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Chapter 1

Introduction

1.1 Background

Natural materials generally have a positive Poisson’s ratio. On the other hand, the auxetic
structure has a negative Poisson’s ratio. A negative Poisson’s ratio means that it stretches in
the direction perpendicular to the tensile force and contracts in the direction perpendicular
to the load. The auxetic structure is used for facade where the volume of the product can
be compressed and expanded, and the size of the opening can be adjusted. As shown in
[7], there are various application examples, such as an expansion of table area and packing
design.

The study of materials with negative Poisson’s ratio dates back to 1985 by A.G. Kolpakov,
“Determination of the average characteristics of elastic frameworks.” In 1987, R. S. Lakes
of the University of Wisconsin-Madison published a paper in SCIENCE entitled “Foam
structures with a Negative Poisson’s Ratio” [8]. The term “combustible material” was
coined in 1991 by Dr. Ken Evans of the University of Exeter [9]. After that, advances in
2D processing machines such as laser cutters and digital fabrication technology such as 3D
printers made it possible to manufacture complex shapes, and many auxetic structures with
three-dimensional deformation characteristics that could not be made until then became
possible. As one of them, a structure based on a rotating polygon, as shown in Figure 7
of [10] has been proposed. However, this structure is a proposal as a scalable geometric
shape, and the application of the structure to the scale of architecture and products has
not been studied. Therefore, in order to explore the applicability of this scalable geometric
shape in relatively large structural designs such as furniture design and architecture at
the expense of fine workability, in this thesis, a model that can be manufactured with a
two-dimensional processing machine is used.

1.2 Research Motivation

The purpose of this study is to realize auxetic structure with a negative Poisson’s ratio
in three dimensions by processing only two-dimensional planes. To achieve this goal, we
combined a square Ron Resch pattern with a negative Poisson’s ratio with respect to the XY
axis and a cylindrical twist-fold, which is an origami structure that collapses while twisting.

The square Ron Resch pattern and the cylindrical twist fold are both planar structures.
When they are combined while keeping the degree of freedom of deformation and the orbits



consistent, the Ron Resch pattern expands in the XY axis while the cylindrical twist-fold
expands in the Z axis, thus realizing a three-dimensional auxetic material.

However, twist-folding structure cannot be compressed unless flexure is allowed in the
deformation process. Thus, a structure called LETA was adopted, in which a rigid body is
given elasticity by applying a two-dimensional cut pattern.

In this thesis, experimental and analytical values of the load-displacement curve, trajec-
tory of deformation, bistability, and Poisson’s ratio are presented for the proposed structure,
and the results are discussed.

1.3 Proposal of This Research

The structure of this paper is as follows. Chapter2 summarizes related studies and presents
the position of this structure; Chapter3 presents the principles pf the three types of struc-
tures used in this structure (LETA, Ron Resch, and Twist Folding); Chapter 4 proposes
the method of this study; Chapter 5 presents experimental and analytical results for the
load-displacement curve, deformation trajectory of the structure, bistability, and Poisson’s
ratio; Chapter 6, the results pf Chapter 5 are discussed.

1.4 Contribution

The principle model of the structure of the proposed method in this thesis is proposed in
[7]. To the best of our knowledge, there is no feasible proposal that assumes the design is
done on a two-dimensional machine, although the structure proposed in [7] has been made
on a 3D printer. Therefore, in this paper, we proposed a model that can be manufactured
by a two-dimensional machine and actually manufactured it, and conducted experiments
and analysis.



Chapter 2

Related Work

2.1 Auxetic structure

This terminology called auxetic structure was coined by K. Evans at University of Exeter
from a paper published in 1991 [11]. The earliest research published example of auxetic
structure is due to A. G. Kolpakov in 1985 [12], and the next synthetic auxetic structure was
published in SCIENCE in 1987 by R. S. Lakes from the University of Wisconsin Madison [8].
The auxetic structure has been shown to have excellent toughness and hardness, as well as
vibration and sound absorbing properties [13, 14].

The auxetic structure exists in two-dimensional planar and three-dimensional planar
structures. The two-dimensional auxetic structure expands and contracts in the XY plane,
and the three-dimensional auxetic structure expands and contracts in the XYZ direction.
In two-dimensional and three-dimensional expansion and contraction have three main types
of unit geometric structures: Re-entrant structures, Chiral structures and Rotating rigid
structures.

The prototype of the Re-entrant structures is shown in [15] and novel model is proposed
to explain foams with negative Poisson’s ratio and to describe the strain-dependent Pois-
son’s function behaviour of honeycomb and foam materials in [16]. Re-entrant structures
are those that are "inwardly oriented" or have a negative angle. Papers [17, 18] in regard to
the thermoplastic resin foams as foams with Re-entrant structures, and arrow-shaped [19],
spiral-shaped [20], star-shaped [21] as derivative shapes of Re-entrant structures have also
been discovered. In [22], there is a model in which Re-entrant structures are arranged at
right angles to form a threedimensional expansion. Chiral structures are structures consist-
ing of a central cylinder wrapped in a ligament attached in the tangential direction and are
structures that expand and contract the entire structure by expanding and contracting the
spirally generated beam by elastic deformation. Its geometric properties are studied in [23].
A shape like [24] has also been discovered as a derivative system. [25] was announced as a
three-dimensional model of chiral structures.

Rotating rigid structures first explored its properties in [26]. It is also called the Ron
Resch pattern and is used in this structure. In [27, 28, 29, 30, 31], how the Poisson’s ratio
changes by replacing the unit geometry that composes the Ron Resch pattern from a square
to various shapes is studied.



2.2 Origami

The structure of origami has various functions. The main functions are high strength, ac-
tuation, shape generation, and folding compression [32, 33, 34, 35]. Various studies have
been conducted especially on folding compression, such as space industry, fashion, archi-
tecture, and MEMS [36, 37, 38, 39, 40, 32, 33, 34]. For folding, Miura-ori [41], cylindrical
twist folding [42], and Yoshimura pattern [43] are frequently used as an application. Cylin-
drical torsional folding was modeled by Nojima [42], and then Ogiwara et al. optimized
the crushing deformation characteristics [44] and ZHAO et al. researched the optimum
design [45].

Cylindrical torsional folding is a structure in which buckling occurs and is folded in the
process of deformation, and Yamaki analyzed the buckling [46]. In this origami structure
that requires bending, Yasuda, et al. place a spring that expands and contracts in the
direction of the next fold line at the fold line of the twist fold, and research is being conducted
to mechanically handle the twist fold [47].

2.3 Structure by Two-Dimensional Plane Processing

In two-dimensional plane machining including CNC and laser cutters, attempts are being
made to express various expressions from the constraints of the three-axis machining flexibil-
ity. Surface processing is used to manufacture curved surfaces [48], deformation control [49],
and structures that give elasticity to materials are being sought [5]. The structure that gives
elasticity by the cut pattern is also called Array of LET Joint [50], Compliant Arrays [51],
and Slit-based material [5]. Oshima, et al. proposed an analysis model of an elastic body
formed by using a two-dimensional repeating slit pattern [5]. This structure proposes to
allow torsional bending by adjusting the parameters of LETA.

In this study, we propose a new three-dimensional auxetic structure that can be manu-
factured by two-dimensional plane machining by combining the Ron Resch pattern, which
is an auxetic material that can be manufactured by two-dimensional plane machining, and
the cylindrical twistfolding structure, which is an origami structure that can be shrunk in
the axial direction. By using LETA, a technology that imparts elasticity by repeating cut
patterns, twist folding in flat surface processing is realized. With this structure, a struc-
ture with a dynamic Poisson’s ratio can be manufactured by a relatively inexpensive and
general-purpose manufacturing method, and there is a possibility that a large compression
of the volume of the product can be expected.



Chapter 3

Principle

The principle of the structure used to manufacture this structure by two-dimensional plane
processing will be explained.

Section 3.1 explained the Ron Resch pattern, which is the basic structure. Section 3.2
describes the cylindrical twist folding that connects the Ron Resch patterns. Section 3.3
explained the correspondence between the Ron Resch pattern and the cylindrical twist fold.
Section 3.4 explain the structure for enabling the deformation of cylindrical torsion with a
solid flat plate.

3.1 Ron Resch

First, the Ron Resch pattern contributes to the expansion in the X and Y direction. The
Ron Resch pattern is an origami pattern discovered by Ron Resch in the 1960s and 1970s.
The most typical Ron Resch pattern is shown in Figure 3.7. There are various geometric
shapes in the Ron Resch pattern Figure 3.2, and there are various mechanisms to realize,
such as origami and link mechanisms. In this structure, a model of the square Ron Resch
pattern of the link mechanism is used Figure 3.2(a). The quadrangles used in the Ron
Resch pattern form a link mechanism, which causes expansion in the X and Y axes before
and after deformation.

In this paper, the Ron Resch pattern is mentioned in various sections, but it is explained
using the three words ‘square Ron Resch pattern’, ‘unit cell’, and ‘square’. Each of them is
defined in Figure 3.3.

Various types of the Ron Resch pattern have been announced, and all of them are modified
to have a negative Poisson ratio. The rotating square model used in this structure is
introduced as a new mechanism by Grima and Evans [2]. This structure is based on the
arrangement of rigid squares hinged at the vertices, as shown in Figure 3.4. Concerning
equation 3.1, if squares of side length [ have an angle # with each other, the dimensions of

the unit cell are given as follows:

xry =9 = 2l [cos <§> + sin <g>] . (3.1)



Figure 3.1: Regular triangular tessellation by Ron Resch [41].

a b c d

e f g h
Figure 3.2: Ron Resch patterns with various geometric shapes. (a) is the square Ron Resch pattern
used in this structure [1].

Ron Resch pattern

Unit cell

Square

Figure 3.3: Description Shape definition

Figure 3.4: Square Ron Resch pattern. The area surrounded by the dotted line is the unit cell [2].



3.2 Cylindrical Twist Folding

In this structure, twist folding is used to expand the z-axis direction. Twist folds are
sometimes called cylindrical folds or cylindrical twist folds, but they are called twist folds
in this thesis.

Twist folding is a pattern that appears naturally when the thin cylindrical shell is com-
pressed while rotating in the axial direction of the cylinder in Figure 3.5. There are various
folding angles in the folding pattern as shown in Figure 3.6.

A triangular polygonal line appears when the twisted structure is unfolded as shown in
Figure 3.5. Twisting is possible by bending this triangular surface in the process of twisting
deformation. The deflection of twist folds is analyzed in “Elastic Stability of Circular
Cylindrical Shells.” Since twist folding goes through bending once, there are two stable
states as shown in Figure 3.8. In twist folding, which can be broken by passing through
bending, research is being conducted to allow bending of the surface not only by the surface
but also by the axial extension of the polygonal line and to enable folding [47].

In this structure, in order to avoid contact in the process of twist deformation when
the thickness of the material is assumed, a structure in which two sides are removed from
the folding pattern of the square column is used Figure 3.9. Twist folding is a deformed
structure that expands and contracts while twisting on one axis, but in the structure of this
study, it contributes to expansion in the Z-axis direction.

In this structure, LETA is used for the polygonal line portion that appears in the de-
veloped view of the twisted fold, and the deflection that originally occurs on the surface is
absorbed by the LETA, enabling the twisted fold. LETA is described in Section 3.4 .

Figure 3.5: Foldable cylinder based on twist buckling of a paper roll [3].



Figure 3.6: Various geometric shapes of Ron Resch patterns !.
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Figure 3.7: Expanded view of a twist folding [4].
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Figure 3.8: Bistability via twist folding deflection. For (hg,0p) = (90mm, 46°) [4].

Figure 3.9: Square-column twist folding pattern. The right end is the pattern with the two sides
removed from the square column twist folding used in this structure.



3.3 Composition of This Structure

The connection relationship of each structure will be explained. In this structure, the Ron
Resch pattern is used in the upper and lower parts of this structure, and the upper and lower
Ron Resch patterns expand in the X and Y direction while rotating in opposite directions
at the same time as shown in Figure 3.10. The quadrangle Ron Resch pattern has a feature
that when the square quadrangle constituting the unit cell is a square, the trajectory of
the midpoint of the square due to the deformation of the unit cell does not depend on the
rotation direction of the deformation of the unit cell. Taking advantage of this symmetry,
the prism twist fold and the Ron Resch pattern do not interfere with each other. The upper
and lower Ron Resch patterns are connected vertically by twisting a square pillar, which
is a rigid origami paper. When the upper and lower Ron Resch patterns are deformed in
opposite rotations to each other, this twisting pattern is interlocked and deformed to induce
expansion in the z-axis direction.

However, in the proposed structure, because the structure is manufactured by processing
a solid flat plate, twist folding cannot absorb the bending. Thus, in the next section, we
will explain the principle of LETA, which is a technology for enabling twist folding.

Figure 3.10: Correspondence between the Ron Resch pattern and the twist folding.

3.4 LETA

In this structure, LETA was used to realize twist folding only by two-dimensional plane
processing of a solid flat plate. LETA is a structure that makes the whole or part of
the material a softener by putting a repeated cut pattern on hard material. LETA are
mechanical bonding materials that utilize the deflection of a member from a plane to achieve
out-of-plane deformation.

In this structure, LETA is used in the twist folding part to absorb the deflection of the
twist folding and enable deformation as shown in Figure 3.11.

As shown in Figure 3.12, LETA has four modes: in-plane bending (BIP mode), out-of-
plane bending (BOP mode), stretching (S mode), and torsion (T mode). According to the
research by Oshima et al. [5], it is possible to derive how much each structural parameter

10



contributes to the rigidity of each deformation:

a’bn

S-mode . EZT

2EIn (b*n* + (n® — 1) (s* + 21s))

BIP-mode : B

BOP-mode = (a + g) GJ (a - h)

Eal? (a + g)

T-mode = ]

J = Torsion constant
G = Shear modulus

In this structure, LETA’s out-of-plane bending mode and twisting mode contribute to the

realization of torsional folding. Twist folding is established only by folding in the origami

structure. In order to establish this behavior with rigid origami paper, LETA is embedded

only in the place where the deformation mode beyond the operation of breaking the fold

line is to be obtained, and twisting and stretching are allowed.
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Figure 3.11: Correspondence between the Ron Resch pattern and the twist folding.
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Figure 3.12: The four LETA modes shown in [5, 6].
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Figure 3.13: Parameters of LETA shown in [5, 6].
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Chapter 4

Method

The proposed method in Figure 4.1 of this study will be explained. Section 4.1 describes
the design, manufacture and assembly of this structure. In Section 4.2, the transformation
process and transformation branching of the proposed method are explained.

Figure 4.1: The process of deformation of this structure.
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4.1 Fabrication

Figure 4.2 is an developed view of the structure of the proposed method. Since the developed
view of this structure is a deformation realized by combining the structures that can be
realized by plane processing, the drawing can be expressed by a plan view. In this paper, a
laser cutter was used as the surface processing machine to manufacture this drawing.

In this thesis, the unit shown in Figure 4.3 is called “voxel.” The dimensions of the cut
drawing in Figure 4.2 are designed so that the bounding box will be 100x100x100[mm] when
assembled into this voxel. The area of the blue line shown in Figure 4.2 corresponds to the
hole in the blue area of Figure 4.3. Usually, if it is a solid flat plate, the deformation of the
structure works. However, this time, to improve the visibility of the internal state during
the three-dimensional deformation, a hole is made within the range that does not affect the
behavior due to the deformation. The cut boards glue the sides of the structure shown in
Figure 4.4 to assemble one voxel. After that, parts were attached to the voxels to make
the voxels function as a link mechanism as shown in Figure 4.4. Finally, the voxels were
connected to each other with M4 bolts.

14
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100mm

o, 0

Figure 4.2: Net drawing of the structure

Figure 4.3: Voxel assembled from a laser-cut drawing with an outline of 100 mm square. The holes
in the blue area correspond to the blue cut lines in Figure 4.2.
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Figure 4.4: Assembly process of this structure.
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4.2 LETA Parameter

The LETA is used as the structure that bears the hinge part of this structure must reach
at least 180°, which is the maximum bending angle before and after deformation, without
breaking. In order to find a parameter that satisfies this constraint, the values of four
parameters {a, b, s, g} among the LETA parameters {l/,n,a,b, s, g} shown in Figure 4.5 are
fixed. The values of the two parameters {l,n} are variable. [ is variable in the range of 11
mm to 25 mm, and n is variable in the range of 3 to 7. Then, a deformation experiment was
conducted in which the LETA was bent 180° while changing the values of [ and n (Figure
4.6, 4.7). MDF 2.5mm was used as the material for LETA. As a result of the experiment, it
was possible to bend without breaking with the parameters (5) and (6) in Table 4.1. Thus,
in the experiments in this chapter, this structure was used for LETA manufactured with

the parameter (6).

Local beam line

A
on A

[
b
8

Figure 4.5: Designing parameters for LETA.[51]

Table 4.1: Parameters used in the bending experiment of LETA.

@ ©) ® @ ® ©®

1 11 [mm] 13.5 mm] 16 [mm] 18.5[mm] 22 [mm] 25 [mm)]
n 7 5 5 3 3 3
a 1.4 [mm] 1.4 [mm] 1.4 [mm] 1.4 [mm] 1.4 [mm] 1.4 [mm]
b 2.5 [mm] 2.5 [mm|] 2.5 [mm] 2.5 [mm| 2.5 [mm] 2.5 [mm)]
S 2 [mm] 2 [mm] 2 [mm] 2 [mm] 2 [mm] 2 [mm]
g 0.3 [mm] 0.3 [mm] 0.3 [mm] 0.3 [mm] 0.3 [mm| 0.3 [mm]

17
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Figure 4.6: Bending experiment of LETA.

s

Figure 4.7: A result of bending experiment from Figd.7. @@ @ has been broke.
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4.3 Deformation Mode

As the deformation mode of this structure, a combination of a Ron Resch pattern and a
twist-folding deformation mode appears. The theoretical value of the degrees of freedom
of the square Ron Resch pattern is one degree of freedom, and twisting and folding is also
one degree of freedom if bending is not taken into consideration. (It is a quasi-one degree
of freedom when considering that the deflection is ideally absorbed in each surface). Since
these freedoms are linked, this structure also has one degree of freedom, but the deformation
mode has branches, as shown in Figure 4.8.

Figure 4.8: Deformation mode of this structure.

Figure 4.9: Reproduced with the actual structure from a and b in Figure 4.9.
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Chapter 5

Simulation and Experiment

In this chapter, the characteristics of the structure are evaluated from the analytical values
and experimental values in the following four items:

o Displacement for load

Bistability
e Poisson’s ratio

o Trajectory of structural deformation

5.1 Load Displacement Curve

In order to evaluate the displacement with respect to the load in the Z-axis direction when
the structure is deformed, a finite element method analysis and an experiment using a load
tester were conducted. In this section, a load-displacement curve is created, and the graphs
of the analytical and experimental values are compared to discuss the error between the
two values in Chapter 6.

To show the analysis values of the load-displacement curve, ANSYS, which is a group
of analysis software centered on the finite element method, was used. In this structure,
one voxel as shown in Figure 4.3 is responsible for the twist-folding structure, and when
four voxels are connected by a link mechanism, the deformation behavior of the Ron Resch
pattern appears, and it becomes the minimum structural unit of the proposed structure.
In this simulation, in order to complete the analysis of one voxel, the geometric constraint
condition similar to that when composed of four voxels is given as the boundary condition
of the analysis by using the geometric symmetry of the proposed structure. Boundary
conditions and material constants were set as follows and analyzed (Figure 5.1):

20



A forced displacement of 100 mm was given in the Z-axis direction.
» Bottom B is fixed.

o The center point C on the upper surface is given a degree of freedom only on the axis

A.

Contact between beams inside LETA is not considered.

o The weight of the structure itself is not taken into consideration.

The analysis result is the blue graph shown in Figure 5.2.

The Young’s modulus of MDF is 3.654 GPa, and the Poisson’s ratio is 0.25.

Figure 5.1: Finite Element Method Analysis of Voxels.
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Load-displacement curve

8.00

Load [N]

0 10 20 30 40 50 60 70 80 90 100
-1.00
Displacement [mm]

—@— Analysis value —@— Average of experimental values (N=4)

Figure 5.2: Load-displacement curves of analytical and experimental values.

Next, the experimental values were measured. A load tester (AND MCT 1150) was used
for the measurement. For the structure used in the load test, the same boundary conditions
were reproduced from the analysis performed in Section 5.1, and an experiment with one
voxel structure was performed. A rotation mechanism using bearings having a degree of
freedom of rotation in the XY plane was attached to the load tester as shown in Figure 5.3.
This mechanism allows the degree of freedom of rotation of twisting and bending when a
load is applied to the voxel in the Z-axis direction, and compression occurs in the same axis.
A voxel was attached so that the center point of the rotation mechanism corresponds to the
center point of the upper surface of the voxel structure (Figure 5.4). The bottom surface of
the voxel was also adhesively fixed to the load tester so that the boundary conditions were
the same as the analysis conditions. The parameters of this structure used in the weighted
test are also equivalent to the analysis. In the weighted test, the voxels were installed in a
load tester with the voxels fully open, displaced by 2.5 mm in the Z-axis direction, and the
reaction force [N] at that time was measured and graphed. The result is the orange graph
as shown in Figure 5.2.
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Figure 5.3: The measuring instrument used in the load test. The disk rotates in the direction of
the arrow (in-plane).

Figure 5.4: Environment for the load test. The voxel is glued to the load testing machine.
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5.2 Structural Deformation Trajectory

The deformation of this structure is linked to the deformation due to the Ron Resch pattern
in the XY plane and the deformation of the torsional fold in the Z-axis direction. In order
to investigate the deformation of the Ron Resch pattern corresponding to the deformation
of the torsional fold due to the load in the Z-axis direction, a finite element method analysis
and a measurement experiment by motion capture were conducted. In this section, a graph
of the angle of rotation with respect to the displacement in the Z-axis direction is created,
and the error between the two is discussed by comparing the analytical and experimental

values in Chapter 6.

Finite Element Method Analysis

In order to show the rotation angle with respect to the displacement in the Z-axis direction,
the deformation trajectory was analyzed by ANSYS’s finite element method analysis under
the same analysis conditions as in Section 4.2. A forced displacement of 100 mm was applied
to the wholly opened voxel to cause twist-fold deformation, and the trajectory of point is
measured to analyze as shown in Figure 5.5. The result is the blue graph in Figure 5.6.

Motion Capture

In order to show the trajectory of the deformation of this structure as an experimental
value, measurement by motion capture was performed. A marker for observation by motion
capture was set at point A as shown in Figure 5.5, and a voxel was installed on the load
tester. The voxel boundary conditions for the load tester are the same as those for the load
test in Section 5.1. From the fully open state of the voxel, a displacement of 5 mm in the
Z-axis direction was applied by the load tester, and the rotation angle of the deformation
of the voxel at that time was measured. The result is the orange graph in Figure 5.6.
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Figure 5.5: Measurement by motion capture. Point A is the observation point.
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Figure 5.6: Graph of analytical and experimental values of the rotation angle of the structure
against displacement.
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5.3 Bistability and Poisson’s Ratio

As described in Chapter 3, the torsional fold used in this structure is deformed via bending
so that bistability exists. Even in this structure, the LETA placed on the polygonal line is
used as a spring to allow bending. Hence bistability behavior can be seen due to the reaction
force of the spring. In this section, to evaluate this structure’s bistability, stable state mode
A and mode B are shown using the graphs depicted in the finite element method analysis
and the experiment with the load tester performed in Section 5.21. Then, the Poisson’s
ratio between the analysis and experimental values is calculated from the bounding boxes
of the stable state modes A and B. Furthermore, the Poisson’s ratio from the maximum
compressed state of this structure is also calculated regardless of the stable state.

5.3.1 Bistability

In the experimental value of the load displacement curve shown in Section 5.1, the stable
state mode B is the point where the load becomes 0 for the second time in Figure 5.6.
(When the load starts to be applied, the graph moves in the positive direction and later
to the negative direction. And the point where the load becomes 0 is the stable state). In
the experimental values, the load [N] became 0 when the displacement was 27.5 mm. It is
shown by a vertical orange line in the graph. On the other hand, the analysis value did not
give a point where the load [N] became 0. However, even in the analysis value, it is assumed
that the stable state mode B of the analysis site is the point that first approaches 0 after
the load is applied and that is closest to 0. Then, in the stable state mode B of the analysis
value, the displacement was 22.2 mm. It is shown by a vertical blue line in the graph. The
fact that the load did not reach zero will be discussed in a later section.

Bistability
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5.00

4.00

Load [N]

3.00

2.00

1.00

0.00
0 10 20 30 40 50 60 70 80 90 100

Displacement [mm]
Analysis value Mode B

Experimental value Mode B

—@— Analysis value —@— Average of experimental values (N=4)

Figure 5.7: Graph of bistability trajectory values calculated from load and displacement versus
experimental values.
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5.3.2 Poisson’s Ratio

First, the Poisson’s ratio of the experimental value of this structure is calculated. As a
method of calculating Poisson’s ratio, it is calculated by the extension of the bounding box
surrounded by the dotted line as shown in Figure 5.8. The bounding box surrounded by
the dotted line appears when the blue square of B, which is a Ron Resch pattern, is rotated
around the red point A shown in the lower right of Figure 5.8. Because this structure is
three-dimensionally extended, the Poisson’s ratio in the XY and YZ planes as shown in
Figure 5.8 is calculated. For the YZ plane, since this structure has geometric symmetry, it
is assumed to be equivalent to Poisson’s ratio in the XZ plane.
First, Poisson’s ratio is usually expressed by the following formula:

£
v=—14 (5.1)
€L
At this time, € is obtained by calculating the vertical strain 4 and the horizontal strainey,

by the following equations:

Ad

Eq — 7 (52)
AL

e = T (53)

In these equations, assuming that ¢, is the vertical distortion and ey is the horizontal
distortion, and by substituting the values of the mode A bounding box and the mode B
bounding box shown by the dotted line as shown in Figure 5.8, the Poisson’s ratio can be
calculated:

v(zy) = —1
v(zz) = —0.202

The YZ Poisson’s ratio was calculated from mode B in the experimental graph. However,
when a further load is applied from the displacement reached mode B, the rigid materi-
als come into contact, and the deformation stops as shown in Figure 5.10. Therefore, the
Poisson’s ratio is also calculated at the position where the deformation has stopped. The
bounding box at the position where it stopped due to the contact generated by the defor-
mation of this structure as shown in Figure 5.9. Substituting the values into the equation
yielded:

v(yz) = —0.046

The Poisson’s ratio of the analysis value is calculated in the same way as the experimental
value. When the bounding box is calculated from the graph of the analysis values shown
in Section 5.3, mode B is Y = 258.34 and Z = 77.8. After substituting into the equation,
v(zy) and v(yz) can be obtained as follows:

v(xy) = —1
v(yz) = —0.362

All calculated Poisson’s ratios are rounded up to the fourth decimal place.

27



Z 247mm
A
—_ <
o N
§’ o
5 :
»Y(X)
--------- Bounding box
Mode A 285mm Mode B
X
X 8 A
I\ f B
3
> Y
> Y
Figure 5.8: Bounding box of the bistable state of this structure.
201mm
X X

wwiog

w1

Figure 5.9: This structure is compressed until the rigid materials are in contact with each other.
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Figure 5.10: The MDF board is in contact with the surface.
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Chapter 6

Discussion

In this chapter, we will discuss the results of the analysis and experiments performed in
Chapter 5. In Chapter 5, the bistability and Poisson’s ratio were obtained based on the
load-displacement curve analyzed and experimented, and the trajectory of the structure
was recorded by motion capture. Among them, there was a large error between the analysis
value and the experiment especially in the load displacement curve. In this chapter, we will
also discuss the evaluation of this structure centering on the load displacement curve.

6.1 Load Displacement Curve

The prominent features of the load-displacement curve obtained in Section 5.1 was shown in
Figure 6.1. By observing the difference between the analytical value and the experimental
value shown in area A, it can be seen that the entire graph of the experimental value has
a lower load than the analysis. It can be seen from the graph that the experimental value
is softer than the analysis value when the voxel structure is compressed from above in the
Z-axis direction. This structure is realized in the twisted fold with the Ron Resch pattern
and LETA, as shown in Chapter 3. In this paragraph, the Ron Resch pattern has a link
mechanism in the XY direction, and since the twisting and folding of each voxel constituting
this structure has no degree of freedom in the XY direction, it does not interfere with the
degree of freedom of the Ron Resch pattern. In other words, the compression reaction
force in the Z-axis direction is contributed by torsional folding. As shown in Chapter 3,
twisting folds causes bending of the entire structure in the process of fold deformation, which
produces half a force. In this structure, the deflection is absorbed by LETA, specifically
this LETA produces a reaction force. As shown in Section 3.4, the parameters of the local
beams that make up LETA contribute to the overall rigidity of LETA. In this experiment
and analysis, the LETA design parameters were set to the same values in both, so it is
probable that a manufacturing error occurred in the structure used in the experiment.
Thus, we measured the parameters of the local beam of the structure actually used.
Subsequently, the thickness a of the local beam was 0.85 mm as shown in Figure 6.2. Since
the parameter at the design stage is 1.4 mm, the thickness of 0.55 mm has disappeared.
This is a burnout caused by a laser cutter. A laser cutter is a device that cuts the material
by burning the material with a laser, so it can be said to be the thickness of the laser.
Thus, considering the thickness of the beam that will be burnt down by the laser, we
manufactured a voxel with an actual measurement value of 1.4 mm and obtained a load
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Figure 6.1: The part of the load variation curve to be discussed.

IINIE

Mitutoyo

Figure 6.2: Measured local beam thickness of the structure used for the experiment in Chapter 4.
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Figure 6.3: Load-displacement curve of LETA based on actual measurements.

displacement curve.

The graph is shown in Figure 6.3. In the graph, the average of the gap band between
the measured value and the analyzed value approached 0.91 N. Other possible reasons for
the inconsistency in the results of Figure 6.3 are the mass of the material itself and the
unevenness of the burnt surface of the beam due to the laser. The actual mass of the
material was 50 g. In other words, about 0.49 N is not taken into consideration in this
analysis. Furthermore, the burnt surface is not smooth, and there are irregularities due to
manufacturing errors, and it is considered that there are some places where the actual beam
thickness is thin, although it is a small amount.

Secondly, b in Figure 6.1 will be discussed. In the area b, the slope of the load graph
starts to rise sharply when the displacement is around 85 mm. We considered that this is
because the boundary condition of the finite element method does not consider the contact
of the structure. The contact from 75 mm of the displacement of the structure subjected
as shown in Figure 6.4 to the load test.

From 80 mm to 95 mm, the beams of LETAs and the surface of the structure and LETAs
are starting to come into contact with each other. When the rigid bodies come into contact
with each other, the graph of the load of deformation of the structure evaluates the hardness
of the material. On the other hand, since the contact is not considered in the analysis value,
the reaction force of LETA is reflected in the graph, and a linear graph appears. This is
considered to be the cause of the characteristic of b.

Finally, ¢ in Figure 6.1 will be discussed. The gap between the analysis value and the
experimental value of the bistability of ¢ is 2.5 mm in displacement, which is not a large
value compared to a and b. However, when considering the effect, it can be considered
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Figure 6.4: Structural contact due to displacement.
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Figure 6.5: Beam collision at displacement of 22.5 mm
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that the contact of the LETA beam shown in Figure 6.4 has an effect. With reference to
the graph as shown in Figure 6.1, the analysis value shows the lowest value of mode B
with a displacement of 22.5 mm. The state of the voxel structure at this time is shown in
Figure 6.5. Hence, the contact of the local beams of LETA has already occurred, and it is
considered that the friction of the contact between the beams causes an error with respect
to the displacement of the bistability.

6.2 Application Discussion

In this thesis, we have proposed a three-dimensional auxetic material that can be manu-
factured by two-dimensional plane processing, however there are some points that must be
discussed when actually considering the application of this structure. First is the mecha-
nism of the Ron Resch pattern. In this thesis, one voxel was manufactured on a cubic scale
with a side of about 100 mm and evaluated, but the current mechanism mainly limits the
reduction of the structural scale. Presently, auxetic materials have emerged in the field of
expression, and although the scale of the structures used in those fields is relatively large,
they were originally studied on the scale of materials.

Also, in this thesis, the mechanical mechanism is used for deformation, hence, it depends
on the axial force of bolts and the like. Also, when viewed from the scale of the entire
structure, LETA is also composed of minute beams, however even if the problem of the
mechanism is solved, it will be the overall scale on which the establishment of LETA is a
prerequisite. Furthermore, due to the mechanical mechanism and the use of LETA, which
is an elastic body, there are many degrees of freedom in the entire structure. Even if you
deform what you actually manufactured, you can feel the freedom of the entire structure to
sway in all directions. On the other hand, in order to actually use the deformed structure
such as auxetic material in products, it is desirable that the deformed structure before and
after the deformation is fixed. In reality, it is often used by adding a mechanism such as
an off-the-shelf product that temporarily holds the deformed state.Under such conditions,
the structure has the property of bistability, so that the state of compression and expansion
can be fixed.

However, since the appearance of bisstability depends on the reaction force of LETA, it
is necessary to optimize the structure for each application with the degree of freedom and
bisstability given to the entire structure.

We are considering these points and the application of the characteristics including the
scale of the structure realized in this thesis at present, it is considered appropriate that a
strong force is not applied from the outside in the expanded state. Since the bounding box
of the structure becomes very thin in the compressed state, it is suitable for efficiency of
delivery and transportation, also there is a possibility that it can be used as an advertising
tower or lighting that expands after delivery to the site.
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Chapter 7

Conclusion

This paper proposed a model of a three-dimensional auxetic structure that can be man-
ufactured by two-dimensional plane machining.For the structure that realizes the three-
dimensional negative Poisson’ s ratio that has already been proposed to realize this struc-
ture, Chapter 3 propose a model that can be manufactured with a flat surface processing
machine so that it can be applied to relatively large buildings and furniture. This structure
was used LETA for cylindrical twist folding. LETA is a structure that gives elasticity to the
material by inserting a repeated cut pattern. In the case of cylindrical twist folding, it is
necessary to absorb the bending in the process of deformation, and it was made possible to
deform by inserting LETA into the bent line part of this structure. The structure proposed
by LETA by absorbing the deflection has bi-stability, and the structure could be realized
only by two-dimensional plane processing. Furthermore, in this paper was evaluated this
structure by analyzing and experimenting with the items of load displacement curve, de-
formation trajectory of structure, Poisson’ s ratio, and bistability. The load-displacement
curve shows what kind of reaction force is applied to the load in the Z-axis direction of the
structure by the LETA parameter. This paper was demonstrate how the rotation of the
Ronless pattern affects the displacement of the structure in the Z-axis direction depend-
ing on the deformation trajectory of the structure. The Poisson’ s ratio and bistability of
this structure were also obtained from the experimental and analyzed values of the load-
displacement curve. The achieved structure has a high compression ratio and bistability.
However, the degree of freedom of LETA as an elastic body generated a degree of freedom in
the entire structure.The actual application of this structure will require optimization of the
LETA design parameters for the elastic modulus and the degrees of freedom of the entire
structure.
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