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This work develops a morphing concept that utilises a metamaterial as the passive morphing device for
helicopter blades. The metamaterials are created with bend-twist coupling, which enable the blade twist under
prescribed bending loads. Finite element analysis (FEA) is performed to investigate the influence of the unit
cell configurations on the coupling properties of the metamaterials. The numerical models are then validated
experimentally through a set of bending tests conducted with additively manufactured prototypes. Finally, the

validated model is used to design a graded metamaterial, where the cell aspect ratio gradually changes along
the blade span, providing unique bend-twist coupling and allowing for tailored twist to be obtained. The
results suggest the graded metamaterials are capable of introducing optimised nonlinear twists to the blade
during different flight conditions including both hover and forward flight.

1. Introduction

Metamaterials allows the macroscopic material behaviours to be tai-
lored by manipulating unit cell structures in the meso-, micro-, or even
nano-scale, which enables unique material properties to be obtained
at a very low density, such as negative Poisson’s ratio, high resistance
to damage or tunable dynamic properties [1-7]. Recent advances in
morphing technologies allows adaptive blades to continuously change
their shapes to achieve optimised performances throughout the entire
flight envelope, calling for a new generation of metamaterials to be
created to reduce design complexity and minimise the system weight.

Previous work has explored advanced functionalities of metama-
terials such as negative compressibility, bi-stable, and shape adaptive
structures [8-13]. Many metamaterials are capable of changing their
shape by built in folding mechanisms; for example the self-folding
origami lattices, which allow transformation between planar and large
three-dimensional shapes, and are widely used in deployable space
structures [14,15]. A similar type of deployable morphing was realised
in many truss structures, such as the two-dimensional hexapod truss
proposed by Onoda [16], where the morphing mechanisms were cre-
ated by incorporating multiple sliding hinges to the structure design.
However, a very high number of mechanisms and actuators will be
required for such morphing process in order to achieve reasonable

* Corresponding author.
E-mail address: huaiyuan.gu@bristol.ac.uk (H. Gu).

https://doi.org/10.1016/j.compstruct.2022.116151

versatility of the structures. A variable geometry truss (VG-truss) con-
cept was first exploited by Miura et al. [17], where a rigid static
octahedral lattice was created using fixed-length beams, telescoping
rods and hinge joints to enable geometric transformations of a robotic
manipulator arm.

Advances in morphing blade concepts have led to a strong drive in
developing radical smart structures, advanced materials, shape adap-
tive mechanisms, that allow blade shapes to be changed for different
mission profiles to achieve improved aerodynamic performances [18-
20]. Blade shapes are typically changed by twist, deflection of the
trailing and leading edges, varying the sweep angles and span sizes [21-
25]. Metamaterials such as chiral structures, have gathered significant
interest in morphing blade concepts due to their inherent compliance
and capability to withstand large strain such as chiral structures [26,
27]. A passive camber morphing technique using metamaterials was
investigated by Hyeonu et al. [28], where the airfoil sections were
filled with various honeycombs such as the chiral, hexagonal and aux-
etic structures, allowing the leading and trailing edge to be passively
deflected under aerodynamic forces. Similarly, Budarapu et al. [29]
implemented auxetic metamaterials in a sized wing, where significant
camber morphing was achieved, owing to the high deformability exhib-
ited in the metamaterial. Sun et al. [30] proposed a morphing auxetic
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Fig. 1. The unit cell configuration of the metamaterial.

material which was designed to be placed between a hinge gap and
can be employed as an actuator of a folding wingtip mechanism. The
material consists of butterfly honeycombs with embedded inflatable
pressure tubes in the unit cells. When the tube pressure is zero, the
wingtip is able to free-flap around the hinge. While the tubes are
pressurised, the material expands in all directions between the hinge
gap due to its auxetic behaviour, leading to a strong recovery force to
restore the wingtip to the original position. The potential of metamate-
rials in creating a large strain morphing skin was demonstrated by Jha
et al. [31] using a Fish-Cell topology, where the measured failure strain
was found to be beyond thirty.

Elastic coupling properties such as extension-twist and bend-twist
are commonly employed in morphing blades as a passive or semi-
passive mean to mitigate aerodynamic loads, improve aerodynamic
performance and increase dynamic stabilities [32-34]. These prop-
erties are often achieved by tailoring the composite layup configu-
rations e.g. symmetric and anti-symmetric layups [32,35], and the
coupling coefficient can be effectively tailored by ply angles [36].
Raither et al. [37] developed a smart structure with tunable bend-twist
properties by manipulating the shear rigidity of the webs using a layer
of hard polyvinyl chloride (PVC), which in turn changes the position
of the shear centre. Similar coupling properties may be obtained using
three-dimensional metamaterials. For example the compression-torsion
coupling can be realised by introducing twisted cells with inclined
struts along the loading directions, such as tetra-chiral and Kirigami
structures [38-40]. Furthermore, the coupling properties can be im-
proved by carefully manipulating the cell geometric properties such
as the number of cells in the transverse/longitudinal directions and
angles and the number of the inclined struts. Highly effective tension—
torsion coupling properties were experimentally measured from a 3D
printed chiral honeycomb, where more than 10° of twist was achieved
by applying an axial strain of 1% [41].

An inertial twist morphing concept has been proposed and explored
extensively for rotor blade applications, which used a bend-twist cou-
pled composite spar in the blade as a morphing device [42-44]. A
movable mass at the blade tip generates an off-centred centrifugal
forces to the blade, resulting in a lagwise bending moment, which
in turn produces a coupled twist in the blade. It was shown that a
reasonable level of blade twist can be actuated by using a small tip
inertial mass. A bend-twist metamaterial proposed in a recent study
was able to produce more efficient coupling properties compared to
that achieved by composite beams created with a symmetric layup,
leading to a reduction in the actuation energy required for the inertial
twist concept [45]. However, few experimental studies exist to assess
the accuracy of the numerical models. Furthermore, the blade twist
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demonstrated in the morphing concept only allows a linear twist along
the blade span, whereas the optimum solutions of the blade twist are
often found to be complex nonlinear forms [46-48].

Therefore, the aim of this paper is two-fold: (i) perform a com-
prehensive numerical analysis to determine the coupling properties
achieved in bend-twist metamaterials and validate the numerical model
using experimental methods. (ii) to improve the existing study that
explore the potential of using graded metamaterials for morphing
blade applications to obtain desired twist distributions. First, numerical
analysis is conducted in Section 2 to investigate the behaviours of unit
cell structures. Then a simple beam analysis is conducted in Section 3 to
study the influence of the unit cell geometry on the coupling property of
the metamaterial. Next, cantilever beam tests are reported in Section 4
that experimentally demonstrate the coupling property exhibited in
the metamaterials, and the measured data are used to validate the
numerical models. Finally, the validated models are utilised to design
a graded metamaterial which allows the optimised blade twist to be
achieved in different flight conditions.

2. Unit cell model

Fig. 1 shows a unit cell of the metamaterial which is comprised of
a cubic cell and a triangulated bracing structure along its diagonal,
leading to anisotropic modulus and coupling behaviour as revealed
in [45]. The relative density, p, of the metamaterial can be related to
the dimensions of the unit cell as:

3a+b+2Va2 + 2 +2V2a2 + 12,

gzb r
where r is the radius of the strut, a and b are the cell length and height.
The aspect ratio (AR) of the cell is defined as the ratio between the cell
length and width, a/b.

Finite element analysis (FEA) using ABAQUS 2017 was used to
investigate the influence of the cell aspect ratio on their coupling
properties. A set of unit cell models were created, where the width, q,
and radius, r, were 8 mm and 0.5 mm respectively. The aspect ratio
(AR), the ratio of b to a was varied between 1 to 5, as shown in
Fig. 2. Note that the coupling between shear and direct strain can be
negative if the cell orientation is changed in global beam coordinate
system, see Section 5. Each strut was modelled by 10 Timoshenko beam
elements(element type B31 in ABAQUS), where the elastic modulus and
Poisson’s ratio of the constituent material were assumed to be 70 GPa
and 0.33. An axial loading, F,, of 10 N was applied to each model while
their bottom ends were fully fixed, as shown in Fig. 2. It can be seen
that a shear strain was induced in each model subjected to the axial
loading, F,, due to the asymmetric features of the cell geometry. Fig. 3
shows the ratio between the induced shear strain, ¢, and axial strain,
€,,, for the cells created with various aspect ratios (AR). It is clear
that the higher strain ratio was obtained from the cells with the higher
aspect ratios (AR), suggesting more effective coupling is achieved.

p= @

3. Beam models
3.1. Uniform metamaterial

A set of beam models were created by periodically stacking the
unit cells described in Section 2, shown in Fig. 4, where x, y and z
represent the local coordinate system of the unit cell and X, Y and Z
represent the global coordinates of the beam. Five beam models were
built with the same global dimensions by cells of various aspect ratio,
AR, between 1 to 5, as shown in Fig. 5. Note that the unit cell is
oriented in such way that the local y and z axes are parallel to the beam
lateral and longitudinal directions respectively, so that each model is
symmetric with respect to the X — Z plane. Therefore a coupled torque
will be induced when a lagwise bending moment, M, is applied to the
beam, due to the opposing shear strains, ¢y ,, induced in the tensile and
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Fig. 3. The ratio between the coupled shear strain and applied axial strain for various unit cell aspect ratios (AR).

compressive side of the beam. According to the work of Hodge [49], the
bend-twist property of an anisotropic beam can be characterised by the
linear equations in a matrix form:

HAREE @
z -g EI| |kz

where the ¢’ and k, represent the rate of twist and lagwise bending
curvature. Ty and M, are the applied torque and bending moment. GJ,
EI and g indicate the torsional, lagwise bending rigidity and coupling
term of the beam. Therefore, the deflection and twist of the beam can
be related to the applied moment and torque by a 2 by 2 stiffness
matrix, where the individual elements in the matrix can be determined
by performing a simple beam analysis on the numerical models. First
a constant lagwise bending moment, M ,, of 1 N m was applied to the
tip of each model, while the root of the beams are fixed in all degree of
freedoms. The corresponding distributions of the deflection and twist of
the models are shown in Figs. 6 and 7, where the bending curvatures,

k,, and rate of twist, ¢’ can be evaluated. Therefore Eq. (2) gives,

a‘9,|MZ=1_gk|MZ=1 =0 3)

—8 0|y <1 +ET klp o =1 4

Similarly, when a unit torque, Ty, is applied to the tips of the
beams, the rate of twist and corresponding coupled bending deflection
can be obtained from the results, shown in Figs. 8 and 9, leading to
expressions,

GI 6| —gklry— =1 )

~5 0|7 +EI ki, =0 (6)

By solving Egs. (3) to (6), the individual elements of the stiffness
matrix can be determined, which are given in Table 1. It was found
that the bending rigidity, EI, is almost constant among the models,
since ET is predominantly determined by the number and radius of the
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Fig. 4. Beam model created by the metamaterials.

X
AR =2
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Fig. 5. Beam models composed of metamaterials with different aspect ratios.
struts parallel to the X-axis regardless of the change in the cell aspect Table 1
ratio. It is shown that the coupling coefficient, «, defined as, g/ V EIGJ, Caleulated values Oithe elements in th:s“ffness matrix.
increases significantly with cell aspect ratio, AR, due to the inherent AR (ENImZ) ?ijz) mez) “
improvement in the extension-shear coupling property demonstrated in
. 1 58.0 1.06 0.47 0.06
Fig. 3.
. . . . . 2 57.6 0.82 0.75 0.11
The stiffness matrix can be directly used to infer the bend-twist 3 56.0 0.86 117 0.17
properties of the beams. The higher rate of twist is observed under a 4 56.7 0.88 1.59 0.23
constant bending moment in the models created with the higher cell 5 58.9 0.87 2.0 0.28

aspect ratio, shown in Figs. 6 and 7, whereas the bending deflection is
almost identical. Conversely, for a beam subjected to a constant torque,
the model with high aspect ratio cells gives rise to higher bending
curvature as shown in Fig. 9. Furthermore, when AR is one, the sub
cell is orientated at 45° to the axial direction of the beam, giving
significantly enhanced torsional rigidity of the cells, leading to a higher
torsional rigidity, GJ, as shown in Table 1 and Fig. 8.

3.2. Graded metamaterial
It has been shown that the cell aspect ratio is a key governing

parameter to determine the stiffness matrix of the beams and their cou-
pling behaviour. This section explores the bend-twist coupling of the

metamaterials where the cell aspect ratio gradually changes along the
beam span. Fig. 10 shows three beam models created with dimensions
of 24 mm x 16 mm x 630 mm (W X T x L), and the cell aspect ratio is
changed from 1 (at the beam root) to 5, 10 and 15 (at the beam tip), as
shown in Fig. 11. The strut radius and material properties are identical
to the model described in Section 3.1. A unit lagwise bending moment,
M, is applied to each model and the corresponding distribution of the
twist and bending deflections are shown in Figs. 12 and 13. Significant
changes in the twist distribution are seen compared to that observed in
the uniform metamaterials shown in Fig. 8, where the coupled twists
are quadratic where the rate of change increases along the beam span
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Fig. 6. Distribution of the twist in the beams subjected to a 1 N m lagwise bending moment at the tip.
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Fig. 7. Distribution of the deflection of the beams subjected to a 1 N m lagwise bending moment at the tip.

due to the increase in the cell aspect ratios. Furthermore, it is found that
the Beam C created with a greater range of cell aspect ratio exhibits
a higher level of nonlinearity in the coupled twist compared to that
in Beams A and B, which enables the possibility of tailoring the twist
distribution by manipulating the distribution of the cell aspect ratio. It
is also shown that the change in cell aspect ratio will only cause a very
small impact on the bending deflections, see Fig. 13.

4. Experimental validation
A set of samples were designed with same global dimensions but

different cell aspect ratios, to investigate the validity of the numerical
models used in the analysis. The strut radius, r, and cell length, /, are

0.5 mm and 8 mm respectively. Samples are fabricated by the PolyJet
3D printing process using a Stratasys J750 Digital Anatomy Printer with
a minimum layer thickness of 20 pm. Layers of liquid photopolymer are
applied by a jet onto the build tray during the printing process and
instantly cured by UV light. The modulus and tensile strength of the
material are 3000 MPa and 60 MPa. Solid sections are integrated into
both ends of the samples for the ease of connection with the fixtures,
as shown in Fig. 14.

Bending tests were performed with the cantilever beam config-
uration shown Fig. 15. The root of the sample was clamped by a
pair of rigid metal plates, and a metal rod was installed at the tip,
allowing various load cases to be applied to the beams, namely LC 0,
LC 1 and LC 2. First, a 200 g mass was hung at the beam tip along
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Fig. 8. Distribution of the twist of the beam subjected to a 1 N m torque at the tip.
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Fig. 11. Distribution of the cell aspect ratios in the graded metamaterials.
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Fig. 12. Distribution of twist of models with graded cell aspect ratio subjected a 1 N m lagwise bending moment at the tip.
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Fig. 13. Distribution of bending deflection of models with graded cell aspect ratio subjected to a 1 N m lagwise bending moment at the tip.
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Fig. 14. Experimental beams with three different aspect ratios.
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Fig. 15. Experiment setup for the bending test.
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Fig. 16. Comparison of measured twist with FE results.
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Fig. 17. Comparison of measured bending deflection with FE results.

the shear centre (LC 0), such that only bending moment and vertical
shear force were introduced to the beams. Next, the mass was hung at
position LC 1 and LC 2, in which the beam loading was mixed bending,
vertical shear and torque. For each load case, the beam deflection and
twist were measured using a pair of Omron laser sensors ZX2-LD 100,
with a measurement range of 100 + 35 mm and resolution of 5 pm,
which captured the vertical and lateral displacements of the prescribed
points on the beams. The sensors were set to zero after the metal rod
was installed to ensure the displacements measured in the tests were
induced by the applied tip mass.

Figs. 16 and 17 show the measured twists and vertical deflections
of the beams subjected to a 200 g mass applied at the shear centre
at the beam tip (LCO). The measured twist angle, 6, increases from
the beam root to tip with a reduced rate of change, attributed to the
linearly distributed bending moment along the beam span. It is clear
that the greater twist angle, 6, was obtained from the samples with the
higher cell aspect ratios, whereas the bending deflections were almost
identical, which agrees well with the conclusion drawn in Section 3
and shown in Figs. 6 and 7. Fig. 18 compares the bending deflection
and twist angle of the beams when the mass was applied at off-centred
positions i.e. LC 1 and LC 2. Note that due to the presence of the bend-
twist coupling, the magnitude of the twist angle, §, was greater when
the tip load was applied at LC 1, compared to that measured from
LC 2, although the magnitude of the applied torques were identical.
Similarly, the bending deflection seen in the load case LC 1 was higher
than that measured from LC 2, as a result of the induced bending
curvature caused by the applied torque. For LC 1, the induced bending
moment was in the same direction as that applied at the tip, leading
to an increased deflection. Conversely, a reduced deflection occurred
when the torque was applied in the opposite direction (LC 2). Further-
more, the FE predicted results are compared to the measured data with
good agreement, albeit with small differences. It was found that the FE
predictions are higher than the measured data; a likely cause is that
the FE model ignored the size of the strut joint, and underestimated
the strut end effect.

5. Twist morphing for rotor blades

In this section, a morphing concept is proposed for helicopter blades
which uses the bend-twist metamaterial as the core structure of a
composite blade spar as shown in Fig. 19. The aim is to allow the
optimum twists to be achieved in both hover and forward flight, where
the optimised solutions are computed using a CFD-based optimisation
approach performed by Leusink et al. [50] shown in Fig. 20. For the
preliminary concept demonstration, a blade model was created with

——FE (AR =1,LCl) e Measured (AR = 1, LCI)
—mm FE (AR =1,LC2) =m Measured (AR =1, LC2)
FE (AR =2,LC1) o Measured (AR =2, LC1)
FE (AR =2,LC2) =@ Measured (AR = 2, LC2)
7FE (AR =3,LC1) @ Measured (AR = 3, LC1)
ffffff E (AR =3,LC2) @ Measured (AR =3, LC2)
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Twist 0 ©
f==}
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w >

Deflection U, (mm)
Do

0 0.2 0.4 0.6 0.8 1
Normlised spanwise position (X/L)

(b)

Fig. 18. Comparison between the distribution of (a) twist and (b)deflection of the
samples subjected to off-centred loading.
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Fig. 19. Pre-twisted blade incorporating morphing spar made by composite skin and graded metamaterials.
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chord and span lengths of 300 mm and 2400 mm and the rotational Table 2

speed was assumed to be 240 rpm. An initial twist was introduced to Material properties used in the finite element(FE) model.

the blade model, based on the optimised twist distribution for hover £, (GPa) £y, (GPa) G, (GPa) Y12 p (kg/m)
(the blue dashed line shown in Fig. 20). A blade spar was designed 154 8.9 5.3 0.32 1400

as a sandwich structure, where the skins consisted of two layers of
unidirectional 0° Hexcel 8522 IM7 carbon fibre laminate to withstand
the axial loads caused by centrifugal forces, and the material properties
of the laminate are shown in Table 2. Aluminium metamaterial was

that in this concept design, the impact of aerodynamic loads on the
actuation mechanism and the corresponding system weight are not

used in the core structure to drive the twist morphing in flight. considered for the ease of analysis. The tip inertial mass was assumed

A two-step actuation process was designed for the blade including to be 150 g, and was placed at the shear centre of the spar during
blade pitch control and position control of a tip inertial mass, as hover, and moved to an off-centred position in forward flight, leading
illustrated in Fig. 21, aiming to achieve the optimised blade twist to a lagwise bending moment (caused by the centrifugal forces) and

during forward flight (the red dashed line shown in Fig. 20). Note the coupled twist due to the bend-twist property of the morphing spar.

11
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Cell with negative coupling

Fig. 24. Unit cells with positive and negative coupling.

In this particular case, the two-step actuation was performed by: (i)
introducing a fixed pitch angle of 10° (ii) moving the tip inertial mass
to an off-centred position with y, = 100 mm.

To achieve the optimum shape for forward flight, the metamaterial
was designed to generate a tailored negative (nose down) twist under
the prescribed bending moment, as illustrated in Fig. 21. The cell
aspect ratio was used as the design parameter to produce the targeted
twist. Four design points were selected along the spar with normalised
spanwise positions, X /L, of 0, 0.5, 0.8 and 1, whereas the aspect ratios
of the cells between these points are linearly interpolated. An iterative
process was undertaken to tune the bend-twist property based on the
discrepancies between the blade twist and targeted twist i.e. a higher
cell aspect ratio is applied in the subsequent analysis when a greater
rate of twist is needed at the design points and vice versa. The evaluated
distribution of cell aspect ratio and corresponding coupled twist are
shown in Figs. 22 and 23. The cell aspect ratio was kept constant for
X/L < 0.5 to produce a linear twist region, followed by a V-shaped
distribution to enable a highly nonlinear twist to be obtained towards
the tip of the spar. Note that the positive value of aspect ratio indicates
the cell exhibited with positive coupling, where the local coordinate
x-axis of the unit cell is in line with the X-axis of the beam global axis.
While the negative sign in the aspect ratio suggests the x-axis of the
cell is opposite to the X-axis of the beam, which leads to the negative
coupling, (see Fig. 24). With this configuration, the optimised twist for
forward flight was achieved, shown by the red dotted line in Fig. 20.

6. Concluding remarks

In this study, the coupling behaviour of a bend-twist metamaterial
is investigated and the numerical models are validated using experi-
mental data. A good agreement is achieved between the experimental
results and numerical predictions, albeit with a small discrepancy
which is likely caused by the strut end effects. The cell aspect ratio is
the essential governing parameter to determine the coupling property:
the higher the aspect ratio, the more efficient bend-twist coupling
will be achieved. It is also found that a complex twist is able to be
produced effectively by varying the distribution of cell aspect ratios
along the beam. Furthermore, a concept design of a morphing rotor
blade is proposed which utilises a graded metamaterial as a passive
actuation device to induce tailored twists in flight. The preliminary
demonstration shows that by carefully manipulating the cell aspect
ratio, the optimised blade twist can be realised passively in both hover
and forward flight conditions. Future study will address the detailed
structural design to incorporate the metamaterials into the composite
blades, allowing for an efficient twist morphing to be achieved while
meeting design constraints.
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