed the
trailing edge shape in the downward direction.

The static analysis was performed using the Finite Element Method (FEM). An analysis
was first conducted to find a suitable connection type between the cables and the holes.
A comparison between the two contact types revealed that the sliding contact configuration
provided greater reliability in terms of stability, stress distribution, load transfer, and
deformation feasibility.

Next, using the sliding contact boundary condition, the mechanism was structurally
analyzed, and the results were further improved by geometrical modification. These
modifications were analyzed in three ways: 1-analysis of finding the optimum number
of teeth and their thicknesses, 2-upper surface thickness analysis, and finally, the analysis
of the ETM fixation to the wing box. Following the ETMs” structural modifications, the
stress was reduced by 0.4%, and the stress concentration moved to a non-critical area;
the maximum strain was reduced by 19%, and the ETM maximum vertical displacement
increased by 45.63%, all of which improved the ETMs’ structural flexibility.

Using a suitable design space, a topology optimization was conducted with the objec-
tive of minimizing the structural weight. The optimization results showed that not only was
the weight reduced, but the structural parameters were also improved. The optimization
results showed that the maximum von Mises stress was reduced by 10.43%, while the
factor of safety increased from 1.3 to 1.5, and the ETM maximum vertical displacement
was increased by 8.6%. The mass reduction, which was the main objective of the topology
optimization, was reduced by up to 35.5% compared to the initial structure mass, and a
total weight reduction of 4.2 N was achieved for the whole UAS.

Finally, the four optimized ETMs were fixed on the SMTE flap to perform a skin
analysis, in which silicon rubber was used as a base material due to its high fatigue life and
flexibility. The results showed that the skin perfectly integrated with the ETM morphing,
especially on the transition sections on the left and right sides for the SMTE flap.

In our next study, the SMTE flap equipped with ETMs and silicon rubber skin will be
prototyped using a suitable actuation control system. The prototyped wing will be tested
in a wind tunnel to validate the results obtained from this study.
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Appendix A

The specifications of the Unmanned Aerial System (UAS-545) are summarized in
Table A1, and its configuration is illustrated in Figure Al.

Table A1. Specifications of Unmanned Aerial System UAS-545.

Specification Value

Wing span 6.11m

Wing area 2.72 m?

Total length 3.01m

Mean aerodynamic chord 0.57 m

Empty weight 57 kg
Maximum take-off Weight 79.6 kg
Loitering airspeed 55 knots
Service ceiling 17,000 ft
Operational range 120 km

Figure A1l. Unmanned Aerial System UAS-545 [38].
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Appendix B

To ensure that the numerical results were independent of the mesh resolution, a grid
independence study was conducted. Several mesh configurations with varying element
sizes were tested, and their effects on key parameters, such as computation time, vertical
displacement, and von Mises stress were analyzed. The relative errors of these parameters
were also evaluated to determine the optimal mesh density. In this study, an element size
of 1 mm was considered as the reference. Table A2 summarizes the results of the grid
independence study.

Table A2. Results of grid independence study.

Element Size Run Time Displacement Relative Error Von Mises Stress Relative Error

(mm) S (mm) % MPa %

6 32 59.32 4.87 43.39 26.85

4 42 61.56 1.28 52.27 11.88

2 116 62.17 0.30 58.45 1.47

1.5 218 62.24 0.19 57.45 3.15

1.25 368 62.31 0.08 58.80 0.88
1 727 62.36 - 59.32 -

A 5% margin error was set as the maximum admissible threshold for selecting the
appropriate element size. As shown in Table A2, when the element size exceeds 2 mm,
the relative error in von Mises stress surpasses 11.88%, which is very high. To balance
computational efficiency and accuracy while maintaining a relative error below 5%, an
element size of 2 mm was chosen for the structural analysis of ET due to its minimal relative
errors and efficient computation time.
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