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Abstract: Morphing wings are a typical application of shape-adaptive structures in aviation, which play
an important role in improving the comprehensive performance of an aircraft. However, traditional
morphing wings based on purely mechanical, rigid-flexible coupling, or purely flexible structures
usually cannot achieve a distributed morphing ability and have limitations in weight, intelligence level,
and reliability. In this paper, a distributed morphing lattice structure based on variable geometry digital
metamaterials is proposed. The innovative structural concept consists of three types of fundamental
cells featuring remarkably different mechanical properties and three other types of derived cells.
One type of the derived cells embedded with micro-actuators, named an active cell, can autonomously
extend or contract. All these cells can be reversibly assembled in a random sequence to form an active
distributed morphing lattice structure with the ability to realize different target aerodynamic contours.
In addition, taking a simplified variable thickness wing as a designing case, this paper develops a
cell combination optimization methodology on the basis of a heuristic algorithm to determine the
optimal combination sequence of the six types of basic cells and the actuator inputs of active cells
collaboratively. Final results show that the optimized lattice structure can morph its outer surface into
a predefined aerodynamic contour with a maximum deviation of 3 mm.

Keywords: morphing; lattice structures; metamaterials; optimization; heuristic algorithm

1. Introduction

Shape-adaptive structures can improve the performance of both macroscale and
microscale structures because they can alter their structural shape actively according to
its working environment [1,2], especially in the fields of aviation [3-6], aerospace [7], and
micromachines [8]. Among them, morphing wings are a typical application of shape-
adaptive structures in the aviation field, which can effectively reduce aerodynamic drag
and noise and improve the maneuvering performance of an aircraft.

The biggest challenge of morphing wing design is to develop an actively deformable
structure which can meet the demands of large deformability and high load-bearing
capacity. To solve these issues, a large number of structure concepts and design methods
have been proposed, and some positive progress has been achieved, as illustrated in the
literature reviews [9-13]. In general, these proposed concepts can be summarized into
three categories: purely mechanical type, rigid-flexible coupling type, and purely flexible
type. The purely mechanical morphing wings are mainly realized merely through the
relative rotation or sliding of its rigid mechanical parts [14-16]. The rigid-flexible morphing
wings always passively deform a one-piece compliant skin through an internal rigid
mechanism to coordinate the high load-bearing ability and the large deformability [4,17-23].
The purely flexible morphing wings otherwise morph by a pure elastic deformation of a
one-piece compliant structure under an internal centralized actuator [14,24-28]. However,
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these three types generally cannot achieve a revolutionary change in weight and sometimes
even offset the aerodynamic advantages due to their excessive weight [3,29,30]. Most
important of all, most of these existing concepts possess only a single deformable degree of
freedom, which means they can only transform from a certain aerodynamic state to another
rather than realize multiple accurately distributed morphed shapes [3].

With the maturity of lattice structures and additive manufacturing technologies, a
morphing wing based on ultra-light lattice is expected to solve these issues [31-33]. For
instance, Alsaidi et al. [34] developed an active twist wing with lattice structures, which
greatly improved the aerodynamic and maneuvering performance of a UAV. However, as a
one-piece lattice structured is adopted, the concept is limited by the additive manufacturing
equipment size and is difficult to be extensively applied for large-scale aircraft. However,
digital metamaterials are extremely suitable for the manufacturing and assembling of
a large-scale structure due to their building-block feature [35]. Cheung et al. [3] firstly
proposed the concept of digital morphing wings based on a digital metamaterial consisting
of uniform octahedral voxels and realized an actively torsional morphing through a single
torsion carbon tube. On this basis, Zhang et al. [36] proposed a digital morphing wing with
the same octahedral cells but varied its cell density; they also used a torsion tube as its
actuator. These research works shows that morphing wings based on digital metamaterials
can better meet the demands of lightweight, active deformability and scalability, and has
great application potential in engineering. However, within all these concepts, uniform
cells and one single actuating degree of freedom are used. This will limit its performance
to a great extent, although it can reduce its manufacturing complexity in some extent.
On one hand, there are a wide range of flight conditions within the overall envelop of an
aircraft, and different conditions correspond to distinctly different aerodynamical shapes,
which requires a morphing wing to have multiple actuating degrees of freedom distributed
in the whole structure; on the other hand, in actual engineering, one specific morphed shape
needs to be identical to the optimal one at every single point on the overall aerodynamic
surface, especially for a laminar flow wing [37], which means the deformability should be
executed in a distributed way and the stiffness distribution should be optimized subtly.
These two requirements imply that the design degrees of freedom of a digital morphing
wing should be as many as possible. However, if a uniform cell is used, as shown in the
existing literature, the deformability would be limited severely and the advantages of the
digital metamaterial cannot be fully exploited [35]. Conversely, if a digital metamaterial
with varied cell geometries is utilized and intelligent cells are embedded in a morphing
wing, the design degrees of freedom will be significantly expanded, and an arbitrary
aerodynamic shape is expected to be achieved.

Therefore, this paper proposes a morphing wing concept based on distributed active
lattice structures with varied cell geometries in Section 2. Additionally, the building-block
concept, fundamental cells and derived cells, and a reversibly assembled method of the
active morphing lattice structure are presented in detail. Next, considering a variable
thickness wing as a design case, a collaborative optimization method based on a heuristic
algorithm is illustrated in Section 3 to validate the reasonability of the proposed concept.
Finally, some conclusions are presented, and the advantages and disadvantages of the
innovative concept are discussed in Section 4.

2. Reversibly Assembled Active Morphing Lattice Structures
2.1. Building-Block Concept

As aforementioned, an ideal morphing structure should be able to accurately realize
multiple aerodynamic shapes or even an arbitrary one. This feature can be further inter-
preted as distributed deformability and accurate deformability. Distributed deformability
means that a structure can be deformed into a target contour in a wide surface area, which
requires a customized design of its structural stiffness distribution. Accurate deformability
means that the structure can be deformed into a target contour exactly at every single point
on the surface, which requires as many active degrees of freedom as possible.
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Therefore, a building-block concept is utilized to develop the active morphing lattice
structure. As shown in Figure 1, the design workflow based on the building-block concept
is firstly to extract the design area and then configure and assemble the basic cells through
a reversible assembly manner. In this paper, the building-block structure consists of five
types of passive cells and one type of active cell. Among the passive cells, three types
are fundamental cells. The other two types together with the active cell constitute the
derived cells. With different combination sequences, the building-block structure can
possess different mechanical property distributions. Actuated by the embedded active
cells, passive cells can be driven and obtain a target outer surface shape predefined by
aerodynamic calculations.

2D design area

filled digital metamaterial

Simplified geometry

T T Designing area

Objective wing

Figure 1. Schematic diagram of variable thickness wing based on digital metamaterial with varied
cell geometries.

To validate the rationality of this concept, a variable thickness wing design will
be taken as an example, as shown in Figure 1. Without affecting the generality of the
design method, the variable thickness area of the wing will be simplified into a cuboid
structure filled with digital metamaterials. Ignoring the influence of the wingtip-to-root
ratio of the three-dimensional wing, the structural design problem can be further simplified
into a two-dimensional problem, as shown in Figure 2, where the red curve is the target
aerodynamic profile and the blue one is the initial aerodynamic profile. The design objective
is to determine the optimal cell configuration so that the upper surface of the digital
metamaterial can be actively morphed into the red target one under a specific actuator
signal. In the initial phase, considering the minimal size limitation of the micro-motor
in the active cell, 11 cells along the horizontal axis and 3 cells along the vertical axis are
arranged, with a cell size of 75 mm. The detail of the active cell is presented in Section 2.3.
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Figure 2. Two-dimensional schematic diagram of the design of the distributed variable thickness
structure based on digital metamaterials.

2.2. Fundamental Cells

To extend the design degrees of freedom, the combination of elementary cells should
produce mechanical property distributions as diverse as possible. However, to reduce
processing complexity, the number of basic cell types should be kept as small as possible.
Therefore, three types of fundamental cells with distinctly different mechanical properties
are constructed, as shown in Figure 3: rigid cell, compliant cell, and auxetic cell. The
larger the difference in the mechanical properties of the fundamental cells, the richer the
distribution of mechanical properties that can be produced through altering their combi-
nation sequence in space. Relevant studies have shown [36] that the rigid cell, as shown
in Figure 3, is subjected mainly to a tensile and compressive deformation of the beams
during a deformation process, and it has a high elastic modulus and positive Poisson’s
ratio, while the compliant cell transmits load mainly through the elastic deformation of
the plane-bending beams, and the Poisson’s ratio is close to 0. However, the auxetic cell
transfers its load through the bending deformation of its curved beams, which features
a negative Poisson’s ratio. Therefore, from the perspective of the stiffness and Poisson’s
ratio, it can be qualitatively considered that the mechanical properties of these three cells
are quite different.

(b) (c)
Figure 3. Three types of fundamental cells: (a) Rigid cell; (b) Compliant cell; and (c) Auxetic cell.

To quantitatively understand its deforming mechanism and verify the aforementioned
conclusions, the stiffness and Poisson’s ratio of the three types of fundamental cells are
analyzed through a parametric finite element analysis. The analysis result can further provide
some guidance for the selection of the specific geometric parameters of each type of cell. In
engineering, the Euler-Bernoulli beam theory is relatively commonly utilized [36] and is
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quite suitable for the compliant and auxetic cells featured with bending deformation. In the
lattice structure, the cell edges connected between vertexes are simplified as a range of beam
elements, and each beam element has 12 degrees of freedom. As shown in Equation (1), by
superposing each sub-stiffness matrix together, the overall stiffness matrix of the structure can
be generated. After displacement and force boundary conditions are applied, a nonsingular
numerical model of the structural analysis problem can be obtained by eliminating the matrix
rows and columns corresponding to the fixed boundary conditions. It is worth noting that the
compliant and auxetic cells have a large bending deformation. Thus, the geometric nonlinear
effect must be considered in the analysis, which can be solved by an iterative method, although
this will increase its computational complexity.

 [Kun(U) Ky (U] [U]
K= Ky p(U) Kff(u)} [UJ = FU) @

where K(U) is the nonlinear stiffness matrix related to displacement; U is a node displace-
ment vector; Ky, is the corresponding sub-stiffness matrix of non-free nodes; K Ffis the
corresponding sub-stiffness matrix of the free nodes; K, f is the crossing stiffness submatrix;
Uy is the displacement of non-free nodes; Uy is the displacement of free nodes; and F(U) is
the nonlinear force vector related to the displacement vector.

In fact, to obtain the macro scale material property of a lattice structure, periodic
boundary conditions are generally utilized to simply its analysis model, for instance, as
shown in Z. WANG’s work [38]. However, as presented in Section 2.1, the possible final
lattice of a variable thickness wing would likely not be combined by homogeneous unit
cells, which means it would not be an isotropic lattice. For a certain type of unit cell,
it may or may not be separated by the other types, and the number of the consecutive
identical cells are different. Therefore, except for the macro property, it is also necessary
to examine the relationship between the macro property of the lattice and its unit cell
number. Therefore, this paper does not utilize periodic boundary conditions to analysis
the lattice. Furthermore, as found by Z. WANG et al. [38], an anisotropic transition may
occur if large displacement exists in a lattice. However, in the morphing wing concept
proposed here, the number and driving displacement of the active unit cells can be adjusted
or constrained to avoid too large local displacement. Therefore, in this paper the anisotropic
transition problem is neglected, and it will also not influence the subsequent optimization
design. Figure 4 presents the final analysis models of the macro mechanical properties
of the three types of fundamental cells. In all these models, a fixed boundary condition
is applied on their bottom surfaces and a compressed load on their upper surfaces. To
simplify the load condition, as shown in Figure 4, the points of action are coupled with all
their nodes on the upper surfaces. Convergence analysis of the mesh size shows that the
mechanical properties of one single cell no longer change when the mesh size is less than
3.7 mm. Therefore, the mesh size of the three types of cells is set to 3.7 mm. Regarding
its manufacturing process, a type of durable resin material developed by FormLabs® is
selected here. This material can be additively manufactured through a stereo-lithography
process, which has a good fatigue property and a high machining accuracy. Considering
the curing process, its specific mechanical properties are shown in Table 1.

Table 1. Mechanical property parameters of the material.

Tensile Modulus Poisson’s Ratio Ultimate Tensile Strength Elongation Method
Non-cured 0.45 Gpa 0.3 18.6 MPa 0.67 ASTM D 638-10
Post-cured 1.26 Gpa 0.3 31.8 Mpa 0.49 ASTM D 638-10
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Figure 4. The finite element models of the three types of fundamental cells for macro-mechanical
performance analysis, for instance, with 3 x 3 x 3 unit cells: (a) Rigid lattice; (b) Compliant lattice;
and (c) Auxetic lattice.

2.2.1. Rigid Cell

The deformation mechanism diagram and its geometric parameter are shown in
Figure 5. As its cell size is predefined as 70 mm, there remains only one variable geometric
parameter, namely the thickness of the cross section of its square beams. From the diagram
it can be seen that the straight beams can withstand an external force effectively through
tensile-dominated deformation, which causes the rigid cell to have a positive Poisson’s ratio.
Figure 6a presents the relationship between the elastic modulus and the number of rigid
cells (n X n x n) with different beam section sizes (t = 0.5 mm, 1.5 mm, 2.5 mm, 3.5 mm,
and 4.5 mm), and it shows that the elastic modulus depends heavily on the beam section
size and increases with the increase of it. When the number of the cellsis 5 x 5 x 5 and
the beam size 4.5, the elastic modulus can reach 9.34 Mpa, equivalent to some engineering
continuous polymers. However, Figure 6b shows that its Poisson’s ratio is almost unaffected
by the beam section size and is stable at approximately positive 0.4. These results verify the
aforementioned conclusion about the high stiffness and positive Poisson’s ratio of the rigid
cell. Therefore, the rigid cells can be distributed at some locations where small deformation
is permitted and high stiffness material is needed.

L ]
P |
3
(a) (b)

Figure 5. The deformation mechanism diagram and geometric parameter of the rigid unit cell:
(a) Deformation mechanism of the rigid cell under an external load; (b) The beam section size of the
rigid cell (L =70 mm).
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Figure 6. Mechanical properties of the rigid lattice. (a) The relationship between the elastic modulus
and the cube side length of the rigid lattice (t = 2.5-4.5 mm); (b) The relationship between the Poisson’s
ratio the cube side length of the rigid lattice (t = 2.5-4.5 mm).

2.2.2. Compliant Cell

As shown in Figure 3b, the compliant cell consists of six quadrilateral face elements,
each consisting of four S-shaped beams. Figure 7a illustrates the deformation mechanism
of the complaint unit cell. It also shows that the S-shaped beams suffer plane-bending
deformation under an external load and feature a nearly zero Poisson’s ratio. If the cell size
is constrained, the remaining geometric parameters of the compliant cell include the width
of the S-shaped bulge, the height of the S-shaped bulge, and the beam section size.

(a)

(b)

Figure 7. The deformation mechanism diagram and one of the geometric parameters of the compliant
unit cell: (a) Deformation mechanism of the compliant cell under an external load; (b) Different
S-shaped bulge heights of the compliant cell (L = 70 mm).

As shown in Figure 7b, we first investigate the relationship between the mechanical
properties and the height of the S-shaped bulge. The height varied from H = 0.1 L to
H=0.2L, and the beam section size and the width of the S-shaped bulge is constrained
as 2.5 mm x 2.5 mm and 0.05 L, respectively. Figure 8 presents the influence of the height
on the elastic modulus and Poisson’s ratio of the macro-lattice. It can be seen that as the
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height of the S-shaped bulge increases, the elastic modulus value decreases reversely. This
indicates that increasing the height is beneficial to improving the deformation ability of
the compliant cell. Meanwhile, the elastic modulus value barely changes with the increase
of the cell numbers (n X n x n). This phenomenon can be attributed to the spring-like
behavior of the curve beams, for both the effective area and the parallel spring number of
the whole lattice are proportional to the square of the side length (n x n x n). By comparing
the rigid and compliant results, we can see that the elastic modulus of the compliant cell is
one order of magnitude smaller than that of the rigid one, which also verifies the above
conclusion that the deformation ability of compliant cells is relatively large. Figure 8b
presents the change of Poisson’s ratio under different heights of the S-shaped bulge. It
can be seen that with the increase in the height of the S-shaped bulge, the Poisson’s ratio
decreases close to zero.
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Poisson's ratio
> s
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Cube side length (nxnxn) Cube side length (nxnxn)

(a)

(b)

Figure 8. Mechanical properties of the compliant lattice with different S-shaped heights: (a) The
relationship between the elastic modulus and the cube side length (with H = 0.1-0.2 L); (b) The
relationship between the Poisson’s ratio and the cube side length (with H =0.1-0.2 L).

Furthermore, the influence of different widths of the S-shaped bulge and beam section
sizes on its mechanical properties is also analyzed parametrically here. Figure 9 illustrates
the schematic diagram of different widths of the S-shaped bulge and beam section size
of the compliant cell. Figure 10a,b present the elastic modulus curve and the Poisson’s
ratio curve of the compliant lattice as the S-shaped beam widths changes from W = 0.05 L
to W = 0.09 L, with a beam section size of 2.5 mm X 2.5 mm and a height of the S-shaped
bulge of 0.2 L. Figure 10c,d show the influence of different beam sizes (t = 0.5 mm, 1.5 mm,
2.5 mm, 3.5 mm, and 4.5 mm) on its elastic modulus and Poisson’s ratio with a S-shaped
width of 0.07 L. It can be seen that the elastic modulus of the lattice is greatly affected
by the width of the S-shape bulge and the beam section size. Increasing the width of the
S-shape bulge and decreasing the beam size will lead to a decrease in the elastic modulus,
which can improve the deformation ability of the whole lattice. This is mainly because as
the width of the S-shape increase and the beam size decrease, the bending deformation of
the curved beam dominates more than the stretching one. The results also show that the
Poisson’s ratio of compliant cells has little relationship with the width of S-shaped bulge
width and the beam section size, and the Poisson’s ratio value is close to zero as the cell
number of the lattice continues to increase.
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Figure 9. Schematic diagram of different geometric parameters of the S-shaped bulge of the facet
element of the compliant cell: (a) different widths of the S-shaped bulge; (b) schematic of the beam
section size of the compliant cell.
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Figure 10. Mechanical properties of compliant lattice with different S-shaped bulge widths and
beam section sizes: (a) The relationship between the elastic modulus and the cube side length
(W =0.05-0.09L); (b) The relationship between the Poisson’s ratio and the cube side length
(W =0.05-0.09 L); (c) The relationship between the elastic modulus and the cube side length
(t=0.5-4.5mm); and (d) The relationship between the Poisson’s ratio and the cube side length
(t=0.5-4.5 mm).
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2.2.3. Auxetic Cell

Figure 11 illustrates the deformation mechanism diagram and different geometric
parameters of the auxetic unit cell. It can be seen that the auxetic cell withstands its external
load through out-of-plane bending of its curve beams, which causes the auxetic cell to
feature a negative Poisson’s ratio. Regarding its specific geometry, if the cell length is
constrained as 70 mm, there remain two geometric parameters, which are beam section size
and concave depth, as shown in Figure 11b,c. Figure 12a,b show the influence of different
concave depths (d=0.1L,0.2L, 0.3 L, and 0.4 L) on the elastic modulus and Poisson’s
ratio of the auxetic cells with a fixed beam section size of 2.5 mm x 2.5 mm. It shows that
the elastic modulus and Poisson’s ratio of the lattice decreases rapidly with the increase
of the concave depth. Figure 12¢,d present the influence of different beam section sizes
(t=0.5mm, 1.5 mm, 2.5 mm, 3.5 mm, and 4.5 mm) on the elastic modulus and Poisson’s
ratio of the auxetic cell with a fixed concave depth of 0.4 L. The results show that with the
increase in beam section size, the elastic modulus becomes higher. However, its Poisson’s
ratio changes with an opposite trend. In addition, it can be seen that Poisson’s ratio of
auxetic cells is negative overall. This means that the feature of a negative Poisson’s ratio
becomes increasingly more obvious.

| L |
F
¢ f
\ ¢
111
@ (b) ©

Figure 11. The deformation mechanism diagram and different geometric parameters of the auxetic
unit cell: (a) Deformation mechanism of the auxetic cell under an external load; (b) Different concave
depths of the auxetic cell (L = 70 mm); (c) Shematic diagram of the beam section size of the auxetic cell.

In summary, several conclusions can be drawn. (1) The rigid cell has the highest elastic
modulus among the three types and, overall, features a positive Poisson’s ratio. (2) The
elastic modulus of the compliant cell is related to several geometric parameters, but it is
generally one order of magnitude lower than that of the rigid cell, and Poisson’s ratio of the
compliant cell is generally close to zero. (3) The elastic modulus of the auxetic cell is in the
same order of magnitude as that of the compliant cell, but the Poisson’s ratio is negative.
(4) The Poisson’s ratio of compliant cells decreases with the increase of the height of the
S-shaped bulge, but it is not affected by the width of the S-shaped bulge and beam section
size. (5) The elastic modulus of the rigid cell is heavily dependent on the beam section size,
and it also shows an increasing trend with the increase of cell size.

The above conclusions confirm the previous claim that rigid, compliant, and auxetic
cells have quite different mechanical properties, which means that different combinations of
these three types of cells may produce various mechanical property distributions. Moreover,
it proves the rationality of utilizing these three types of cells as fundamental cells.
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Figure 12. Mechanical properties of the auxetic lattice: (a) The relationship between the elastic
modulus and the cube side length (d = 0.2 L~0.4 L); (b) The relationship between the Poisson’s ratio
and the cube side length (d = 0.2L~0.4 L); (c) The relationship between the elastic modulus and the
cube side length (t = 0.5 mm~4.5 mm); and (d) The relationship between the Poisson’s ratio and the
cube side length (t = 0.5 mm~4.5 mm).

2.3. Derived Cells

To further expand the design degrees of freedom and develop an active lattice structure,
three other types of derived cells are constructed creatively in this paper. Generally, some
local positions of the shape-adaptive structure (such as the surface) usually need to achieve
an elongation deformation in only one direction, while it is not expected in the other.
In this case, we need a single-direction tensile cell to make the structure more efficient.
However, in the other case, some local area of the shape adaptive structure basically has no
tensile deformation, and only a bending ability is needed. Therefore, it is also necessary to
construct a pure bending cell.

By examining the geometries and deformation features of the rigid cell and compliant
cell, it can be found that combining the elements of the rigid cell and compliant cell can just
achieve the tensile cell and the bending cell, as shown in Figure 13. As the S-shaped beams
are arranged along the vertical direction, the tensile cell possesses high tensile ability along
the vertical direction but low ability along the horizontal direction. However, regarding



Aerospace 2022, 9, 762

12 0f 23

the bending cell, all facet elements along the vertical direction are constituted by straight
beams, which cause the cell to have a bending deformation feature.

(a) (b)

Figure 13. Two types of derived passive cells: (a) Tensile cell; (b) Bending cell.

As for the active cell, it must have the ability to produce a large deformation during a
driving process, and it needs to have a uniform assembly interface with other cells to ensure
modularity. The above analysis shows that the compliant cell has large deformation ability
and can meet the requirements well. Therefore, on the basis of the compliant cell, an active
cell embedded with smart actuators can be developed. As a preliminary demo, the driving
displacement of the active cell is produced by a micro-electric motor in this paper. The
micro-actuator is developed by Shaoteng company, Changzhou, China (12V, LA-T8-12-15).
With the maturity of smart materials and 4D printing technology, we will integrate smart
materials (such as shape memory alloys, shape memory polymers, piezoelectric materials
with displacement amplification, etc.) into the active cells in the future to truly realize an
intelligent digital metamaterial.

Specifically, Figure 14 shows the assembly process of an active cell. In the active cell, a
driving motor and a chip circuit are integrated and connected by two solid pads at both
ends. Similar to a compliant cell, the active cell has zero Poisson’s ratio in the direction
perpendicular to the driving displacement, which helps to achieve a pure extending driving
in a single direction. Figure 15 shows the schematic diagram of the active cell before and
after deformation.

Actuator

Figure 14. Assembly process of an active cell embedded with a micro-actuator.
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Figure 15. Schematic diagram of the active cell with different excitement signal.

To simulate the active cell in the subsequent optimization process, an axial connector
element, as shown in Figure 16, is adopted in this paper. A relative translation along
the axis direction can occur between Reference Point 1 and Reference Point 2, and the
driving displacement is the value of the relative displacement. The two reference points
are connected further with four corner nodes through four coupling connector elements.

Coupled point

Refference pointl

Coupling connector

Refference point2

Figure 16. Schematic diagram of the active drive cell and axial unit.

2.4. Reversible Assembly Manner

A basic principle to qualify a lattice structure as a digital metamaterial is based on
whether the lattice is reversibly assembled. This characteristic ensures the structure to be
replaceable in the event of local failure. Therefore, how to define a reversible assembly
manner is very important. Similar to the method in the literature [35], this paper adopts a
screw connection method for the reversible assembly within and between different cells.
By examining the internal structure of the three basic cells, it can be found that every unit
cell can be further divided into six identical facet elements. Therefore, these facet elements
can be used as the most basic parts and fabricated by additive manufacturing. The specific
geometries of the three types of facet elements are shown in Figure 17. The connection area
at the corner of each facet element consists of two connection holes, one for the connection
within a cell and the other for between the cells.
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Figure 17. Component-level facet elements: (a) Facet element of the rigid cell; (b) Facet element of
the compliant cell; (c) Facet element of the auxetic cell.

Considering a rigid cell as an example, Figure 18 introduces the connection process
of the facet element. It can be seen that the rigid cell is connected by six facet elements
through screws at the midpoints of the 12 edges of the cube. It is recommended that these
screw connections should be smeared with glue to ensure that the screw will not come
loose in a long-term use.

Figure 18. Schematic diagram of a screw connection within a single cell.

Figure 19 shows the connection methodology for the case of multiple cells. It is worth
noting that the positions and radii of the holes reserved on all facet elements are consistent,
so a series of cells with different functions and mechanical properties can be arbitrarily
assembled according to a specific functional need. Finally, a complex structural system can
be constructed.

Figure 19. Schematic diagram the screw connection between several cells.
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The reversible assembly way enables the structural components to be disassembled
and replaced in time when some failure occurs. In the process of replacement, it can even
be printed on demand through on-site additive manufacturing, avoiding structural storage
problems. The component-level additive manufacturing method can effectively make up
for the shortcomings of traditional additive manufacturing method, such as scalability,
and greatly reduce the processing and manufacturing costs [3]. The modularized structure
is also conducive to standardized and mass-processing operations. These features make
parallel and automated assembly possible. In fact, this has been realized through some
micro-assembly robots [39]. Therefore, the reversible assembly will greatly improve the
efficiency of manufacturing in the future.

Moreover, the reversible cell assembly method proposed in this paper can be extended
and applied to heterogeneous cells. It has been shown that heterogeneous cells can exponen-
tially improve the combination possibilities of mechanical metamaterials, and even arbitrary
elasticity tensors can be obtained. Therefore, if the assembly method is combined with hetero-
geneous cells, the design space of a structure will be expanded further. This makes it possible
for the discrete cell structure to achieve arbitrarily complex stiffness distribution.

However, the detachable screw connection method is prone to loosening in practical
application, which is detrimental to the reliability of aircraft structures. This problem is
expected to be solved through a connection method innovation. In addition, the connection
way requires very high assembly accuracy; otherwise, the assembled structure is predis-
posed to initial assembly stress, which is also disadvantageous for practical applications. As
shown in the literature [39], the automatic assembly method of reversible lattice structures
based on micro-robots can be accurate enough for the assembly of lattice structures. In the
future, it is expected that micro-robots will be used to improve assembly accuracy, reduce
assembly stress, and enhance assembly efficiency.

3. Optimization Methodology

As mentioned in Section 2, the design of a variable thickness structure can be simplified
as a two-dimensional combinational optimization problem. In this optimization problem,
there are six alternative types of basic cells, namely the rigid cell, compliant cell, auxetic
cell, tensile cell, bending cell, and active cell. To mathematize the design variables, these
cell categories can be represented by 1, 2, 3, 4, 5, and 6, respectively. Figure 20 is a schematic
diagram of a lattice structure corresponding to a specific cell combinational sequence.
To generate a predefined target aerodynamic profile as shown in Figure 2, some active
cells should be embedded into the lattice, and the driving displacement of each active
cell also needs to be determined. Therefore, the combination optimization problem of
the distributed variable thickness lattice structure is a multi-class-variable optimization
problem because the combination sequence of lattice cells is a discrete variable, while the
driving displacements of active cells are continuous variables. Compared with gradient-
based algorithms, genetic algorithms perform better in discrete variable optimization
problems, so they are more suitable for solving the problem.

A genetic algorithm is a population-based optimization method, which consists of
a certain number of individuals encoded by genes. Each individual carries different
chromosomes. As the main carriers of genetic material, chromosomes represent a certain
combination of genes, which determines the external performance of individual traits (or
fitness function). Therefore, after the generation of the primitive population, the appropriate
individuals are selected according to a fitness rule of the individuals, and the genetic
operators of natural genetics are used to crossover and mutate. Finally, new individuals
are generated. By replacing the worst individuals in the offspring, the overall fitness of the
offspring will be improved. In this way, a better progeny is produced repeatedly, and the
optimal population of the problem is finally obtained.
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Figure 20. Diagram of the corresponding relationship between a specific sequence and its cell

combination configuration.

The establishment of optimization mathematical models based on genetic algorithms
requires solving the issues of coding/decoding, selection, crossover, and mutation. In
addition, for this problem, the number of driving displacement variables of active cells
directly depends on the number of active cells, which is, however, unknown during the
optimization process. Therefore, it is necessary to solve the problem that the number of
design variables is always changing. All these issues will be elaborated on in the following.

3.1. Encoding and Decoding

Each gene in a chromosome corresponds to a cell type, which is a discrete variable.
When the discrete variable is mixed with the continuous one of the driving displacement, it
is difficult to carry out the optimization process. Therefore, this paper proposes a method
to transform the discrete variables into continuous ones. The range of each variable can
be defined as (0 + Aw, 1 + Ax), where Ax represents the coding difference of the allowable
cell type. For this problem, the variable can be 1, 2, 3, 4, 5, or 6, which means Aa = 1. The
relationship between the value of the gene and the value of the actual cell type is:

Tdecode = LTcodeJ (2)

where the symbol | | represents a round-down operator, which returns a maximum integer
no greater than the number in the parentheses.

3.2. Selection

The selection operator in the algorithm is a tournament selection or competitive selec-
tion. The selection operator has both random and deterministic characteristics. This method
randomly selects several individuals and selects the best one. The number of the selected
individuals is called the tournament size. In this paper, the size is set as 2, which is also the
most common setting [40]. This situation is called a binary tournament. For a structural
design, the implementation of the binary tournament is as follows. Firstly, two individuals
are randomly selected from the group for comparison. When both individuals meet the
constraints, the one with the smaller fitness is considered the outstanding individual; when
one individual satisfies the constraint and the other does not, the one that satisfies the con-
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straint is the excellent individual. If both of them do not meet the constraint, the one with
a small degree of constraint violation is the outstanding individual, and the outstanding
individual will be selected to enter into the next generation. The tournament selection is
characterized by individuals with good fitness having a greater chance of survival. At
the same time, it uses only the relative value of fitness as the selection criterion, which is
not proportional to the value of fitness, to avoid the influence of super individuals but
also to allow the new individuals with lower fitness the chance to be selected into the next
generation, which reduces the loss of population diversity to avoid premature convergence
and the stagnation phenomenon.

3.3. Crossover

Since the design variables are uniformly transformed into continuous variables, a
simulated binary crossover (SBX) operator is used to transfer the excellent genes from the
two parental chromosomes to the next generation. SBX is a type of arithmetic crossover
operator, which adds arithmetic operation between gene pairs on the basis of a gene
exchange. Therefore, SBX can generate not only new individuals but also new genes.
Assuming that the two parent individuals involved in the crossover are x(!) and x?, and
the two offspring individuals after the crossover are y{!) and y®, the crossover process can
be illustrated with the following equations:

1 1 2 2 1
yg):0.5[(x§)+xf >)—ﬁqxf)—xi()u 3)
v =05 (! + ) 4 g5 — x| @)
a=2-p,"" 5)
1

(ap) T ifp <t
ﬁq - 1 ’761+l . (6)

( ap ) otherwise

1+ (2)2 ) min{xfl) — X", X — X )}, if xl(l) < fo)

— xi 7XI 7
Pa 1+ UE ) min{xl(z) — X", X xfl)}, if xl(z) > xfl) @

where y is a random number and satisfies y € [0,1]; xF is the lower limit and x the
upper limit of the i-th variable, respectively; and 7, is the cross-distribution index, which
represents the balance between global search and local search. When it is large, the local
search is more important.; when it is small, it focuses on global search. In this paper, we
take 770 = 2.

3.4. Mutation

In this paper, a polynomial mutation operator is applied to two parental chromosomes.
Assuming that the new offspring y is generated after the mutation of the parent x, the
individual mutation process is as follows:

i = xi+ 0y (xl = xF) ®)

1
—14 |2+ (1= 2p) (1 — &)L ifu <05
0 = [ } 1 )
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where p is a random number and satisfies 4 € [0,1] and #, is variation distribution
coefficient; 77, = 15 is taken in this paper.

3.5. Changing Number of Design Variables

The variables to be determined in this problem include the combination sequence of
different types of cells, the driving displacements of the active cells, and the position of the
active cells. Compared with normal combinatorial optimization problems, the problem in
this paper has a special feature: the number of design variables changes with the variation
of the combination sequences. This is because when the number of active cells changes,
the number of driving displacement variables also changes, and then the total number
of design variables changes. However, in regard to a practical algorithm, the individual
chromosome length must be a constant number, otherwise, the number of the genetic
operator cannot be executed. To solve the problem, this paper proposes an innovative
coding strategy based on dummy variables. This means whether a cell is active or passive,
a dummy displacement variable is assigned to it. In the decoding process, only when
the cell is active, its drive displacement is decoded and is equal to its dummy variable.
Although this method will increase the number of design variables and reduce the solution
speed, it can effectively solve the problem that the number of design variables changes.

3.6. Optimization Model and Results

After considering the dummy variables, the design variables include 30 serial numbers
of the cell types and 30 dummy drive displacements for the two-dimensional variable
thickness wing shown in Figure 2. To achieve an accurate shape control, more active
cells are more beneficial. However, more active cells will lead to a more complicated
control system. Therefore, the problem is actually a multi-objective optimization problem,
which means that the deformation error and the number of drivers need to be considered
collaboratively. The deformation error is generally described by the least square error
(LSE), which is defined as the coordinates error between the actual contour and the target
contour [30,41,42]. To transform the multi-objective problem into a single-objective problem,
as has been done in the literature [40,43], an equivalent objective function is adopted, which
is presented as follows:

N D = f LSEx (149 x g(N)), if g(N) =§ ~ wzeactuarornam < 0
f(T;,N,Dj) = { LSE x (1+ B x g(N)), otherwise e )

where ¢ and S are chosen to be 0.01 and 10, respectively; the MaxActuatorNum is 5, that is,
it is expected that the number of drives is less than or equal to 5.

Since the driving displacement range of the micro linear motor selected in this paper is
0~15 mm, the dummy variable of each active cell is less than 15 mm. The final mathematical
optimization model is expressed as follows:

minf(Tl-, N, D])

s.t. K(U)U = F(U)
T; € [1,2,3,4,5,6], i = 1,2,...,30,
D; <15mm,j=1,2,...,30

(12)

As mentioned before, the lattice structure constructed in this paper has large bending
and rotational displacement for its beam elements in a morphing process. Therefore,
the problem is a geometrically nonlinear problem, and the Newton—-Raphson iterative
method [44] is used to solve the equilibrium equation. For an ideal simulation, the global
and local buckling behaviors of the beams of the lattice need to be considered [45]. However,
one of the original intentions of the usage of the distributed active lattice structure is to
decrease the maximum structural strain, which means that the whole strain energy will
be distributed in as many unit cells as possible. In fact, this can be controlled through
constraining the maximum driving displacement of the active unit cells. Furthermore, the
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buckling behavior can be avoided. Therefore, the global and local buckling behaviors are
not considered in the finite element model.

After 94 iterations, the error of the fitness or objective function LSE converged to
3.4 mm. The iterative process of the objective function of the optimization problem is shown
in Figure 21. This means that after the optimization, the average deformation error of the
distributed lattice structure is 3.4 mm between the target shape and the final realized shape.

80

Least Square Error}
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40
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20
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0 20 40 60 80 100
lterations

Figure 21. The iterative process of the objective function of the optimization problem.

Figure 22 presents the diagram of the optimized lattice combination after convergence.
It can be seen that to achieve the optimal target shape defined in Figure 2, five active drive
cells are required, but they are all distributed in the top layer of the lattice structure as
green cells shown in Figure 22. The reason for the phenomenon is that the maximum
displacement of the target profile from its initial profile is approximately 13 mm, while the
displacement range of the actuator is 15 mm. Therefore, the target profile can be achieved
immediately by executing only the specified drive displacement of the uppermost layer.
However, in practice, in addition to the deformation accuracy, the total driving energy and
the maximum strain of the structure also need to be considered. Therefore, other constraints
need to be further added in the future to avoid the problem of excessive local strain caused
by all the actuators appearing on the top layer.

Actuator (]
Auxetic =
Bending [ |
Compliant [ |
Rigid [
Tensile [}

Figure 22. The optimal cell arrangement after convergence.
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Figure 23 is its final displacement contour correspondingly, and it is compared with
the target contour, as shown in Figure 24. It can be seen that they are quite close to each
other in general. The maximum deviation between the final achieved curve and the target
curve is approximately 3 mm, occurring around the left of the midpoint. If a large number
of active cells are permitted, the final achieved curve will agree better with the target curve.
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Figure 23. The finite element analysis result of the optimal cell arrangement.
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Figure 24. The comparison between the target curve and the final curve of the optimal cell arrangement.

As for the weight of the optimized lattice, we can examine its density to analysis
whether it has a weight advantage compared with tradition structures. In the obtained
lattice, the numbers of six types of fundamental unit cells are presented in Table 2. As the
density of the used material is 1.005 x 10° kg/m?® and the weight of a micro-actuator is
approximately 0.03 kg, the final overall weight is 0.5602 kg; as the overall space volume
is 0.0139 m3, the final macro density is calculated as 40.4964 kg/m?, which is very close
the critical value of the ultralight materials (below 10 kg/ m?) [46]. Therefore, it can be said
that the concept has an obvious weight advantage compared with other traditional metal
materials (or non-ultralight structures).

Table 2. Number and weight of six kinds of fundamental unit cells.

Rigid Cell Compliant Cell Auxetic Cell Tensile Cell Bending Cell Actuator Cell

Numbelj of the unit cells 10 6 3 6 3 5
Matﬁﬁﬁlc"eﬁ’f‘(ﬁ%"f 0 11090x107° 14110 x10°° 09059 x 105 13103 x 1075 1.2096 x 10°° 14110 x 105
Weight of a unit cell (kg)  1.1145 x 1072 1.4180 x 1072 09104 x 1072 1.3168 x 1072 1.2156 x 1072 6.4180 x 1072
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As an initial phase of the exploration of the morphing wing concept, this paper realized
only one target aerodynamic shape for a single target working condition. However, as
several active actuators are utilized here, the lattice morphing wing features a distributive
morphing ability and has the potential to realize multiple target aerodynamic shapes. This
can be further completed with some muti-objective optimization methods.

4. Conclusions

In this paper, we propose a modular distributed variable thickness structure based
on a reversible assembly digital metamaterial. In the concept, three types of fundamental
cells and three types of derived cells have been constructed innovatively. A quantitative
analysis of the mechanical properties of the fundamental cells has shown that the three
types of fundamental cells have distinct differences in mechanical properties, which can
expand the design space of the lattice morphing structure through changing their com-
bination sequence. Specifically, the rigid cell has the highest elastic modulus among the
three fundamental cell types and features a positive Poisson’s ratio overall. However, the
elastic modulus of compliant cells is generally one order of magnitude lower than that
of rigid cells, and the Poisson’s ratio of the compliant cell is generally close to zero. In
addition, the elastic modulus of auxetic cells is in the same order of the magnitude as that
of compliant cells, but the Poisson’s ratio is negative. On the basis of the complaint cell, an
active cell with an embedded micro-motor is further developed, which can be reversibly
assembled and connected with other passive cells and enable the whole lattice cell structure
to have an active distributed morphing ability.

To ensure high active deformation accuracy, a collaborative optimization method based
on a heuristic optimization algorithm for the design of the lattice combination sequence
is proposed. This optimization method adopts a continuous encoding method to solve
the issue of multi-class variable optimization, and an objective function considering the
actuator number in the optimization process is used to simplify the actuator system. The
final optimization results show that the optimal cell combination can accurately achieve a
distributed target contour with a maximum deformation error of approximately 3 mm.

Therefore, the morphing lattice structure with reversible assembly has a number of
advantages, such as being lightweight and replaceable, having distributed morphing ability
and functional integration, and being better able to coordinate the contradiction between
size and accuracy existing in traditional additive manufacturing. However, in a practical
application, the connection problem of high reliability and the assembly stress problem still
need to be further investigated. This work will be studied in the future.
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