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Abstract

Lattice structures are created via a regular arrangement of unit cells and the structural characteristics of the
entire lattice structure can be changed significantly by altering the structure of the unit cells. This property
allows morphing wings to exhibit anisotropic structural characteristics that can be varied in some sections;
additionally, it allows them to be lightweight in arbitrary proportions while maintaining the necessary stiffness.
In this study, five types of lattice structures are employed and their structural characteristics are investigated.
They are subjected to bending, tensile, compressive, and torsional tests, and the equivalent stiffness of each
lattice is calculated. Differences in their structural characteristics can be used to achieve various types of wing
morphing for different applications. In this study, wing twist morphing is developed using the cube lattice, which
exhibits high equivalent bending stiffness and low equivalent torsional stiffness. Subsequently, a wing
prototype is developed to evaluate the structural properties of the morphing wing. Bending and torsion tests
are conducted on the wing, and the equivalent bending and torsional stiffness are calculated. Results show
that the equivalent torsional stiffness increased, as compared with that of the cube lattice specimen. This is
attributable to the wing chord length being larger than the width of the specimen, which increases the
equivalent torsional stiffness. Although the thickness of the wing changed only slightly, the change in the
equivalent bending stiffness is suppressed.
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1. Introduction

Lattice structures have garnered considerable attention in recent years. A lattice structure is a three-
dimensional (3D) patterned structure that can exhibit physical properties different from those of a
single material depending on the unit cell shape [1]. Previously, complex internal structures were
difficult to manufacture; however, this issue has been alleviated via the use of 3D printers. The use
of lattice structures [1] allows weight reduction [2], a change in the material density at any point, and
the achievement of specific structural properties, such as stiffness anisotropy.

The ultimate goal of our study is to apply lattice structures to morphing wing systems [3,4]. A
morphing wing is a wing whose shape can be changed smoothly based on its purpose [5,6]. For
example, aircraft flaps and ailerons can be replaced by morphing wing systems. Typically, flaps and
ailerons have hinges, which result in drag. Morphing wings eliminate the use of these hinges and
change the wing shape seamlessly, thereby reducing the aerodynamic drag and potentially
expanding the flight range. In addition, the morphing wing is expected to both optimize the lift—drag
ratio by changing the wing shape based on the flight speed and significantly improve the short-range
takeoff and landing performance via the large deformation of the wing. In this study, the basic
structural characteristics of lattice structures are investigated and the applicability of lattice structures
to morphing wing systems is discussed.

2. Structural Characterization of Basic Lattice Structures
2.1 Specimen for Structural Property Evaluation



Lattice structures consist of repeating unit cells in three dimensions; however, their structural
properties vary significantly depending on the shape of the unit cell. We designed lattice structures
with five different unit cell shapes based on space-filling polyhedral and crystal structures. The
designed lattice structures are shown in Fig. 1.

The unit cell of the X-lattice comprises beams that connect the vertices of a cube. The unit cell of
the cube (CUBE) lattice comprises beams that connect the edges of the cube. The unit cell of the
octahedron (OCT) lattice is a space-filled octahedral structure with many triangles and is expected
to exhibit high stiffness. The unit cell of the diamond lattice (DIA) is based on the crystal structure of
diamonds and is expected to exhibit high stiffness. The unit cell of the rhombic dodecahedron
(DODE) lattice is a space-filled rhombic dodecahedron and is expected to exhibit homogeneous
stiffness in all directions.

The dimensions of the test model shown in the bottom row of Fig. 1 were set to obtain specimens
that exhibit consistent widths and thicknesses to accommodate the experimental equipment. The
length of the model was set to approximately 60 mm because the distance between the supporting
pins of the bending test machine was 60 mm. The dimensions of the lattice structures are listed in
Table 1. The test models were constructed using a Markforged Mark2 3D printer. The printer’s
stacking pitch ranged from 0.1 to 0.2 mm, and the test models were fabricated with a pitch of 0.1 mm.
Markforged Onyx, which is a microcarbon-fiber-filled nylon, was used to fabricate the test models.

(a) X lattice (b) CUBE lattice (c) OCT lattice (d) DIA lattice
Figure 1 - Lattice structures created in this study (top: unit cell structure; bottom: specimen)

Table 1 Dimensions of each test model (mm)

Dimensions X lattice CUBE lattice | OCT lattice DIA lattice DODE lattice
Beam diameter 1.0 1.0 1.0 1.0 1.0
Specimen width 15.0 16.0 16.0 15.0 16.0
tiﬁ’f;'}':;” 10.0 11.0 11.0 10.0 11.0
Length of lattice 60.0 60.0 60.0 60.0 63.0

2.2 Experiments to Investigate Structural Properties of Lattice Structures

Four-point bending, tensile, and torsion tests were conducted to investigate the properties of the
lattice structures.

2.2.1 Four-point bending

Figure 2 presents an overview of the four-point bending test. A testing machine (JT Tohsi, Little
Senstar) was used for the four-point bending test. Load was measured using a load cell (Little
Senstar) and displacement was measured using a laser displacement sensor (Keyence IL-100)
from the underside of the specimen. The support span was 60 mm, distance between the load
points was 20 mm, and displacement was applied.

Using the experimental results, the equivalent bending stiffness Eleq can be obtained as follows.
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where P denotes the load, L denotes the support span, and &, denotes the deformation.

Because the masses among the test models were different, we could not determine whether the
change in stiffness was due to the structure or material density by comparing only the stiffness.
Therefore, we divided the equivalent bending stiffness Eleq by the density of the lattice section p to
obtain the bending stiffness per density Sy, as follows.
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Figure 2 - Overview of four-point bending test
(left: schematic representation; right: photograph of test setup)

2.2.2 Tensile test

An overview of the tensile tests is presented in Fig. 3. The testing machine and load sensor were
the same as those used for the four-point bending test, and displacement was measured from the
crosshead movement of the testing machine. Both ends of the specimen were fixed with vises and
tensile displacement was applied to the specimen.

Tensile load P

I Deformation &

Length of lattice L

Figure 3 - Overview of tensile test
(left: schematic representation; right: photograph of test setup)

2.2.3 Compression test

An overview of the compression test is shown in Fig. 4. The testing machine and sensor were
identical to those used for the tensile test. A jig was attached to the lower end of the test model and
a compressive displacement was applied to the specimen.

The equivalent tensile and compressive stiffnesses EA¢q are obtained as follows.
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Therefore, the tensile and compressive stiffnesses per density, Se and S, respectively, are
calculated as follows.
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Figure 4 - Overview of compression test
(left: schematic representation; right: photograph of test setup)

2.2.4 Torsion test

An overview of the torsion test is shown in Fig. 5. We did not use a dedicated testing machine for
the torsion test; therefore, we fabricated an experimental apparatus using a 3D printer. A 50 mm
metal shaft was passed through the specimen and equal tensile loads were applied to the specimen
from both sides using the Little Senstar testing machine. The twist angle was calculated from the
shaft displacement measured using IL-100 and load was measured using a load cell (TKA-20A,
Tokyo Sokki Co.). In this test, the torsional load was applied by tensile forces in the flexible cables,
as indicated by the yellow lines in Fig. 5. As such, no axial load was applied to the specimen.

The equivalent torsional stiffness GJeq is calculated using the experimental results as follows.

Gleq = % x L, [N -m?] (5)

where @ is the specific twist angle, and Mt is the applied torsional moment.
Therefore, the torsional stiffness per density, S;, is calculated as follows.
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Figure 5 — Overview of torsion test
(left: schematic representation; right: photograph of test setup)



2.3 Experimental Results

The experimental results are presented in Figs. 6—9. The equivalent bending, tensile, compression,
and torsional stiffnesses of each lattice structure were obtained from the experimental results. The
characteristics of the lattice structures are listed in Table 2. The experimental results show that the
stiffness values differed depending on the basic structure. The characteristics of these lattices are
as follows. The X lattice is stiff in torsion but bends easily; the CUBE lattice is stiff in bending and
tension but has a low torsional stiffness. In the compression test, the compressive load remained at
approximately 50 N due to buckling in the structure. The OCT Iattice is stiff in bending, tension,
compression, and torsion; the DIA lattice is relatively stiff in tension, compression, and torsion but
bends easily; and the DODE lattice exhibits low stiffness in bending, tension, compression, and
torsion. This implies that the stiffness can be increased or decreased depending on the unit cell
structures used. These differences in the structural characteristics can be exploited to achieve
various types of wing morphings for different applications.
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Table 2 Dependence of structural properties on unit cell structure

Parameter X lattice CUBE lattice| OCT lattice DIA lattice DODE lattice
Mass of lattice part (g) 1.93 1.44 3.30 1.93 2.47
Density (kg/m?) 214 136 313 214 223
Bending stiffness (N-m?) | 1.06 x 102 | 5.79 x 102 | 22.98 x 102 | 2.39x 102 | 2.99 x 107
ﬁgﬂg;Pyg(NiﬂE;;‘;fs Per 1 051x 104 | 427x10% | 7.35x 104 | 1.12x10* | 1.57 x 10%
Tensile stiffness (N) 930 7050 11200 1710 1503
L‘zrr‘]z'i'g, (N?mg?f5s per | 435 51.84 35.78 7.99 6.74
Compressive stiffness (N) 550 3940 7500 1160 830
ggrr?s‘i’tr;?;'ﬁglfg;f”ess PN 557 28.97 23.96 5.42 3.74
Torsional stiffness (N-m?) | 4.50 x 102 | 0.88 x 1072 5.94 x 102 | 3.60 x 102 | 2.80 x 102
L‘éfs'ﬁ)t;?',\lf;gfﬂge)ss Per 1 210x10% | 0.65x 104 | 1.90x 104 | 1.68 x 10* | 1.26 x 10*
High
bending,
High tensile, and Relatively
torsional compressive| High bending, | high tensile, | Low bending,
stiffness stiffness. tensile, compressive, | tensile,
Overall properties L ' Low compressive, ar_1d torsional | compressive,
bOW i torsional and torsional | stiffness. and torsional
Stelfr]!nlensgs stiffness, stiffness. Low bending | stiffness.
' low stiffness.
buckling
force.

3. Application of Lattice Structure to Morphing Wings

As an example of a morphing wing, we developed wing twist morphing using the CUB

E lattice, which exhibits a high equivalent bending stiffness and low equivalent torsional stiffness.
When lattice structures are applied to wing structures, the wing structure must be resistant to bending
to withstand aerodynamic loads. However, a morphing wing deforms itself; therefore, a wing-twist
structure must be stiff in bending but deformable in twist. Based on the experimental results, we
investigated the application of the CUBE lattice, whose unit cell exhibits high bending stiffness and
easy deformation in the torsional direction, to morphing wings.

3.1 Design of Morphing Wing for Structural Characterization

The lattice structure used for the morphing wing was a CUBE lattice, as described above. We
fabricated a prototype for wing twist morphing. The size of the unit cubic cell was 5 mm; the lattice
section had a wing span, wing strength length, and wing thickness of 120, 100, and 14 mm,
respectively. The morphing wing prototype designed for the evaluation of the structural
characteristics is shown in Fig. 10.




Figure 10 - Morphing wing composed of CUBE lattice

3.2 Bending Test of Morphing Wing

The bending stiffness of the prototype was investigated. A bending test was performed by fixing the
root of the wing and pulling the wing tip; the testing machine used was JT Tohsi (Little Senstar). The
loads were measured using a load cell (TKA-20A, Tokyo Koki). Owing to the possibility of wing
torsion during the bending test, two laser displacement sensors (i.e., Keyence IL-100 and IL-S100)
were used to measure the displacement at the leading and trailing edges of the wing, respectively,
and the equivalent bending stiffness was determined by the displacement before torsion occurred.
An overview of the bending test is shown in Fig. 11 and the experimental results are shown in Fig.
12.

Using the experimental results, the equivalent bending stiffness El can be obtained as follows.
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where P is the load, L is the length of the lattice section of the wing (120 mm), and & is the
displacement. The equivalent bending stiffness El was calculated to be 0.1971 N-m?.
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Figure 11 - Overview of morphing wing bending test
(left: schematic representation; right: photograph of test setup)
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3.3 Torsion Test of Morphing Wing

A torsion test was performed to evaluate the structural characteristics of the morphed wings (Fig.
13); the testing machine used for the torsion tests was JT Tohsi (Little Senstar). The loads were
measured using a load cell (TKA-20A, Tokyo Sokki). The displacement was measured three-
dimensionally using an AICON/DPA photogrammetric measuring system, and the twist angle of the
wing was calculated using the results obtained. In this study, four markers were attached along the
wing chord direction for one line, and the torsional angle was defined as the angle between the mean
line obtained from the four markers before and after torsion. Markers were attached to four lines: the
wing root (Z = 20 mm), two locations at the middle of the wing (Z = 60 and 100 mm), and the wing
tip (Z = 140 mm). A total of 16 markers were used to measure the torsional angle.
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Figure 13 - Overview of morphing wing torsion test
(left: schematic representation; right: photograph of test setup)

3.4 Experimental Results of Morphing Wing

The experimental results are shown in Fig. 14. Figure 14(a) shows the marker positions of the entire
wing before and after the torsion test. The blue and red symbols indicate the positions before and



after the torsion test, respectively. Figure 14(b) shows the twist angle distribution along the z-direction.
The twist tests were performed thrice.

A plot showing the torque—twist angle relationship is presented in Fig. 15. The twist angles at the
wing tip obtained from the three tests are shown in this figure. The dashed line connects the torque—
twist angle points before and after the twist test.

Based on these results, the equivalent torsional stiffness GJeq can be expressed as

Gleq = % xL, [N -m?] (8)

where @ is the specific twist angle, M is the applied torsional moment, and L is the length of the wing
lattice section. Using the test results, the equivalent torsional stiffness GJeq of the morphing wing
was calculated to be 0.2186 N- m?.
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Figure 14 - Deformation of entire wing and twist angle from wing tip to wing root
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Figure 15 - Torque—twist angle relationship of morphing wing

3.5 Consideration of Morphing Wing

Based on a comparison between the equivalent bending stiffness and equivalent torsional stiffness
of the morphing wing created using the CUBE lattice and basic specimen, the ratio between the
abovementioned stiffnesses for the basic specimen (CUBE lattice) was 6.6:1, whereas that for the



morphing wing (CUBE lattice) was 0.9:1. This indicates that the torsional stiffness increased in the
morphing wing, as compared with in the basic specimen.

When a bending load was applied to the wing, the bending stiffness was affected significantly by
the wing thickness but less by the wing chord length. However, the torsional stiffness was affected
by the distance from the center of torsion to the outer edge, which is governed primarily by the wing
chord length. This resulted in a difference in the relative torsional stiffness between the morphing
wing and basic specimen.

The thickness of the specimen was 11 mm, whereas the maximum thickness of morphing wing was
14 mm; therefore, the change in the bending stiffness was limited. By contrast, the width of the
specimen was 16 mm and the wing chord length was approximately six times larger than that, i.e.,
100 mm; as such, the torsional stiffness increased. These factors may have caused the torsional
stiffness of the CUBE lattice to exceed the bending stiffness of the morphing wing, although its unit
cell exhibits high bending stiffness and low torsional stiffness.

4. Conclusions

Five basic lattice structures were created and subjected to four-point bending, tensile, compression,
and torsion tests. Using the test results, the equivalent stiffness values and stiffness per density
values of the specimens were calculated and their structural properties were investigated. The
results confirmed that the isotropic and anisotropic properties, in particular the stiffness, varied
depending on the basic structure. By selecting the appropriate basic structure based on its structural
properties as the lattice structure, the stiffness can be increased or decreased. Meanwhile, by
applying the aforementioned structural characteristics with certain anisotropic properties, a lattice
structure can be applied to a morphing structure such that arbitrary deformations in response to
inputs, such as actuators, can be generated.

As an example of a morphing wing, we developed a prototype of wing twist morphing based on the
CUBE lattice, which exhibits high equivalent bending stiffness and low equivalent torsional stiffness;
subsequently, we performed bending and torsion tests on the prototype. The ratios of the equivalent
bending stiffness to the equivalent torsional stiffness of the basic specimen and morphing wing were
6.6:1 and 0.9:1, respectively, which indicates that the equivalent torsional stiffness is relatively high
in the morphing wing. This is attributable to the larger wing chord length specified to fabricate the
airfoil, which increased the equivalent torsional stiffness. Nonetheless, the thickness of the wing did
not change and the change in the equivalent bending stiffness was suppressed.
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