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A novel tension-twist coupling morphing wing is proposed using tension-twist coupling metamaterials as the
wing spar. The tension-twist coupling deformation was achieved by stacking of unit cells with tension-shear cou-
pling behaviour. A finite element model was created to study the coupling behaviour of the unit cell, where the
effect of cell configuration on the tension-shear coupling properties were numerically explored. The tension-twist
coupling of the metamaterials was analysed and validated by a set of static tests using samples fabricated by se-
lective laser sintering (SLS). The metamaterial was then implemented into a morphing wing to achieve adaptive
twist. It was found that a valuable wing twist can be achieved by a relatively small actuation force, which can
lead to a significant improvement in the overall aerodynamic performance. This novel way of realising the twist

deformation of morphing wing reduces the demand for its driving system.

1. Introduction

The morphing aircraft can adjust its aerodynamic shape continually
to adapt to various flight conditions and missions[1-4]. Their advan-
tages over conventional aircraft regarding safety, adaptability, effi-
ciency and controllability have aroused increasing attention and sub-
stantial research interest[5,6]. By changing the shape, the morphing
aircraft can perform optimally in different flight conditions[7-10]. Inte-
grating smart materials, flexible skin and deformable structure shows
promising potential for achieving morphing aircraft's flexible, continu-
ous and smooth deformation. In 1973, an experimental work conducted
by Boeing showed that a continuous and seamless change of wing shape
could significantly increase the aerodynamic efficiency [11]. Lockheed
Martin developed a Z-folding morphing aircraft capable of a 440%
change in the wing aspect ratio and a 145% change in the wing area,
leading to an improved performance during different flight missions
such as surveillance, cruise and rapid manoeuvring [12].

The active twisting wing can enhance aerodynamic performance,
such as lift and drag characteristics, through adjusting the angle of at-
tack of its ribs [13,14]. Research published by Majji in 2007 presented a
twistable morphing wing, which enhanced the operating envelope of
the wing's angle of attack[15]. The wing was rigidly coupled to four
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telescoping tubes independently attached to the wing along the span,
which benefits the twisting of the wing. A set of meshing gears was in-
stalled on the shaft and the beam to achieve the twisting of the wing
when driven by a motor inside the wing root[16]. A wing morphing
skeleton mechanism was proposed for the morphing wing, enabling the
wings to change their shapes by bending, twisting and sweeping, and an
enhanced aerodynamic performance was achieved[17]. Introducing
smart materials such as shape memory alloys has also diversified the
twisting wings design[18]. An experimental wing was demonstrated,
which was able to twist approximately 10° using an inductively heated
SMA torsional actuator[19]. Furthermore, structures with special defor-
mation effects have also been widely studied for designing the twisting
wings. Tensegrity structure was demonstrated to show attractive poten-
tial for twist deformation. The approach to implementing the tensegrity
structure onto the twisting wing was discussed, and the spanwise twist
was achieved[20,21].

Mechanical metamaterials, whose unique properties are achieved
by artificial tailoring of the unit cells, have a potential capability to de-
signing the twisting wing. In addition to properties such as negative
Poisson's ratio[22,23], ultralight and ultra-stiff lightweight[24,25],
metamaterials can achieve special deformation characteristics which is
impossible to achieve through ordinary materials[26,27]. A digital
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twisting wing constructed from discrete lattice unit cells was reversibly
assembled and tested in the subsonic wind tunnel, which demonstrated
stall mitigation by wing twist[28,29]. Diamond-shaped cells were
joined to enable a planar twist of the morphing wing in clockwise and
counterclockwise directions[30]. An optimal actuator placement and
position optimization were also explored. Metamaterials with tension-
twist coupling (TTC) characteristics are particularly of interest since
they have shown great potential to be used in flexible wings and alter
the lift distribution by passively or semi-passively adjusting the angle of
attack (AoA)[31]. Mechanical metamaterials that exhibit the des-
ignable ability to twist deformation, which achieve the required span-
wise twist deformation have been extensively studied[32-37]. Frenzel
[38] realized a twist by designing microstructured three-dimensional
elastic chiral mechanical metamaterials, which increase degree of free-
dom of the system. 3D compression-torsion metamaterials were pro-
posed based on a chiral mechanism[39,40] and were refined with ther-
mal-torsion properties to achieve a more noticeable twist under both
temperature change and uniaxial load[41].

A large number of tension-twist coupling metamaterials had been
developed, such as chiral mechanical metamaterials[38]. However,
most of the tension-twist coupling metamaterials remain in the design
stage, and few of them have been applied to the design of morphing
wings[28]. This paper illustrates a twist morphing wing that based on a
proposed novel metamaterial with bend-twist coupling property
[42,43], where the unit cell is shown in Fig. 1(a). The unit cell, a type of
3D lattice meta-material, comprises a simple cube and a frame formed
by overlapping two cross grids along the diagonal plane. The relative
density can be calculated as follows:

2a+b+h+2VD2+ 12 +2Va + b2 + 2

2 1
- 7(d/2) (€D}
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In addition to the reported properties, it has been found that the unit
cell showed excellent tension-shear coupling properties. This is due to
the change in the cell symmetry condition by introducing a sub-cell to
reinforce the diagonal plane. Consequently, shear strain is induced by
applying a uniform tensile loading. A tailored strategy for cell stacking,
as shown in Fig. 1(b), involves arranging the unit cells in different loca-
tion to achieve shear in the targeted orientations so that the tension-
twist coupling property can be generated in the macrostructure. In
other words, where a uniaxial load apply on the macrostructure, a
torque can also be obtained by the induced shear strain of the cells, as
depicted in Fig. 1(c). Subsequently, the metamaterial designed with a
targeted tension-twist coupling (TTC) property is then implemented
into a morphing wing to achieve active twist, as shown in Fig. 2. Fi-
nally, the preliminary design of the wing is further investigated using
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Computational Fluid Dynamics (ANSYS FLUENT 2023R2) to assess the
aerodynamic performances[44].

This paper is organised as follows. Section 2 presents the design
method of tension-twist coupling metamaterials, where the elastic mod-
ulus and coupling deformation properties of the unit cell are charac-
terised. Next, the tension-twist coupling deformation of the metamate-
rials is achieved using a proposed design process. Then, section 3 illus-
trates a set of static experiments, which is conducted to validate the ten-
sion-twist coupling properties of metamaterial designed in various con-
figurations. In Section 4, a novel morphing wing is designed where the
metamaterial is employed as the wing spar to achieve wing twist. The
aerodynamic characteristics of the morphing wing are further dis-
cussed, and the designed twisting wing as the morphing part. The ad-
vantages of the morphing wing on the lift coefficient and the lift-drag
ratio are demonstrated through CFD simulation. However, few studies
exist have explored the employment of mechanical metamaterials for
achieving twist deformation in morphing wing. The introduction of
metamaterials enables a valuable wing twist achieved by a relatively
small actuation force, while maintaining a low weight. The implemen-
tation of twisting morphing wing can remove the design limits of mor-
phing wing imposed by traditional driving system.

2. Tension-twist coupling metamaterials
2.1. Tension-shear coupling metamaterials

The 3D lattice metamaterials can be classified into bending-
dominated and stretching-dominated[45]. It depends on the deforma-
tion behaviours of the struts in the unit cells under loading. The defor-
mation behaviours of unit cells indicate its different failure mecha-
nisms. The Maxwell criteria[45] can be applied to determine the type of
unit cell as

M=s5s-3n+6 2

where s and n represent the number of struts and nodes in a unit cell, re-
spectively. It can be calculated that M is equal to -7, for s = 26 and
n = 13, suggesting the unit cell is bending-dominated. The struts’ de-
formation mechanism, bending while stretching, determines the ele-
ment type, which is the basis for numerical simulation. Then, finite ele-
ment analysis (FEA) is employed to analyse the metamaterials’ elastic
modulus and tension-shear coupling properties.

The elastic modulus of the metastructure stacked by the unit cells
was first analysed by FEA. When assembled into a 3D lattice metamate-
rial, it demonstrates a tunable elastic modulus performance and high
specific stiffness, maintaining considerable stiffness at a low relative
density. A set of cubic models was created in ABAQUS 2022, stacked by

stretching

Fig. 1. (a) The unit cell of the three-dimensional lattice metamaterial; (b) Assembly of unit cells to generate the twist around axis; (c) Generation of twist induced by

shear strains when the metamaterial is stretching.
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Fig. 2. Concept for the morphing wing using a tension-twist coupling metama-
terial as the wing spar.

unit cells that are also cubic, as shown in Fig. 3(a). The L and a repre-
sent the size dimensions of cubic structures and unit cells, respectively.
The normalized width of the cubic model, L / a, ranges from 1 to 15,
while a = 5 mm. The struts have a circular cross section with a diame-
ter d and several different diameters (d = 0.25 mm,0.5 mm,0.75 mm
and 1 mm) were designed to investigate the relation between diameter
and elastic modulus. Additionally, the struts in unit cells were meshed
using ten Timoshenko beam elements (element code ‘B31’ in ABAQUS)
to guarantee mesh independence. OXYZ represents the coordinates of
the global geometry, while oxyz represents the local coordinates of the
unit cell. Nylon (PA12) was used here with a modulus, Es, of 800 MPa
and Poisson's ratio, v, of 0.35, which is listed in Table 1. A uniform
stress, app, was applied on the top face while the bottom face was con-
strained. The modulus can be calculated by dividing the uniaxial strain
by the applied stress as

[0}
Er =2 @)

SZZ

where E* represents the equivalent elastic modulus of the macro-
structure, €7z represents the axial strain along the Z-axis and %app repre-
sents the applied stress.

Additionally, the influence of the number of meshed elements per
strut on the analysis results is demonstrated in Fig 3(b), using the cubic
structure with a normalized width of L / a = 10 as an example. The
convergence of the finite element analysis is verified as the results of
FEA approach a mesh-independent value when the number of elements
per strut reaches 10.

(a)

Aerospace Science and Technology xxx (xxxx) 109745

The FEA results are presented in Fig. 4, where the elastic modulus of
the metamaterial, £* is normalized by the modulus of the constituent
material, Es. It can be observed that the normalized modulus, E*/Eg,
reduces asymptotically with an increase in the aspect ratio L / a and
reaches a size-independent value when L / a is greater than 12. The
size-independent normalized elastic modulus of the metamaterial is ap-
proximately proportional to the square of the diameter, 42, of its struts.
Through calculation, the metamaterials maintain a similar specific
stiffness, E*/Eg /ﬁ of 0.113, regardless of the diameter of the struts.

A FEA model was created using ABAQUS 2022 to study the coupling
behaviour of the metamaterial, as shown in Fig. 5. Each cell strut was
meshed by ten Timoshenko beam elements (element type B31 in
ABAQUS) with the material properties listed in Table 1. Fig. 5(b) illus-
trates that a shear strain was induced due to its asymmetric nature
when a uniform tensile load is applied. A set of unit models with differ-
ent dimensions (h/b and a/b) was created to study the influence of the
characteristic dimensions. The cell width, b, and diameter, d, were
8 mm and 0.5 mm, respectively. The characteristic size, h/b, ranged
from 1 to 5 and a/b was selected as 1/4,1/3,1/2, 1, 2, 3 and 4. An axial
tensile force, F;, was applied on the top nodes of each model while the
bottom nodes were fully fixed. The ratio between activated shear strain,
&x, and axial strain, €2z, was calculated to assess the coupling properties
of unit cells.

Fig. 6 shows different unit cells can provide varying tension-shear
coupling properties under uniaxial loading due to their asymmetric
cell geometries. It can be seen that cells with the same characteristic
size (a/b) show coupling properties directly proportional to the ratio
(h/b). Furthermore, cells with a higher (a/b) ratio exhibit higher cou-
pling properties. It can be seen that the slopes of the curves are equal
to (a/b) value of the corresponding cells.

2.2. Tailored tension-twist coupling metamaterial

Tension-twist coupling (TTC) deformation can be achieved by stack-
ing the unit cells described in Section 2.1. Firstly, a cell library is estab-
lished based on the coupling properties of the unit cells, as shown in
Fig. 7(a). The serial number of each unit cell represents it has different
coupling characteristics. In this paper, four types of unit cells, num-
bered from 1 to 4, with different orientations of shear strains are se-
lected to fill the cell library for potential tension-twist coupling. Each
adjacent cell is connected through sharing nodes and faces so that effec-
tive stacking can be achieved, as shown in Fig. 7(b). Then, the unit cells
are stacked with grade from 1D to 3D to create metamaterials with ten-
sion-twist coupling properties, as shown in Fig. 7(c). The tension-twist
coupling metamaterials are created by assembling the tension-shear
coupling cells in four different orientations, as shown in Fig. 1(b,c).
Therefore, when a uniform tensile load applied to the material, a twist

(b)

Fig. 3. Modeling and mesh independence analysis of the FEA. (a) Modeling of the cubic macro-structure; (b) Convergence verification of FEA.
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Table 1
Material properties used in the model.
a Material Eg/MPa v Tensile Breaking
(b,h)/mm stiffness/MPa Elongation/%
5 Nylon 800 0.35 33.3-39.8 11-19
(PA12)
0.14 T T — T — T T — T T
d=0.25mm
—#=d = 0.5mm
012k —=d=0.75mm||
- —#—d = lmm

0.1F

0.04 -

0.02F

Fig. 4. Normalized modulus of the metamaterial with different numbers of unit
cells.

is induced due to the coupled shear strain in each unit cell. It transforms
the coupled tension-shear deformation of unit cells into the coupled
tension-twist deformation of the metamaterials. Stacking metamaterials
allows for the accumulation and superposition of twist deformation
layer by layer.

The purpose of the proposed tension-twist coupling (TTC) metama-
terial are designed for morphing wing, so that a cantilever beam is stud-
ied here as the wing spar. Three types of cantilevers with TTC proper-
ties were created with the proposed design process, as illustrated in Fig.
8. In each type, the unit cells within the cantilever section are arranged
in a rotationally symmetrical distribution around the central axis, con-
sistent with the stacking strategy described in Fig. 1(b). Upon stacking,
the coupled tension-shear deformation of the cells is converted into the
coupled tension-twist deformation of the cantilevers. When the can-
tilevers are extended through arraying, the twist deformation of adja-
cent sections accumulates and superimposes due to stacking. A remark-
able macroscopic tension-twist coupling (TTC) deformation can be ob-
served in the cantilevers. As shown in Fig. 8(b), these three cantilevers

{(a)
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with a same section area are named as two-cells combined cantilever,
four-cells combined cantilever and cross-shaped cantilever, respec-
tively. The twisting direction in each cantilever is intentionally de-
signed to be consistently clockwise for comparison. Previous research
has indicated that the characteristic sizes of the unit cell are governing
parameters determining the tension-shear coupling effect. Therefore,
the tension-torsion coupling effect can be adjusted by modifying the
constituent unit cells’ characteristic sizes, h/b and a/b.

The FEA was carried out using ABAQUS 2022 to analyse the defor-
mation of the proposed cantilevers under a specified tension. The ‘B31°
elements were employed to mesh the FEA models for the trusts within
the cantilevers, and each truss was meshed into ten elements to ensure
convergence. The cantilever models were fully fixed at one end while
the other end was suspended and subjected to uniaxial tension. The
length of the cantilever beam is 200 mm, and the diameter of the struts
in the unit cells is 2.3 mm. The inner cells of the two-cells combined
cantilever are rectangles with sizes of a = 40 mm and
b = h = 20 mm, respectively. The four-cells combined cantilever and
the cross-shaped combined cantilever has the same cube-shaped inner
cells with sidesof a = b = h = 20 mm.

Fig. 9 shows the deformation along the z-axis in the three can-
tilevers. A pair of opposite strains can be observed on two sides of the
cantilever section, which are linearly distributed along the central axis.
This indicates that the cantilevers exhibit twist deformation under uni-
axial tension. The finite element analysis (FEA) results confirmed the
feasibility of the tension-twist coupling meta-structures. Fig. 10 com-
pares the twist deformation of these three cantilevers under an axis
strain, €x, of 0.01. The twist of cantilevers generated by different
stacking modes is quite different under the same axis strain. Specifi-
cally, the cross-shaped combined cantilever exhibits the most signifi-
cant twist angle, followed by the four-cells combined cantilever,
which exhibits a similar twist angle. The two-cells combined can-
tilever exhibits the smallest twist angle which is approximately half
of the other two cantilevers. Notably, the twist angle increased lin-
early from the hub to the tip under a uniaxial tensile load, and it is
attributed to the effect of stacking, which enables the accumulation
and superposition of twist deformation across the adjacent layers.

2.3. 3. Experiment validation

In this section, the coupling properties of the tension-twist metama-
terials are experimentally investigated in a cantilever beam configura-
tion, as shown in Fig. 11. First, the proposed tension-twist metamateri-
als are fabricated by Selective Laser Sintering (SLS) with Nylon (PA12).
The samples were then loaded by hanging weights on the free end,
whereas the other end was fully fixed by an industrial bench vice. The
induced twist angle, ¢, was measured using laser sensors to capture the

(b)

I

&r

Initial Alfiter deformation

£
o X

Fig. 5. Tension-shear coupling mechanism. (a)Tension-shear coupling deformation of metamaterial under uniaxial tensile load; (b) Fundamental coupled deforma-

tion mode.
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Xz

Fig. 6. Coupling properties of various unit cells with different characteristic
sizes.

coupling effects. The Digital Image Correlation (DIC) method is also
employed for measuring the full-field displacement of samples sub-
jected to the applied loads, as shown in Fig. 11(b).

The three types of cantilevers, which are proposed in Fig. 8(b), are
composed of four parts i.e. root clamping section, loading pin, lattice
section and tip bar to allow for the twist measurement, as shown in Fig.
11(a). The fabricated struts in the samples have an average diameter of
2.3 mm with an error of 0.1 mm, measured by vernier scale. Addition-
ally, several samples of the two-cells combined cantilever with different
lengths of metamaterial section (the lattice section's lengths of 200 mm,
160 mm, 120 mm and 80 mm, respectively) were fabricated to investi-
gate the influence of the stacking layers’ number on twist angle. To pre-
vent the distortion of boundary due to torque during the stretching
process and enable the application of tension force, a top block named
‘loading pin’ was added at the forced end of the experimental can-
tilevers. The twist angle was measured using laser sensors (Panasonic
HG-C1100 with the measurement range of 65-135 mm and the accu-
racy of 70 pm), which light on the tip bar, as shown in Fig. 12. The twist
angle is calculated as

Cell library
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where d,; represents the distance of the tip bar swept along the direc-
tion of laser beam and d,,, represents the distance between the center of
terminal surface and the spot where the laser light on. As increasing
uniaxial loads were applied to the loading pin, a progressively signifi-
cant twist angle can be observed on the cantilevers.

The TTC properties of metamaterials are investigated experimen-
tally and subsequently compared with the results obtained from finite
element analysis (FEA). The twist deformation of these cantilevers was
analyzed through ABAQUS 2022 with the same models used in Section
2.2 and a variable axial force was applied to each model. The stacking
methodology and longitudinal superposition mainly affect the TTC
properties of the metamaterials. The stacking methodology involves the
stacked unit cells’ selection and the assembly modes. Longitudinal su-
perposition refers to the number of stacked layers and the twist defor-
mation generated in each cross section can be superposed layer by
layer. The results of FEA and DIC for the designed cross-shaped com-
bined cantilever are illustrated in Fig. 13, while the applied axial tensile
force gradually increases up to 50 N. The results obtained from the DIC
and FEA exhibit a significant agreement. Twist of the sections along y-
axis can be found increasing gradually from the root clamping section
to the loading pin. The twist angle at the loading pin becomes increas-
ingly significant with increased applied tensile load, suggesting more
effective coupling is achieved.

Fig. 14 demonstrates the relationship between the twist angle of
the meta-structures and the applied uniaxial tensile force. During the
stretching process, all three types of cantilevers exhibit a similar de-
formation mechanism—twist occurs under the tensile load and is di-
rectly proportional to the applied tensile force. Among the can-
tilevers, the four-cells combined cantilever exhibits the largest twist
deformation, followed by the cross-shaped combined cantilever, while
the two-cells combined cantilever exhibits the smallest twist angle,
under the same uniaxial tensile force. It indicates the most effective
coupling achieved in the four-cells combined cantilever, followed by
the cross-shaped and two-cells combined cantilever. When a tensile
force of 50 N is applied, the twist angles are measured as 0.706°,
0.614° and 0.504°, respectively. The results obtained from FEA and
experiment for the meta-structures are significantly agreed. The cou-
pling coefficient, k¢, is defined as the gradient of the lines represent-
ing the FEA results in Fig. 14(a). k¢, kgy and kg represent the cou-

Tension-twist coupling metamaterial
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Fig. 7. Design process of tension-twist coupling metamaterials.
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(a) (h)

(1) Two-cells-combined cantilever
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N,

P (3) flusei—s]mpi:ci combmed cantilever

(2) Four-cells-combined cantilever

Fig. 8. Cantilevers with tension-twist coupling property: (a) Schematic of cantilever beams produced by stacking of cells; (b) Three types of cantilever with coupling

effect.

(1) Two-cells combined cantilever

(2) Four-cells combined cantilever

(3) Cross-shaped combined cantilever

Fig. 9. Results obtained from FEA when €x = 0.01.

0.09 T T T T T T T T T

—#—Two-cells combined cantilever
0.08 - [~* Four-cells combined cantilever .
[~=Cross-shaped combined cantilever]

0.07F 1

0.06 1

0.05F 1

o (rad)

0.03 1
0.02F 1

0.01F 1

o L L L L L s L " L
0 20 40 60 80 100 120 140 160 180 200
x (mmy)

Fig. 10. Distribution of the twist angle for cantilevers with different stacking
strategies when €x = 0.01.

pling coefficient of the cross-shaped combined cantilever, the four-
cells-combined cantilever and the two-cells-combined cantilever, re-
spectively. Notably, it can be calculated that ke, > k¢ > kcs. Interest-
ingly, contrary to the results in Fig. 14(a), a higher coupling effect

was achieved by the cross-shaped combined cantilever (k¢; > k¢y), as
shown in Fig. 10. The reason is that more axial rods held within the
cross-shaped combined cantilever, results in enhanced axial stiffness,
and lower shear strains can be utilized to assemble the twist deforma-
tion under a specific axial force. In other words, the cross-shaped can-
tilever exhibits a more effective coupling under the same axial strain
(Fig. 10), but smaller twist angle under an equivalent axial tensile
load compared to the four-cells combined cantilever (Fig. 14(a)). The
coupling coefficients and weights of the cantilevers are listed in Fig.
14(b) to compare the specific coupling effect of the cantilevers. The
coupling coefficient of cantilevers are 2.2258, 2.5409 and 1.8683,
with corresponding masses of 321.93 g, 319.94 g and 311.31 g, re-
spectively. The difference in mass among the cantilevers is attributed
to the difference in the number of layers stacked within the metama-
terials. By dividing the coupling coefficient by the corresponding
mass, it can be calculated that the four-cell combined cantilever has
the highest specific coupling effect, followed by the cross-shaped
combined cantilever, while the two-cell combined cantilever has the
lowest specific coupling effect.

When the twist orientation of each layer is consistent, the twist de-
formation generated in each layer can be accumulated and superposed
under stacking. FEA was conducted to study twist performance within
the meta-structure, using the designed two-cell combined cantilever as
an example. A change in length (referring to the number of layers
stacked in a cantilever) and a constant force of 50 N were applied for
analysis. Cantilevers of the corresponding lengths were prepared and
tested, with the results in Fig. 15. It is observed that the twist angle of
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Fig. 11. Samples and experiment: (a) Samples of the cantilevers fabricated by SLS; (b) Experimental equipment(including the tension application equipment and DIC
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Fig. 13. The results obtained from FEA and DIC.
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g. 14. (a) Relation between twist angle and tensile force for the cantilevers; (b) Comparison of twisting coupling coefficient and masses of cantilevers.

the meta-structures increases linearly with the number of layers stacked
along the longitudinal direction. The results obtained from testing and
FEA demonstrate a significant arrangement.

4. Morphing wing using tension-twist coupling metamaterial
4.1. Twist morphing

The metamaterials with tunable TTC properties are used to design a
wing spar to achieve adjustable and continuous twist deformation, as il-
lustrated in Fig. 16(a). Tension is applied to the metamaterial through a
linear motor positioned within the root of the twisting wing. Wing ribs
are connected to the wing spar via mortise-and-tenon joints and distrib-
uted evenly along the wing spar. When subjected to axial tension, the
wing twists due to the TTC effect of the metamaterial. The twist angle
between adjacent wing ribs is equal due to the linear distribution of the
twist angle in the meta-structure. Introducing a tension-twist coupling
metamaterial as the wing spar can simplify the drive mechanism and
improve control effectiveness enabling the multi-dimensional deforma-
tion of wings with input from a single direction.

A physical prototype of the designed twisting wing was prepared, as
shown in Fig. 16(b). The metamaterial wing spar and the wing root
were fabricated by SLS and fixed together with screws. The wing ribs,
crafted from acrylic plates through laser cutting, were attached to the

Fig. 16. (a) Design of the twisting wing; (b) The physical prototype of the twisting wing.
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Fig. 17. Designing and fluid model of the morphing wing: (a) Concept for morphing wing using the twisting wing as the morphing part; (b) Meshing of the fluid field

and fluid model of the morphing wing.

(a)

() (c)

Fig. 18. Aerodynamic characteristics of the morphing wing: (a) Lift coefficient; (b) Drag coefficient; (c) lift-drag ratio.

metamaterial wing spar using mortise and tenon joints. A ball bearing
facilitated the connection between the output rod of the linear motor
and the other end of the metamaterial spar. The linear motor was
placed inside the wing root. The tensile force output from the linear mo-
tor causes the wing spar to twist. As measured, it can be found that the
twisting wing can produce a twist greater than 8° under a uniaxial ten-
sile force of approximately 1000 N.

4.2. Morphing wing and aerodynamic characteristics

Aerodynamic performance is studied for the proposed morphing
wing concept, the twist morphing wing is located near the tip of the
wing for improving the aerodynamic characteristics, as shown in Fig.
17(a). A model was created with chord and span lengths of 100 mm and
1000 mm, respectively. The length of the morphing part was designed
as 200 mm. The airfoil was selected as NACA0018, and «, represents
the twist angle of the morphing part. The tip flat wing maintains the
same angle of attack («) as the side of the morphing part. When sub-
jected to a changing tension, the morphing part can twist from 0° to 8°
(a; = 0 ~ 8°) continuously and smoothly. The influence of the twisting
morphing part on the aerodynamic characteristics of the morphing
wing was analyzed through the Computational Fluid Dynamics (CFD)
simulation using ANSYS FLUENT 2023R2. The numerical simulated
state is as follows: the flight speed v = 30 m/s, the Reynolds number
Re = 4.0e+7, the a ranges from —5° to 5° and the «, ranges from 0° to
8°. The fluid model of the morphing wing was created according to the
structural model shown in Fig. 19(a). The fluid field size is
20,000 x 25,000 x 20,000 mm, and the root surface of the morphing

wing is defined as a wall. The surface mesh of the morphing wing was
refined by regulating the minimum curvature of the surface, as shown
in Fig. 17(b). The polyhedral meshing technique was employed for
meshing the fluid field with 2.1 million elements.

Fig. 18 shows the lift coefficient, drag coefficient and lift-drag ratio
of the morphing wing. It is noted that the lift coefficient of the morph-
ing wings increases linearly with the angle of attack (a) for wings, re-
gardless of the twist angles of the morphing part. Moreover, a linear re-
lation can be found between the lift coefficient of the wing and the
twist angle of the morphing part, as the lift coefficient curves exhibit a
parallel trend and the difference in values between adjacent curves is
almost equal. Likewise, the drag coefficient curves of wings with differ-
ent twist angles (a) of the morphing part exhibit a consistent pat-
tern—an initial decrease followed by a subsequent increase. The twist
of the morphing part can improve the drag coefficient of the morphing
wing when the « is greater than 0°, and it reverses when a is <0°. The
minimum drag coefficient of each curve increases while the corre-
sponding a decreases with the increase of the twist angle. As for the
lift-drag ratio of the morphing wing, a notable improvement in the lift-
drag ratio beyond the flat wing can be achieved for the morphing wing
by adjusting the twist angle, a;, of the morphing part. As depicted in
Fig. 18(c), the yellow region represents the range of improvement in
the lift-to-drag ratio of the morphing wing over the flat wing, which re-
veals the benefits of the twist morphing wing. For -5° < a < 2°, the
morphing wing with a, = 8° exhibits the maximum lift-drag ratio. At
a = 3°, the morphing wing with a, = 6° exhibits the maximum lift-
drag ratio. At a = 4°, the morphing wing with a, = 4° exhibits the
maximum lift-drag ratio, and at @ = 5°, the morphing wing with
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Fig. 19. Static pressure of the morphing wing: (a) a = 5°and a; = 7°; (b) a = 5°and a; = 0°.

a; = 3° exhibits the maximum lift-drag ratio. Adjusting the twist angle
of the morphing part adaptively according to the a of the root flat wing
enables the morphing wing to optimize the lift-to-drag ratio when « is
changing. The maximum increase in lift-drag ratio is 5.5390, which oc-
curs at @ = —2° between the morphing wing with an morphing part
twist of 8° and the flat wing.

Fig. 19 depicts the distribution of static pressure on the surface of
the morphing wing with an angle of attack (@) of 5° and a twist angle
(ap) of 7°. Compared to the flat wing (¢, = 0°) at « = 5°, introducing
the twist of the morphing part significantly influences the static pres-
sure distribution on the surface of the morphing wing. A moving of the
negative airfoil pressure on the upper surface towards the tip of the
morphing part. Additionally, the negative pressure decreases than the
flat wing which leads to an increase in the lift coefficient.

5. Conclusion

A novel tension-twist coupling morphing wing has been proposed. It
uses a designed twisting wing as the morphing part, which can produce
a considerable, continuous and adjustable spanwise twist deformation
during axial stretching. To achieve this, a tension-twist coupling meta-
material cantilever is applied to the spar of a morphing wing. The ten-
sion-twist coupling deformation is achieved by assembling the tension-
shear coupling deformation of the unit cells through cell stacking. The
sizes of the unit cells and the stacking strategies are critical for achiev-
ing the targeted coupling effect and assembly of the twist deformation.
The morphing wing using the tension-twist coupling metamaterials
demonstrates a significate improvement in aerodynamic characteris-
tics, lift coefficient and lift-drag ratio. This morphing wing combines
the variable-span wing and the twisting wing, allowing for adaptive
twist angle adjustments of the morphing part to optimize aerodynamic
performance. The introduction of tension-twist coupling metamaterials
enables the realization of multi-dimensional deformation and simplifi-
cation of the drive mechanism.
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