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Abstract

Kirigami – the Japanese art of paper cutting – is used extensively as a design philosophy for stretchable
and morphable structures. An array of cuts on a thin planar sheet creates a structure that can morph
into a 3D pattern on applying an in-plane uniaxial load. This type of structure is called a kirigami
metasurface. A subset of this type of structure is a buckling-induced kirigami metasurface that displays
an in-plane and out-of-plane deformation response when an in-plane tensile load is applied. This
metasurface type is multistable and displays a snap-through behaviour. The angles at which the cuts
are made are one of the main influences behind the proportions of these in-plane and out-of-plane
deformations.

Cut patterns for these kirigami metasurfaces are specified with respect to the loading direction. For
example, linear cut patterns contain periodically spaced linear cuts perpendicular to the loading direction,
and angular cut patterns contain periodically spaced angular cuts in the form of the legs of an isosceles
triangle, with its median parallel to the loading direction.

Traditionally, stiff materials with low operating strain ranges are used to manufacture angled cut pattern
kirigami metasurfaces. This work incorporates the use of high-toughness thermoplastic elastomer and
fused filament fabrication (FFF) to manufacture metasurfaces with higher operating strain ranges. The
influence of varying the cut pattern’s geometric parameters on the metasurface’s overall mechanical
response is studied. Digital Image Correlation is used to quantify this out-of-plane mechanical response,
and the effects of manufacturing using FFF on the bistability of the kirigami metasurface are analysed.

The results showed that the 30-degree angled cut design gave the highest out-of-plane displacement
relative to the size of its spikes. This angled cut design also gave the highest projected area amongst
the other angled cut design types. The maximum projected area of this 30-degree angled cut design
is 2.9 times greater than a similarly sized linear cut sample.

An outcome of this work is to be the starting point for the use of FFF additive manufacturing and its
design and material deposition freedom to tailor the response of the unit cells of an angled-cut kirigami
metasurface. It also highlights the potential for using the angled cut design over the linear cut design
for aerodynamics applications where local drag generation is favourable.
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1
Introduction

1.1. Origins and Etymology
Origami is the ancient Japanese art of transforming planar 2D sheets of paper into 3D sculptures with
varying topologies using folding [27]. The origins of the word come from the Japanese language, with
ori meaning ”to fold” and kami meaning ”paper”. Kirigami is a variation of origami in which planar
sheets are cut and folded into 3D designs without using any adhesives. The origins of this word come
from Kiru, which means ”to cut” in Japanese. An artistic example of a Kirigami pop-up is shown in
Figure 1.1.

Figure 1.1: An Artistic Kirigami Pop-up [1]

1.2. Structural and Material Applications
Kirigami techniques have been adopted for design applications ranging from highly stretchable devices,
Figure 1.2, to morphable and transformable structures, Figure 1.3. In these examples, an array of cuts
are made on stiff planar sheets. Upon applying a tensile force, these planar sheets display a highly
stretchable behaviour, many times greater than the actual stretchability of the material.

1
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Figure 1.2: Stretchable Kirigami
a. Drafting Paper Kirigami [2] | b. Graphene Kirigami [3]

Examples of morphable and transformable structures using kirigami are shown in Figure 1.3. Here,
compressive forces are applied at the end tabs of silicon nanomembranes with specialised cuts. These
nanomembranes then morph into a desired 3D pattern.

Figure 1.3: Morphable and Transformable Kirigami [4]
Compressive forces applied at the edge tabs lead to shape morphing for silicon nanomembranes.

Scale bars: A–E, 200 μm

These research studies have shown that morphable kirigami 3D patterns can be formed without folding.
Instead, using planar sheets with an array of cuts is sufficient.
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What is a Lattice? How is it relevant to Kirigami Structures?
A lattice is a regular and repeated arrangement of unit cells. A unit cell is the smallest unit of a lattice,
representing the periodic repeating arrangement. If a periodic array of cuts is made on a planar sheet,
the shape and size of an individual cut will represent a unit cell, and the corresponding sheet in which
the cuts are made will represent the lattice. Examples of such lattices can be seen in Figure 1.4.

Figure 1.4: Kirigami Lattice Structures [5–7]

These lattice surfaces generated by making the periodic cuts are kirigami lattice structures. As seen in
Figure 1.4, a variety of unit cell cut types are possible for kirigami lattice structures. The type of cut
unit cell chosen would depend on the desired response expected from the resulting kirigami structure.
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1.3. Kirigami Metasurfaces
What are they? How do we define them?

The use of kirigami in structural applications primarily stems from the potential to program the mechanical
response of a material [28]. As shown in the previous sections, this can be done in the form of cuts
made, in a periodic array of unit cells, on planar surfaces to allow for the creation of hierarchical and
morphable metamaterials [29]. These kirigami lattice structures now represent kirigamimetasurfaces
as they allow for mechanical properties that differ from the actual mechanical property of the material,
such as greater apparent breaking strain or a negative Poisson ratio [29, 30]. The mechanical properties
of such metamaterials can be controlled by varying the orientations of the cuts on the planar sheet.

To summarize, a definition for kirigami metasurfaces can be given as follows:

”A kirigami metasurface is a flat elastic sheet perforated with
an array of patterned cuts.”
This definition is adopted from a research journal blog [16], which focuses on the use of kirigami
metamaterials for mechanical applications.

1.3.1. Types of Kirigami Metasurfaces
A brief description of how lattice-based kirigami metasurfaces behave under an applied load can be
given as follows. When a uniaxial tensile load is applied, the initial deformations are localized around the
hinges separating adjacent cuts. Then, based on the cut unit cell geometry and the ratio of the hinge
width to sheet thickness, the mechanical behaviour of the metasurface changes. A hinge in a kirigami
metasurface is the solid space between subsequent cuts. An example can be seen in Figure 1.5. A
more detailed description of the mechanical behaviour and the mechanics involved will be provided in
chapter 2.

Figure 1.5: The hinge locations and their widths, highlighted in a linear cut pattern kirigami metasurface [2, 8]

Based on the mechanical response observed, kirigami metasurfaces are classified as either:

1. Planar kirigami metasurfaces

2. Buckling-induced kirigami metasurfaces
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Planar Kirigami Metasurfaces

As the name suggests, planar kirigami metasurfaces display a deformation behaviour primarily in
the in-plane direction. This class of metasurface is primarily limited to unit cells containing mutually
orthogonal cuts. They display highly stretchable behaviour and are monostable. If kept within their
loading range, they retain their undeformed configuration after removing the load. The main types of
planar kirigami metasurfaces can be seen in Figure 1.6.

Figure 1.6: Planar Kirigami Metasurfaces [5–7, 9, 10]

They are categorized based on the unit cell geometry. The behaviour of these metasurfaces can be
briefly described as follows:

Rotating squares are created using an array of orthogonal linear cuts in a thick elastic sheet. This
type of metasurface exhibits an auxetic behaviour characterized by an effective Poisson’s ratio of -1.

Fractal cuts: These are generated by when cuts divide the unit cells into self-similar domains, these
domains can continuously be cut to create a hierarchical kirigami metasurface. These hierarchical
cut patterns into material based on the rotating squares generate extremely large strains and shape
changes [5, 6].

Symmetry: These types of cut geometries expand upon the concept of rotating squares. The concept
involves a number of lines placed over a grid with small spacings between them to preserve the
connectivity of the structure. A similar template can be applied to other grids and symmetry groups
to create different designs for rotating units. For example, in Figure 1.4, the symmetry unit cell cut
allowed for a planar kirigami structure with nearly isotropic negative Poisson’s ratio [7].

Geometric motifs: This cut pattern is based on architectural geometric motifs. These cut patterns
are based on a variant of rotating squares and triangles. They exhibit simultaneous auxetic behaviour
and multistability [10]. The example shown in Figure 1.4 allows for the locking of the deformations
after the load is released.

Inverse design: These cut patterns are generated to enable shape-shifting from an initial geometry
into a target shape. The target shape is the starting point and computer algorithms generate a kirigami
pattern from the rotating squares unit cell to reach the final target shape [9].

Buckling-Induced Kirigami Metasurfaces

This class of metasurfaces are not limited to in-plane behaviour. Applying a uniaxial tensile load on this
type of metasurface causes their ligaments to buckle out-of-plane. These kirigami metasurfaces are
not only highly stretchable, but their out-of-plane deformation leads to the formation of 3D patterns.
In this way, they differ from planar kirigami metasurfaces that primarily deform in-plane. Another
way in which they differ from planar kirigami metasurfaces is their stability. Buckling-induced kirigami
metasurfaces can exhibit multistability. Different deformation modes can be dominant depending on
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the spacing and size of the cuts in a particular cut pattern. Numerous types of buckling-induced kirigami
metasurface cut patterns are possible. Figure 1.7 shows some common types.

Figure 1.7: Buckling-Induced Kirigami Metasurfaces [11]

In a perfect sample, there is no preferential direction for the out-of-the-plane popping of the unit cells
due to the symmetry of the cut pattern. However, the presence of imperfections in an actual may
lead to a non-uniform distribution of unit cell popping. These stabilities and popping directions will be
explored more deeply in chapter 2.

Another critical consideration for buckling-induced kirigami metasurfaces is sheet thickness. Thin
planar sheets allow for the exploitation of local elastic instabilities at the hinges, allowing the sheets
to transform into complex 3D configurations upon stretching [29]. Therefore, the thinner the sheets
used, the easier it is to induce buckling and allow for out-of-plane deformation.

1.3.2. Materials and Techniques predominantly used to manufacture
buckling-induced kirigami metasurfaces

Since a low sheet thickness is preferred, malleable materials such as steel or stiff polymeric materials
like polyester, that can be drawn into thin sheets are generally used [11, 14, 28, 31]. An array of cuts,
embedded in these thin, flat sheets, allow for their transformation into kirigami metasurfaces. These
cuts are usually made using laser cutting, as this subtractive process allows for precise and minuscule
cuts.

A caveat of using such stiff materials is their low-breaking strains. Kirigami metasurfaces made using
such materials have a low critical strain. This low critical strain restricts their allowable strain range of
operation. Therefore, their applications are often limited to low-strain applications.

A caveat of using laser cutting is that it can cause warping around the cut edges and change the material
properties locally due to heating. These defects can unintentionally bias the direction of popping of
the unit cells.
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1.4. Using Tougher Materials and Additive Manufacturing
Compared to stiff materials, tougher materials such as elastomers would allow for higher critical strains.
This would also mean a greater allowable strain range of operation. Thin sheets made of stiff materials
are more likely to deform plastically at the hinges during a strain cycle due to stress concentrations
from potential defects. Tougher materials are more forgiving in this regard and would allow for greater
structural integrity at the hinges during a strain cycle.

Additive manufacturing (AM) is a process where geometries are built up in a layerwise fashion. When
AM is applied to kirigami metasurfaces, the cuts are built into the design while manufacturing. Compared
to subtractive processes like laser cutting, where localized melting is used to generate the cuts, in AM,
no material is taken away. This allows for greater manufacturing control of the cut edges. Hence, the
use of tougher materials and AM make an interesting use case for high-strain, controllable kirigami
metasurfaces.

1.5. Aerodynamic Applications: Flow control using Surface Texturing
Surface texture is defined as the local deviation of a surface from a perfectly flat plane [32]. In flow
applications, surface texturing is often used to reduce skin friction and provide a slip condition at the
surface. This surface texturing mechanism has also been observed in biological species. An extensively
studied example of this is the shortfin Mako shark, whose skin is covered with a series of overlapping
denticles [12, 13]. The tiny flat V-shaped scales, shown in the top view of Figure 1.8, are called the
denticles.

Figure 1.8: Shark Scale Morphology [12, 13]
The top and sectioned side view of the scales/denticles are shown

These denticles have been observed in locations of the shark body where the fluid flow exhibits an
adverse pressure gradient past the location of maximum girth. At these locations, the fluid is more
prone to flow separation. The denticles exhibit a unique geometry combining streamwise riblets with a
flexible scale structure, which can bristle and change the denticle angle [33]. Both these components
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have been shown to provide drag reduction. These scales are compared to a bristle trapping flow that
is reversing in direction, thus preventing flow separation [34].

Similarities between shark skin and kirigami metasurfaces
These flexible shark scales and their ability to vary their angle of attack with respect to the incoming
water stream help in the flow steering. One thing to note is that angular cut pattern, buckling-induced
kirigami metasurfaces, as shown in Figure 1.9, are quite similar in design and function to these shark
scales. They morph from a planar to a 3D shape upon loading and do so in a controlled manner.

Figure 1.9: Angular cut pattern kirigami metasurfaces used as shoe grips [14]

On observing these similarities between kirigami metasurfaces and hydrodynamically efficient shark
skin, the following questions come to mind:

• Can these morphing kirigami metasurfaces be used for aerodynamic applications?

• Can they also allow for flow control?

• And what kind of drag forces can they generate?



2
Literature Review

This chapter reviews the existing literature with the objective of summarizing the work that has already
been done in the research space. It also provides a basis for the current work being carried out in
this thesis. This literature review will focus on research pertaining to kirigami metasurfaces created
using an array of cuts on planar sheets and without the use of folding. Another focus will be
buckling-induced kirigami metasurfaces subject to tensile loading.

The chapter starts by explaining how such a kirigami metasurface is created and the mechanics behind
its out-of-plane transformation behaviour.

2.1. Structural Mechanics of buckling-induced kirigamimetasurfaces

A pattern of cuts made to a planar sheet induces a mechanical instability that creates a kirigami
metasurface. Exploiting these local elastic instabilities allows the transformation of the metasurfaces
from planar 2D into a 3D pattern when stretched. These instabilities also lead to a bistable configuration
that can either cause a clockwise or counterclockwise out-of-plane deflection. This directionality can
be biased by applying an initial load in the desired direction [8, 21], as shown in Figure 2.1.

Figure 2.1: The system chooses a favourable configuration by bending out-of-plane. It can do so in either clockwise or
counter-clockwise direction [8]

2.1.1. Why do mechanical instabilities occur?
Thin structures are highly susceptible to instability, primarily due to their tendency to deform by bending
[35]. The simplest reduced-order model of a thin structure is a rod. To understand how a thin structure
deforms, let us consider the strain energy of this thin elastic rod. Reduced-order models of slender
structures (rods, plates and shells) generally use a standard form: a stretching energy 𝒰𝑠, which
accounts for extension or compression of the middle surface of the rod and is linear in the rod thickness,
ℎ, and a bending energy 𝒰𝑏, which accounts for the curvature change of the deformed rod and is
dependent on ℎ3. The strain energy of the thin rod can then be given as [35]:

9
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𝒰 ∼ 𝑌∫𝜀2 d𝜔
⏝⎵⎵⏟⎵⎵⏝

𝑈𝑠

+𝐵∫𝜅2 d𝜔
⏝⎵⎵⏟⎵⎵⏝

𝑈𝑏

(2.1)

where 𝑌 = 𝐸ℎ/ (1 − 𝜈2) is the stretching rigidity, 𝐵 = 𝐸ℎ3/ [12 (1 − 𝜈2)] is the bending rigidity, 𝜈 is the
material’s Poisson’s ratio, and d𝜔 is the area element. Comparing the bending and stretching energies,
we see that 𝒰𝑏/𝒰𝑠 ∼ ℎ2(𝜅/𝜀)2, where 𝜅 is the average curvature induced by bending the rod, and 𝜀 is
the average strain induced when the rod is stretched.

Because the rod is thin, we can approximate that the average strain, 𝜀, is extremely small.This indicates
that the bending energy is much lesser than the stretching energy. Therefore, it would be much easier
to bend a thin structure than it is to stretch it, as the system favours lower energy.

This insight helps explain why thin structures are prone to instability. If you try to shorten the length
of a thin rod by compressing it, the rod would much rather bend than be compressed, and to
bend, it must buckle.

Figure 2.2: Principal stress contours on single cut of linear cut pattern kirigami metasurface [15]

Looking at the principal stress contours of the single cut in Figure 2.2, we can observe that there is an
in-plane compressive zone along and around the internal boundary along the cut, highlighted by the
yellow ellipse at the stress contours, in Figure 2.2. If we assume the longitudinal edges, that bound
this cut, as thin rods subjected to a compressive force. We can then understand why the rods would
much rather bend than be compressed, as explained previously. For this bending to occur, the rods
must first buckle.

Due to this buckling behaviour, the overall lattice structure is energetically metastable with two local
minima. It therefore exhibits a snap-through behaviour [17]. Each local stable state is associated with
a corresponding structural configuration. This structural configuration is based on geometric specifics
of a cut pattern. By applying an external perturbation or biasing, we can manipulate the unit to switch
between the two stable configurations.
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2.1.2. General Deformation Behaviour
The general deformation behaviour of buckling-induced kirigami metasurfaces can be explained using
the simplest unit cell cut type. The unit cell geometry for this cut pattern can be seen in Figure 2.3.
It consists of linear parallel cuts hexagonally arranged perpendicular to the loading direction. Due to
its multistability, the structure can adopt multiple shapes when stretched by varying the spacing and
dimensions of the cuts.

Figure 2.3: Linear cut pattern kirigiami unit cell

The tensile response of kirigami metasurfaces with linear cut patterns consists of three regimes, as
demonstrated by Isobe and Okumura [3], consists of three deformation regimes. These regimes can
be seen in Figure 2.4.

Figure 2.4: Force-Displacement response of buckling-induced kirigami metasurfaces [3, 16]

In the initial regime, the response is linear, and hinges bend in-plane under small, applied deformation
without rotation. As shown in Figure 2.5, the in-plane bending causes the centre line of the segment
to deflect in-plane by a distance of 𝛿1.
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Figure 2.5: In-plane bending without rotation in the first regime [3]

In the second regime, the response shows a sudden departure from linearity to a large plateau region
caused by out-of-plane deformation with rotation. As shown in Figure 2.6, the out-of-plane bending
causes the centre line of the segment to deflect out-of-plane by a distance of 𝛿2 and rotate by an angle
𝜃. This region starts as the ligaments begin to buckle, as demarcated by a line in Figure 2.4.

Figure 2.6: Out-of-plane bending with rotation in the second regime [3, 17]
Front and Lateral views

At the final regime, for a large enough applied deformation, the force rises again, and the deformation
mechanism of hinges changes from bending to stretching. At this stage, the stress rises sharply, and
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localized zones of intense plastic strain develop at the hinges.

A key thing to note is that almost all buckling-induced kirigami metasurfaces share the same deformation
behaviour pattern. This makes them a robust platform for designing programmable structures with
predictable responses irrespective of their cut geometries [16].

Deeper investigations of the mathematics and local mechanics behind linear cut pattern
kirigami metasurfaces [16]

Several mechanicians have investigated the local mechanics of this cut pattern type and related them
to this kirigami metasurface’s global behaviour. Dias et al. [15] studied the connections between this
kirigami pattern and the mechanics of a single, non-propagating crack in a sheet. Yang et al. [17]
proposed an excess angle cone as the most fundamental geometric building block of buckling-induced
kirigami metasurfaces with a linear cut. Investigations were also done correlating the types of buckling
configurations to the cut pattern geometric parameters [17]. Sadik and Dias [36] used a reduced
two-dimensional plate model of a thin circular disk with a radial slit and unravelled its deformation
map following the opening of the slit and the rotation of its lips. Sadik et al. [37] followed up and
further expanded this work using stretchable creased solutions. These works explain the non-linear
mechanics of this type of kirigami metasurface. These fundamental behaviours are governed by the
nonlinear mechanics of thin frames [35, 38]. They can be used to tune and control the direction of
popping and program the multistability of the kirigami metasurface.

These, however, are not required for the scope of this thesis work. Beam theory and beam approximations
are sufficient to theoretically derive the global force and stiffness of a symmetric buckling-induced
kirigami metasurface. Hence, they will be employed in the upcoming subsections.

2.1.3. Linear Cut Pattern Kirigami Force Analysis
Linear cut pattern kirigami are single incision patterns comprising parallel cuts, used to make a kirigami
metasurface as shown in Figure 2.7. To analyse the forces of such a kirigami system, we assume
beam deflection to predict the forces induced due to the bistable configuration. The characteristic
geometric parameters are represented as follows. 𝐿𝑐 is the characteristic cut length, x and y represent
the distance between subsequent cuts in the x and y directions.

Figure 2.7: Linear cut pattern Kirigami Geometry[8]

When this sample type is stretched in the in-plane y-direction, the instabilities created because of the
cut geometry, cause a shear effect along the length of the cut. Therefore, there is sample elongation
accompanied by a decreasing width. As shown in Figure 2.8, the highlighted section, consisting of a
portion of the cut length and the subsequent row, are approximated as a set of two beams connected
in series.
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Figure 2.8: Beam Approximation [8]

The single section circled in Figure 2.8 is approximated as two smaller joined beams of lengths 𝐿𝐶−𝑥
4 ,

as shown at the left of Figure 2.9.

Figure 2.9: Free body diagram of the fixed-fixed end beam and cantilever beam model [18]

Each of these smaller fixed-fixed end beams can be assumed as single free-end cantilevers joined
together at the free ends and fixed at the other end as shown in Figure 2.9.

Now that these approximations are made, we can use beam theory to find the deflection (d) and the
stiffness (k) of each beam using the following equations:

𝑑 = 𝑓𝐿3
3𝐸𝐼 (2.2)

𝑘 = 𝐸𝐼
𝐿3 (2.3)

where f is the force acting on a beam, L is the beam length, E is the Young’s modulus of the material
used, and I is the moment of inertia, given by:

𝐼 = 𝑤𝑡3
12 (2.4)

where w is the beam width, and t is the thickness in the direction of deflection. Therefore, deflection
is now given as:

𝑑 = 4𝑓𝐿3
𝐸𝑤𝑡3 (2.5)

Since the two beams are connected to each other in a series configuration, the total beam deflection
is given as:

𝑑beam,total = 𝑑beam 1 + 𝑑beam 2 = 2𝑑beam 1 =
8𝑓𝐿3
𝐸𝑤𝑡3 (2.6)
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From Equation 2.5, we can rearrange the equation to solve the force on the beam, as a function of the
deflection:

𝑓 = 𝑑𝐸𝑤𝑡3
4𝐿3 (2.7)

If we substitute the characteristic geometric parameters of the kirigami unit cell, we get the beam
length as L = 𝐿𝐶−𝑥

4 . Substituting this beam length and the total beam deflection from Equation 2.6 in
Equation 2.7, we get the force on the beam as:

𝑓beam = 𝐸𝑦𝑡3

4 ( 𝐿𝐶−𝑥4 )
3 =

8𝐸𝑑𝑦𝑡3

(𝐿𝐶 − 𝑥)
3 (2.8)

To calculate the force acting on the entire kirigami metasurface, we consider the beams along the width
(x - direction) and the length (y-direction) of the sample. The beams along a particular row (in the
x-direction) are connected in parallel. The force per row is given as:

𝑓row = 𝑁𝐵 , 𝑓beam (2.9)

where 𝑁𝐵 is the number of beams per row, in the x-direction. In the y-direction, beams from each row
are connected to the next row in series. Now, the total force is given as:

1
𝐹Total

= 𝑁rows
𝑓row

(2.10)

where 𝑁𝑅 is the number of rows along the y-direction. Combining all the equations shown above, we
obtain the total force in terms of the characteristic geometric parameters of the kirigami unit cell.

𝐹Total =
𝑓row
𝑁rows

= 𝑁𝐵′𝑓beam
𝑁rows

= 8𝑑𝑁𝐵′𝐸𝑦𝑡3

𝑁rows (𝐿𝐶 − 𝑥)
3 (2.11)

Using the above total force equation and Equation 2.3, we get the total stiffness (𝐾Total ) as:

𝐾Total =
𝑁𝐵
𝑁row

𝑘 = 16𝑁𝐵𝐸𝑦𝑡3
3𝑁row (𝐿𝐶 − 𝑥)3

(2.12)

Using these equations [2.11, 2.12], buckling-induced kirigami metasurfaces can be designed based
on the desired mechanical response. This can be done by optimizing the material choice and the
characteristic geometric parameters of the cut pattern. These beam approximations can also be
adapted to other types of cut patterns.

2.1.4. Angular Kirigami Cut Pattern Force Analysis
As stated in the previous section, the beam approximations for the linear cut pattern can be adapted
for this angular cut pattern. This is done by adapting the characteristic geometric parameters shown in
Figure 2.7 to those that define an angular kirigami cut pattern. We see this adaptation in Figure 2.10.
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Figure 2.10: Schematic diagram of the beam model with the characteristic geometric parameters of a triangular unit cell
[18, 19]

The main difference from the previous cut pattern type is the adaptation of the characteristic cut length
(𝐿𝑐), from Figure 2.7, which is now 2𝑙 sin𝜃 for the triangular cut pattern. The beam length therefore
changes from 𝐿𝐶−𝑥

4 , as shown in Figure 2.9, to 2𝑙 sin𝜃−𝑥
4 , as shown in Figure 2.10.

Substituting the adapted characteristic cut length in Equation 2.11 and Equation 2.11, the total force
and the total stiffness for this kirigami cut pattern type, is now given as:

𝐹Total, Triangular =
𝑁𝐵
𝑁row

𝑓 = 8𝑁𝐵𝐸𝑑𝑦𝑡3
𝑁row (2𝑙 sin𝜃 − 𝑥)3

(2.13)

𝐾Total, Triangular =
𝑁𝐵
𝑁row

𝑘 = 16𝑁𝐵𝐸𝑦𝑡3
3𝑁row (2𝑙 sin𝜃 − 𝑥)3

(2.14)

These total equations [2.11, 2.13], used to analyse the forces on these kirigami metasurface structures,
are only theoretical. In experimental practice, several factors, such as uneven cut finishes, material
defects and unaccounted edge effects during testing, could contribute to a higher loading when
measured experimentally.

2.1.5. Explaining the Buckling Behaviour
These equations relating the force to displacement do not consider the deformation experienced by the
whole sample due to buckling and torsion. Instead, these equations show how the force is affected by
the unit-cell geometry [21].
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When the applied in-plane tensile load on the kirigami system, exceeds the critical buckling load at the
hinge section (represented as beams in the previous section), the initial planar sheet starts to deform.
Exceeding the critical buckling load, marks the onset of buckling, where the initial elastic linear regime
transitions to the second, nonlinear regime [21]. And as a result of mechanical bistability generated
due to cut pattern, the kirigami metasurfaces display an out-of-plane deflection during this deformation
process.

2.2. A Review of the Existing Work
A short preface before going forward. As seen in section 2.1, a buckling-induced kirigami metasurface
can be created using a pattern of cuts that induce mechanical instability in a planar sheet. Now, the
types of kirigami cut patterns are infinite and are only restricted by one’s imagination. This literature
review will focus on a few types of cut patterns extensively used in research works and will highlight
the reasons why such cut patterns are primarily used.

2.2.1. Research works using linear cut patterns
Linear cut patterns encompass the types of kirigami cut that consist of single incision parallel cut
patterns aligned perpendicular to the applied tensile forces. These cuts are usually placed in a centred
rectangular arrangement, as shown in Figure 2.1.

An application of such a cut pattern was used to enhance film adhesion in Zhao et al. [20]. This
work used silicon-based film substrates to create a kirigami film with a linear cut pattern. A linear cut
pattern kirigami , along with soft silicon material, was used for this application as this combination
greatly enhanced the critical strain the film would detach from the substrate. This critical strain is
essential, as film adhesion to substrates is usually prone to delamination failure when the substrates
are highly deformed.

Figure 2.11: Schematic diagrams of a.) Film detachment of a continuous film
b.) Use of Kirigami cuts to enhance the critical strain for delamination and the reasons for it’s better bonding [20]
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Figure 2.11 a, shows how a regular, continuous film on a substrate detaches due to delamination when
there is an excess deformation. Figure 2.11 b, shows how the linear cut pattern kirigami in the film
enhances the film adhesiveness, owning to:

1. The shear-lag effect of the film segments. This reduces the energy release rate compared with
the continuous film and allows the film to bear a larger stretch prior to debonding.

2. Only a partial debonding at the film segment edges, as highlighted at the edges in Figure 2.12.

3. The kirigami films’ compatibility with the substrates’ inhomogeneous deformation.

Figure 2.12: Partial debonding along the width edges [20]

As seen in Figure 2.13, the corresponding kirigami film maintains adhesion during cyclic bending of the
elbow, and the continuous film detaches.

Figure 2.13: Film behaviour during cyclic bending [20]

Such linear cut pattern kirigami films undergo deformation without delaminating from the base substrate,
as their ends can continuously stick to the substrate. In contrast, the regions at the centre with
the linear cuts undergo a high amount of strain and deformation and adapt to the inhomogeneous
deformation of the substrates. These patterns allow extensibility without plastic deformation due to
the soft material used and can retain their shape when the force is removed. Their capacity for high
strain allows them to adhere to the substrate. In addition, they allow for high amounts of in-plane,
axial strain along the direction of the applied force. These kirigami patches were made by pouring the
silicon resin into moulds. Since a soft material was used, it could be used cyclically without permanent
plastic deformations.
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Another research work uses linear cut pattern kirigami in the nano and micro-scale [21]. An oxygen
plasma etch creates the cuts on a multilayered graphene oxide nanocomposite. This work aims to
impart elasticity to the nanocomposites and increase their ultimate strain.

Figure 2.14: Microscale kirigami patterns [21]
Top: Schematic of the kirigami microfabrication process. (1) A nanocomposite is deposited on a solid substrate for patterning;
(2) photoresist is deposited and developed; (3) an oxygen-plasma etch through the nanocomposites creates kirigami patterns;

(4) nanocomposite sheet is detached from the substrate.
Bottom: Stretched Linear cut pattern Kirigami Nanocomposite

Figure 2.14 shows how the linear cut pattern was etched into the nanocomposite and what it looks like
when stretched. This pattern has allowed us to develop a comprehensive description of deformation
patterns taking place in the material. The original material without patterning shows a strain of
4% before failure; its deformation primarily stretches the individual nano-, micro- and macro-scale
cellulose fibres within the matrix (Figure 2.15, grey curve). The dashed blue curve in Figure 2.15
curve) represents a sample, a single cut in the middle of the sample.



2.2. A Review of the Existing Work 20

Figure 2.15: Stress–strain curves for the graphene kirigami sheet [21]

The green line in Figure 2.15 shows the behaviour of the kirigami sheet as it is stretched. In the purple
section, initial elasticity at <5% strain is before the tensile force exceeds the critical buckling force. As
the applied tensile force exceeds a critical buckling force, the initially planar sheet starts to deform as
the thin struts formed by the cuts open up. The secondary elastic plateau shown in the green section
buckling occurs at the struts as they rotate to align with the applied load, and deformation occurs
out of the plane of the sample. During the deformation process, kirigami- patterned sheets exhibit
out-of-plane deflection due to mechanical bistability. Finally, the alignment of the struts causes the
overall structure to densify perpendicular to the pulling direction, in the white section. Failure then
begins when the ends of the cuts tear and crease owing to high stress at these regions. These linear
kirigami cuts impart a massive increase in the ultimate strain of the sheets. The deformation behaviour
of this plot Figure 2.15, is quite similar to regimes shown in Figure 2.4

Research works using linear cut patterns and additive manufacturing
The tensile properties of a linear cut pattern, kirigami metasurface made using thermoplastic polyurethane
(TPU), and Fused Filament Fabrication (FFF) are investigated in Nakajima et al. [22]. The impact of
stacking sequence, slit size and thickness on the tensile properties was investigated. The specimens
produced and their dimensions are shown in Figure 2.16. A variety of stacking sequences [from 0/90
to -45/+45], slit heights (h) [1, 1.5, 2 and 2.5 mm] and sample thickness [1, 1.5, 2 and 2.5 mm] were
investigated. The dimensional specifics and the manufactured samples can be seen in Figure 2.16
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Figure 2.16: Geometrical specifics of the Kirigami sample [22]

The displacement response to the force can be seen Figure 2.17. Before the failure, these samples
were only 50 mm long and could be displaced to about 90 mm. We will not go into the tensile response
of the samples to the various factors tested for. Instead, it is more interesting to observe the sample
deformation behaviour during testing. A high in-plane and relatively low out-of-plane strain, as seen
in Figure 2.18.

Figure 2.17: Stress-extension curve for [90/0]4 kirigami specimens [22]
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This type of deformation behaviour shown in Figure 2.18 is characteristic of linear cut pattern kirigami
samples. A combination of the linear cut pattern with soft and tough materials leads to a high in-plane
strain response.

Figure 2.18: The kirigami specimen during testing, showing deformations: (a) front; (b) isometric; and (c) side views [22]

FFF was used in this work to tune the stacking sequence and infill pattern configurations for the samples.
The response of these factors on the tensile strength of the specimens was then quantified.

Summarizing the linear cut pattern kirigami behaviour and its application
areas
After reviewing the literature related to the linear cut pattern kirigami surfaces, we can briefly summarise
their behaviour as follows:

1. Most of the deformation behaviour for linear cut pattern kirigami patterns is in the direction of
the applied force, i.e. in-plane axial strain.

2. This type of kirigami surface shows a relatively low out-of-plane deformation.

If the goal of the required application is a high amount of strain for a relatively low out-of-plane
displacement, this kirigami cut type is beneficial. Additionally, if softer materials are used, they would
be able to retain their shape and allow for a greater elastic region. They would also be able to adapt
to inhomogeneous deformations. Stiffer materials would not display resistance to any deformation in
directions apart from the direction of the in-plane applied load. They have a lower elastic region and
show plastic deformations at the hinges for lower strains.

2.2.2. Research works using angled cut patterns
The main inspiration for this work comes from the research carried out in [14]. In this work, out-of-plane
buckling kirigami metasurfaces were designed, taking inspiration from claws and scales found in nature.
The goal of this work was to dynamically modulate friction using the out-of-plane displacement of
the kirigami metasurfaces. This work used a periodic array of cuts on steel sheets to generate
the kirigami metasurface patches. These patches were placed on the outsoles of shoes and would
buckle out-of-plane during a human gait cycle. Three types of unit cells were designed, as shown in
Figure 2.19, with the design goals geared towards optimal friction on various surfaces.



2.2. A Review of the Existing Work 23

Figure 2.19: Unit cell designs and the maximum principal plastic strains [14]

A linear buckling and non-linear post-buckling finite element analyses (FEA) were carried out on a
single unit cell, using periodic boundary conditions. The simulation was carried out using a uniaxial
in-plane tensile strain. The critical buckling mode is identified in the linear FEA, and the non-linear
post-buckling response of the system was simulated by introducing a slight imperfection (�0.005 of
the length) in the form of the critical mode into the initial geometry. The results of the out-of-plane
deflection(θ) vs the in-plane strain (in Y or the 22 direction) for the different unit cell designs can be
seen in Figure 2.20.

Figure 2.20: Out-of-plane deflection angle(θ) of the spikes plotted as a function of ε22 for the geometric design parameters γ
and δ/l [14]

After the uniaxial tensile simulation, the normal stiffness of the spikes was found by compressing the
stretched unit cells, as shown in Figure 2.19, with a rigid plate while keeping the four corners of the
unit constrained in the normal direction. This estimated out-of-plane stiffness (K33) for the 30-degree
cut angle (γ) spikes has been shown in Figure 2.21. It was also found that the triangular spikes
demonstrated the greatest out-of-plane stiffness amongst the other designs. This meant it would
provide the most resistance to an out-of-plane load.
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Figure 2.21: Effect of δ/l on the stiffness in the 33 direction (K33) of the kirigami spikes [14]

Summarizing the angled cut pattern kirigami behaviour and its application
areas
After reviewing the literature related to the angled cut pattern kirigami surfaces, we can briefly summarise
their behaviour as follows:

1. These kirigami metasurfaces display a relatively lower amount of in-plane strain in the direction
of the force as compared to linear cut kirigami surfaces.

2. They display a high out-of-plane deformation as a function of their cut angle.

If the goal of the required application is a controlled out-of-plane deflection, this type of kirigami cut
pattern is beneficial. The use of stiff materials for this type of kirigami cut pattern limits the elastic
strain levels that can be achieved. However, they allow for high out-of-plane stiffness. Research on
these types of angled cut pattern kirigami metasurfaces using soft and tough materials has yet to be
done thus far.

2.2.3. Research works using Kirigami for Aerodynamic Applications
In the work done by Gamble et al. [23], a method of aerodynamic control through surface texturing on
aircraft wings using multifunctional kirigami composites was investigated. Linear cut pattern kirigami
metasurfaces, manufactured using thin film thin-film gallium arsenide solar cells, were used to increase
the drag over the wings and subsequently control the aircraft’s yaw. Wind tunnel experiments were
also done to quantify the lift, drag and yaw moment. The study showed that these kirigami skins
on the wings demonstrated excellent yaw-control capabilities and allowed for a delayed aerodynamic
stall. This delayed stall behaviour indicated that the actuated kirigami features might delay the flow
separation. The kirigami geometry used can be seen in Figure 2.22 and the illustration of the kirigami
surfaces over the airfoil at different strains can be seen in Figure 2.23.

Figure 2.22: Illustration of the linear cut pattern kirigami and a close up of the kirigami solar film covering the airfoil [23]
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Surface texturing has been shown to reduce skin friction and provide a slip condition at the surface.
In addition, wing surface texturing using kirigami scale-like substrates allows for active drag steering
and possibly a delayed flow separation.

Figure 2.23: Illustration of the kirigami surface actuated at various strains over the airfoil [23]

During the wind tunnel testing, it was observed that as the kirigami surface was actuated, the lift curve
shifted downward, and the stall angle (angle of maximum lift) increased by two degrees, with the lift
curve experiencing a minor reduction. The plot is shown in Figure 2.24, where the numbers inset in
the plot, show the strain applied on the kirigami surface, i.e. the kirigami surface actuation.

Figure 2.24: Aerodynamic response of kirigami actuation [23]
(a) Coefficient of Lift vs angle of attack | (b) Coefficient of Drag vs angle of attack

The legend shows the level of applied strain on the kirigami metasurface

This work demonstrated that kirigami could effectively be used for drag steering and delaying flow
separation. Also, prior to the stall angle, increasing the strain on the kirigami sheet increased the drag.
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Figure 2.25: Side view of the deformed kirigami geometry in response to axial strain [23]

This out-of-plane deflection angle 𝜃, is derived geometrically as:

𝜃 = cos−1 ( 1
𝜖𝐴 + 1

) (2.15)

where 𝜖𝐴 is the applied axial strain [39]. The maximal strain applicable in this work is 0.29. Therefore,
the max calculated out-of-plane deflection 𝜃, angle is 39.18 degrees.
Linear cut pattern buckling-induced kirigami metasurfaces used on top of the wings can achieve drag
responses, as shown in Figure 2.24. The question that comes to mind is what kind of drag can angled
cut pattern kirigami metasurfaces, with their greater out-of-plane deformations, produce?
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Research Definition

This section will cover the research gaps found after reviewing the available literature, the objectives
of this research, the main research questions to be answered and a map of how the work was carried
out.

3.1. Research Gap
After reviewing the literature, a gap has been identified in the scope for additive manufacturing of
angled cut pattern, buckling-induced kirigami metasurfaces. Some key observations made are as
follows:

1. The use of Additive Manufacturing (AM) as a design feature in the creation of kirigami metasurfaces
has yet to be done. The scope for tuning the response within an angled cut kirigami unit cell by
exploiting the anisotropy of parts created using the additive manufacturing processes was yet to
be explored.

2. A majority of the research conducted on angled cut pattern kirigami metasurfaces focused on
using stiff polymers and metals such as steel. The starting point always involved using isotropic
sheets made from such stiff materials. Cuts were subsequently imparted to these sheets using
subtractive processes such as laser cutting.

3. Existing research works did not characterize the full field displacements and strains of the kirigami
metasurfaces.

4. The amount of drag that could be generated by angled cut pattern, buckling induced kirigami
metasurfaces has yet to be explored.

3.2. Research Objective
The research aims to explore the possibilities of using elastomeric materials and AM for applications
in angled cut pattern kirigami metasurfaces. Tough materials such as elastomers would allow for
higher elastic strain levels and repetitive use without plastic deformation and damage in the kirigami
metasurfaces. AM allows for tuning the bistabilities of the kirigami unit cells by controlling factors such
as local thickness, stacking sequence and infill pattern. Compared to subtractive cutting, the use of AM
also leads to lower residual stresses at the cut locations due to an absence of intense localized heating
(laser cutting). These angled-cut pattern kirigami metasurfaces, made using elastomer, also have much
potential for surface texturing and applications involving local drag generation. They are quite similar to
the scales found in shark skins [40], which are known to offer hydrodynamic advantages. These scales
help prevent flow separation. For these aerodynamic applications, the area projected by a kirigami unit
cell can give us a good idea of the proportional drag they can generate.

To achieve these objectives, it is essential to carry out design trials and observe the best design
and print specifics that can be achieved for such kirigami metasurfaces within the scope of Fused
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Filament Fabrication (FFF). Designs that would create metasurfaces capable of eliciting a complete
out-of-plane buckling response. After achieving this objective, the next focus would be to characterize
this mechanical response and observe the full-filed displacements and strains of the kirigami metasurface.
Furthermore, it is also essential to make observations regarding the effect on the mechanical behaviour
of the kirigami metasurfaces due to FFF and how this affects or influences their bistability.

3.3. Research Questions
The main research questions that need to be answered in order to fulfil the research objective are:

1. What design features are achievable for angled cut pattern, elastomeric kirigami metasurface
using FFF?

2. What is the mechanical response of the manufactured kirigami metasurfaces, and how does FFF
affect them?

3. What comparisons can be made between the area projected by linear and angled cut pattern
kirigami metasurfaces?

For the goal of studying the out-of-plane behaviour, the second research questions can be broken down
as follows:

1. What is out-of-plane displacement response of the metasurface on applying loads?

2. What is the out-of-plane angular deflection response of the Kirigami unit cells?

3. What is the force required to reach such a defection angle?

4. And how do the above stated variables differ from each other with respect to varying the unit cell
design?

5. What observations can be made about the bistability of the kirigami metasurfaces due to the use
of FFF?

3.4. Road Map
The approach towards this research can be summarized as the following sequence of events:

Design:

1. Selecting a particular elastomeric material for the kirigami metasurface to be studied.

2. Deciding on the geometry and the characteristic geometric parameters of a unit cell used, in the
periodic lattice array of cuts to form the kirigami metasurface.

Manufacturing and sample preparation:

1. Running trials on the FFF printer to determine the specific geometric features that can be achieved
considering the material used.

2. Fine-tuning the printing parameters to achieve consistent and repeatable prints, free from defects.

3. Finalizing the sample size to be studied.

Testing:

1. Setting up an experimental protocol.

2. Performing the testing and collecting the response data.

3. Post-processing and reporting the results.

4. Drawing conclusions and inferences for future research.
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Sample Sizing & Manufacturing

The cut unit cell shape for the kirigami samples was chosen as triangular. This cut shape was chosen
as it gives the greatest out-of-plane stiffness (K33) compared to other spike-based designs meant to
deform out-of-plane [14]. In addition, this unit cell design mimics shark scales, which are known to
provide hydrodynamic advantages, as mentioned in subsection 2.2.3. Therefore, with the goal of future
use in aerodynamics applications involving surface texturing and drag force generation, this cut design
is the most suitable for this study. Additionally, this kirigami cut pattern has been extensively studied
through numerical simulations and experimental testing of physical samples [14].

4.1. Sample Sizing and Characteristic variations
Ideally, studying the mechanical response of an infinite sheet size kirigami sample would be preferred,
as it would be independent of edge effects. However, specific practical considerations need to be made
to design a sample that can be manufactured using FFF printing and provides a sufficient response for
a successful study and testing.

4.1.1. Characteristic Design Parameters
This study will characterise the out-of-plane mechanical response of an angled cut pattern, buckling-induced
kirigami metasurfaces. This response will be observed while varying the characteristic geometric design
parameters of a cut as shown in Figure 4.1.

Figure 4.1: Characteristic design parameters of the cuts

The characteristic design parameters used to define a particular cut lattice pattern for triangular shape
are shown in Figure 4.1. In this figure, the cut angle is represented as γ, the characteristic length of
the periodic lattice is represented as L. The length of the segment separating the cuts, also referred to
as the hinge length, is represented by δ and finally SW or slit width, represents the width of the cut.

29
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4.1.2. Design Parameters varied for Testing
The main characteristic design parameters of interest were the cut angle (γ) and the dimensionless ratio
of δ/L, which is defined as the ratio between the hinge length (δ) and characteristic length (L) of the
periodic lattice. These two parameters were selected as they are what primarily control the mechanical
response of the kirigami metasurface.The decision was made to use samples with cut angles varying
from 20 to 60 degrees in 10-degree increments to observe the effects of varying the cut angle on the
mechanical response. The dimensionless ratio δ/L would be fixed at 0.10 for these tests. To observe
how the mechanical response varies with cut dimensionless ratio δ/L, a representative cut angle of 30
degrees was fixed, and the dimensionless ratio δ/L was varied from 0.10 to 0.20 at increments of 0.05.

4.1.3. Sample Sizing
Multiple factors go into the sizing of a sample. One significant design parameter affecting the sample
sizing is the cut angle. For the same characteristic length, different cut angles will give different
sample sizes for the same number of unit cells. To maintain a standard for averaged and normalized
testing, a 3x6 pattern was fixed for all sample types. A fixed grid of unit cells (3x6) was chosen over
a fixed sample size for all angle types. This was done as a fixed sample size would require unusual
cut angle intervals to sufficiently fill the sample dimensions. Additionally, the number of print lines
used to construct a sample remains constant with a fixed grid for all angle types. This is important
as manufacturing specifics affect the overall mechanical behaviour. A fixed grid allows for a better
comparative analysis between different angle types compared to a fixed sample size. Another factor to
consider is the minimum hinge length. The minimum hinge length selected must not allow for tensile
failure before buckling can occur. The final consideration is the characteristic design parameters to
be varied. The following choices were made for the sample sizing, keeping all of the above factors in
mind:

1. The lattice pattern of the cuts would follow a 3 x 6 [Length x Height] pattern for all cut angles.

2. The characteristic length (L) would be fixed at 15 mm.

3. Additional tabs of 15 mm would be added to the top and bottom of each sample to help with
testing, as can be seen in Figure 4.2.

Figure 4.2: Sample geometric dimension specifics

Through trial and error, samples with various hinge lengths, starting from 0.9 to 2 mm, were manufactured.
It was found that the minimum hinge length (δ) required for suitable samples was 1.5 mm. Hence,
the characteristic length (L) was set at 15 mm as this would allow for samples with a δ/L ratio of 0.1,
as seen in Table 4.1.
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δ/L
0.1 0.15 0.2

L (mm) δ (mm)
9 0.9 1.35 1.8
10 1 1.5 2
11 1.1 1.65 2.2
12 1.2 1.8 2.4
13 1.3 1.95 2.6
14 1.4 2.1 2.8
15 1.5 2.25 3
16 1.6 2.4 3.2
17 1.7 2.55 3.4
18 1.8 2.7 3.6
19 1.9 2.85 3.8
20 2 3 4

Table 4.1: Characteristic length (L) and hinge length (δ) combination require for different δ/L values

With a fixed characteristic length (L) value and the 3×6 lattice pattern chosen, the length and height
dimensions of a single unit cell and the sample they would generate are shown in Table 4.2. The
variables representing the dimensions shown in the table below are defined in Figure 4.2.

Single Unit Cell Final Sample
γ (°) Length, b (mm) Height, h (mm) Length, B (mm) Height, H (Gauge) (mm)
20 28.19 10.26 84.57 71.56
30 25.98 15.00 77.94 100.00
40 22.98 19.28 68.94 125.70
50 19.28 22.98 57.85 147.89
60 15.00 25.98 45.00 165.89

Table 4.2: Outer dimensions of the Kirigami samples for a fixed characteristic length of 15 mm

Since the 3x6 pattern and the characteristic length (L) were fixed, we can observe that the manufactured
samples had different widths and heights. This was due to the varying cut angle (γ) values. The sample
types can be seen in Figure 4.3. After testing, the strain values for each sample type would be used
as a metric for comparison. The thickness of all the samples was fixed at 0.3 mm.

Figure 4.3: Kirigami Samples printed with cut angles from 20 to 60 Degrees (Left to Right), with 10 degree increments
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4.2. Manufacturing
Flat isotropic sheets have been used to manufacture kirigami metasurfaces. Thin sheets of steel or
polymeric materials are embedded with a periodic array of cuts using methods such as laser cutting.
However, in this project, the kirigami metasurfaces are manufactured using additive manufacturing
(AM). AM is used as a design feature to create whole parts without any subtractive cuts. The AM
method chosen in particular is Fused Filament Fabrication (FFF). Fused Filament Fabrication is an
extrusion process where parts are built by depositing melted material in a layerwise fashion.

4.2.1. FFF Printer Used
The printer used is a stock Prusa MK3S with a textured steel sheet [24]. Elastomers are prone to stick
to the print bed after printing and are difficult to remove. Therefore, a textured steel print bed was
used as it helps with the removal of the TPE samples from the print bed, after printing.

Figure 4.4: A Prusa MK3S FFF Printer [24]

4.2.2. Material used
The material used to manufacture the samples is thermoplastic elastomer (TPE). TPE filaments used
in AM consist of a physical mixture of polymers such as a plastic and a rubber. They combine
the rubber-like properties with thermoplastic processability. They give properties that close the gap
between the elastomeric and thermoplastic materials [41]. TPEs can be grouped into two types: 1.)
Block copolymers and 2.) Polymer blends.

1. Block copolymers contain hard (thermoplastic) and soft (elastomeric) segments that chemically
form a macromolecule. Representatives of the thermoplastic part are thermoplastic styrene
elastomers (TPS), thermoplastic co-polyesters (TCP) and thermoplastic polyamide elastomers
(TPA) [42]. The elastomeric segments can be formed from unsaturated (poly(styrene-b-isoprene-b-styrene)
(SIS); poly(styrene-b-butadiene-b-styrene) (SBS)) or saturated (poly(styrene-b-(ethy lene-co-propylene)-b-styrene)
(SEPS), poly(styrene-b-(ethylene-co-buty lene)- b-styrene) (SEBS)) blocks [43].

2. In polymer blends, the thermoplastic and the elastomer are physically mixed in a two-phase
system. In polymer blends the elastomeric phase can either be present in so-called TPE-based
olefins without cross-linking (TPO) or dynamically cross-linked thermoplastics (thermoplastic vulcanize
(TPV)) [42].
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The composition of commercially available FFF TPE filaments is confidential as they are industry secrets.
Their shore hardness levels are used to categorize them.

TPE was selected as the print material for the high degree of elasticity and toughness it offered. This
allowed for the manufacturing of samples with a lower hinge area and thickness. Compared to other
stiffer FFF filaments, such as PLA, that would fail at much lower loads for the exact hinge dimensions
before the buckling load of the kirigami sheets could be reached.

The TPE filament used was the 1.75 mm 123-3D Jupiter series TPE filament [44]. This filament was
chosen as it is locally available and a 1.75 mm diameter was chosen to match the requirements of the
Prusa MK3S printer used. The material specification is shown in Table 4.3.

Filament Diameter 1.75 mm Print temperature 220–260 °C
Max. Deviation ±0.05 mm Shore Hardness 45D
Roundness >95% Tensile Modulus 95 MPa

Bed Temperature 0–95 °C Specific Gravity 1.14 g/cc

Table 4.3: Material properties and printing specifications provided by the supplier

4.2.3. Print Settings and Printing Challenges
The chosen print settings for the samples are given in Table 4.4. Since kirigami metasurfaces must be
thin to allow for the exploitation of the local inelastic instabilities, it would be beneficial for the sample
thickness to be set as low as possible. However, if the samples were too thin, removing them from
the print bed would be difficult without damaging them, and they would also warp out of shape due to
residual heat. Therefore, samples printed with two print layers gave suitable results and maintained
their shape after removal from the print bed. A layer height of 0.1 mm was used, with the first layer
having a height of 0.2 mm. This is usually the case in FFF 3D printing and helps maintain the perimeters
of the print after shrinkage and helps with bed adhesion. With these two layers, the CAD models for the
samples given to the slicer had a thickness of 0.3 mm. Since TPE was used as the material, the print
speed needed to be kept low, and filament retraction had to be turned off. This was done as retraction
could lead to the jamming of the filament, as seen in Figure 4.9. The Nozzle and bed temperatures
were set within the range specified by the manufacturer. The print settings in Table 4.4 allowed for the
least amount of defects, such as porosities and gaps in the print, while maintaining consistent print
quality and avoiding slit closure.

Nozzle Size 0.4 mm XY Size Compensation -0.03 mm
Layer Height 0.1 mm Perimeter Print Speed 20 mm/s
First Layer Height 0.2 mm Infill Speed 60 mm/s
Perimeters 4 Nozzle Temperature 240 °C
Infill Pattern Concentric Bed Temperature 50 °C

Table 4.4: Printing Parameters

XY Size Compensation is a setting used to thicken or thin (+\−) all the print walls in the XY plane. A
print wall consists of internal and external perimeters. The XY compensation option helps compensate
for the expansion or shrinkage of printed parts. The concentric infill pattern is an internal structure
composed of concentric lines that match the outline of the part. The print features controlled by these
options are illustrated in Figure 4.5.
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Figure 4.5: Print Feature Specifics

4.2.4. Slit Sizing and Printing Considerations
A significant issue while printing the Kirigami samples is the slit closure due to the fusion of material at
the slits. This can be seen in the highlighted regions in Figure 4.6. To prevent this type of slit closure,
several choices were made with the printing parameters to ensure better dimensional accuracy of the
prints.

1. The option to print outer perimeters first was also enabled on the Prusa slicer. This allowed for
better dimensional accuracy of the outer perimeters of the sample.

2. The number of perimeters was set to 4. This placed a greater barrier between the infill print lines
and the slits. This barrier was important as it minimised the expansion of the infill printed lines.
These infill lines being perpendicular to the slit often caused slit closure upon expansion.

3. The infill pattern was set to concentric. This allowed the printing along the slit length, which
helped keep the slit shape and dimensions.

4. The XY Size compensation was set to -0.03 mm to compensate for material expansion near the
slits.

Apart from the parameters set in Table 4.4, default settings were used on the Prusa slicer. After a
series of test prints, the slit size for the sample specimens was set to 0.25 mm—this value allowed for
consistent prints without fusion.

Figure 4.6: Slit fusion in a printed Kirigami Sample
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4.3. Defects
During the printing process, the primary defect encountered during the printing of the samples was
gaps in the print lines. This usually occurred at intersection points of multiple print lines, such as at the
hinges of the kirigami samples. This occurred primarily due to residual heat at these locations, leading
to shrinkage and a failure of material fusion. This defect can be seen in regions a and b in Figure 4.7.
The defect at region c occurred when the infill stepped from concentric to linear near the tab regions.
This change in print direction led to these gaps.

Figure 4.7: Sample with numerous defects (30 Degrees)

The height map of this defective sample, shown in Figure 4.8, also clearly displays the porosities in the
sample. These defects at the hinges critically decrease the mechanical response of the sample, as they
are located at the regions from where the buckling is initially initiated. As a result, they cause stress
concentrations and lead to premature failures. Therefore, all samples with defects were discarded.

Figure 4.8: 30 degree defect sample Height Map

Another issue while continuously printing with TPE filament is heat creep. Over the course of continuous
printing, heat generated at the nozzle hot end slowly creeps up to the toothed gear wheel at the cold end
extrusion stepper motor. This motor and gear wheels are used to dispense filament. This conducted
heat causes the filament to creep and jam. An example of this heat creep on the filament can be
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seen highlighted in Figure 4.9. Below the highlighted circled portion, we can also observe the wavy
spaghetti-like form of the filament. This problem is particularly cumbersome as it occurs only after a
good portion of the print has been completed and leads to failed prints as the filament can no longer
extrude.

Figure 4.9: Filament Jamming

This can be avoided by setting shorter print times and by avoiding continuous printing for long periods
of time.

4.4. Printed Samples
A Keyence VR-5000 Wide Area 3D measuring system was used to measure the actual dimensions of the
printed samples. This was done to observe the differences between the given CAD and printed sample
dimensions. The Keyence measuring system allows for measuring the height profile and gives accurate
dimensions of features such as the slits, which have a dimension of less than 1 mm. The given CAD
dimensions for the sample shown below were a slit size of 0.25 mm, a cut angle of 30 degrees and a
thickness of 0.30 mm

Figure 4.10: 30 degree printed sample with the characteristic features measured
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From observing the printed samples, it was clear that the outer dimensions and the cut angle were
quite similar to the values set in the CAD. The deviation from the CAD was only 0.5 degrees in the cut
angle. As shown in Figure 4.10, the actual slit width value of the printed samples was higher than the
given CAD value of 0.25 mm. On observation of different slits on the same sample and of other printed
samples, it was found that the slit width varied from 0.5 to 0.55 mm for all printed samples.

There were also variations in the thickness of the printed sample. As can be seen in the height map in
Figure 4.11, the variations exist within a sample as well. The samples seem to be thicker towards the
centre of triangular spike regions. The two reasons for this variation are:

1. The concentric infill pattern.

2. Additional material trailing out of the print nozzle head as it finishes the material deposition at
one triangular unit cell region and then moves on to the next.

The second reason occurs due to the retraction being disabled during printing and during the print
head motion.

Figure 4.11: 30 Degree Sample Height Map

Using a micrometer screw gauge to confirm, the sample thicknesses for the printed samples varied from
0.35 mm to 0.45 mm at different regions on the sample. This differed from the given CAD thickness
of 0.30 mm. This printed sample thickness range of 0.35-0.45 mm was maintained for all printed
samples.



5
Methodology: Experimental Protocol

and Mechanical Testing

To observe the out-of-plane mechanical response of the buckling induced kirigami metasurfaces, the
samples need to be observed while in uniaxial in-plane tension. This extension initiates the out-of-plane
buckling response. To quantify this response and observe the full field displacement and strain, Digital
Image Correlation (DIC) was used. When the in-plane load was applied, the out-of-plane displacement
response of the kirigami unit cells could then be measured by the DIC cameras. This chapter details
the mechanical testing equipment used, the data-acquisition instruments used, and the experimental
protocol followed.

5.1. Experimental Setup
Testing Equipment
The test was performed on a 20KN Zwick universal testing machine, using a mechanical clamp as
shown in Figure 5.1. The samples were placed in these clamps with 10 mm of the sample height,
gripped at the bottom and the top, as shown in Figure 4.2. When the test was started, the bottom
crosshead would move in a downward direction. A 100 N load cell was used to measure the applied
force. Two 5-megapixel cameras with 50 mm lenses were set up at a stereo angle of roughly 30 ∘or
lesser, keeping to the recommendations of the Vic 3D user manual [25]. These cameras and their
corresponding attachments were used to perform 3D DIC on the sample during the tensile test. The
equipment and test setup can be seen in Figure 5.2. The top and bottom mechanical clamps were
aligned collinearly to ensure that a uniaxial tensile force would be applied to the samples and not a
shear force.

38
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Figure 5.1: Mechanical Clamp used

Figure 5.2 shows the test setup for the experiment along with the 3D DIC cameras used to measure
the out-of-plane displacements. Two floodlights were also positioned in front of the DIC cameras to
illuminate the sample.

Figure 5.2: Testing Equipment Setup
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5.2. Testing Instrumentation
The load and displacement data were sampled continuously during the test. The software on the
universal testing machine sampled this test data at an interval of 0.1s. The testing machine was also
connected to the 3D DIC system. The sampling rate of the cameras was one image per second. The
analogue output was transferred from the universal testing machine to the DIC system. Photos were
taken by the DIC camera using the Vic-Snap8 software [45]. Every time a photo was taken by the DIC
cameras, the corresponding load and displacement data from the load cell was saved to that particular
picture captured.

5.2.1. Digital Image Correlation
Since an out-of-plane behaviour is observed in the kirigami samples, the depth of field is of primary
concern. Therefore, the lowest aperture is used to maximize the depth of field. The relationship
between depth of field and camera aperture is shown in Figure 5.3. As the aperture of the DIC cameras
was kept to a minimum, multiple floodlights were used to illuminate the samples. The cameras were
placed at a distance of 162 cm from the samples. It was placed at this distance as the samples would be
extended to 30 mm, and this distance allowed for a field of view that covered the extension behaviour
of the longest sample.

Figure 5.3: The effect of aperture on depth of field (Taken from the Vic3D Manual [25])

5.2.2. Speckle Pattern
Since the specimens being used would be subjected to large displacements, the field of view had to
be set so that the specimens stayed in the view of the camera during the entire test. For this reason,
the speckle dot size used was 0.66 mm. This pattern was achieved using the speckle rollers of the
correlated solution VIC Speckle Pattern Application Kit [25]. This speckle dot size is much larger than
what can be achieved by using a fine spray nozzle and is one size above what would typically be used
on a sample of this size for lower strain applications, i.e. 0.33mm. The large strain and corresponding
large field of view made it imperative to use a larger speckle dot size.

Ideally, a speckle size of 4-5 pixels would be used. However, owing to the large strain of the sample, the
resolution of DIC cameras available and the 50 mm lens used, the decision was made to allow for a loss
in fine spatial resolution. This meant that finer strain gradients would not be measured. However, the
overall strain response would be measured successfully. The speckle size used allowed for a relatively
accurate tracking of the strain behaviour near key geometric features such as the hinge region and the
tip of the kirigami spikes. This tracking, however, came at the detriment of some aliasing. The speckle
size relative to the subset size can be seen in Figure 5.4.
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Figure 5.4: Subset Size with relation to the speckle size

As seen in Figure 5.4, the size of the speckle is less than that of the subset or the pixel. However, the
DIC software was able to tract the speckles throughout the experiment. A 20 mm calibration plate was
used, shown in Figure 5.5, to calibrate the cameras, as it matched the average height and width of the
samples.

Figure 5.5: 20 mm calibration plate placed between the mounting clamps

The samples painted with the speckle pattern are shown in Figure 5.6. Two coats of white primer
paint, followed by multiple passes of the 0.66 mm dot size roller [25] were used to generate the
speckle pattern.
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Figure 5.6: DIC Speckle Pattern on the printed samples

To aid the DIC system, the test was done in a stepped manner, instead of using a continuous displacement
setting. The rationale behind this was that the sample does not offer too much resistance to the loads,
and the final displacement value was set at 30 mm. If the testing was continuous, there would be
a blur in images taken by the DIC system, due to a high strain rate during the test. Therefore, two
testing options were present. Option 1: The tests could be performed at extremely low displacement
rate. This, however, would take up an extremely large amount of time to complete. Option 2: the
test would be performed in a stepped manner, where a displacement rate of 1 mm/s is set. But, after
every 1 mm of displacement, the sample is held in place for 1 second, without any displacement and
then the test would continue. The displacement controlled test sequence can be seen in Figure 5.7.

Figure 5.7: Testing Sequence

5.3. Test Procedure
The steps for the test procedure are presented in Figure 5.8. Initially the universal testing machine,
the DIC system and the floodlights were set up. The analogue output from the load cell attached to
the universal testing machine was connected to the DIC system. Next, the DIC system was calibrated
using the calibration plate, shown in Figure 5.5. The calibration plate was placed on top of the bottom
clamp. The speckled sample was then clamped to the universal testing machine. The clamps were
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then adjusted to the initial testing position, ensuring that the sample was held taut. The force and
displacement readings were then set to zero, as the starting point of the test.

Figure 5.8: Test Procedure Flow Chart

The image capturing process for the DIC system was then commenced. Shortly after, the stepped
loading sequence was commenced. The end point for the test was set at a total displacement of 30
mm or, if there was an abrupt load drop, due to sample failure. After the loading had been stopped,
the DIC image capture was also stopped and the crosshead was moved back up to its initial position.
The sample was then removed from the clamps. The next sample was then mounted to the testing
machine and the procedure was repeated.



6
Results and Discussions

In this chapter, the results of the experiments will be presented, and their implications will be discussed.
The specifics of the DIC data post-processing are discussed, and the post-processing schemes used to
normalize the results are discussed.

6.1. Samples Tested
The aim of this study was to characterize the mechanical response of the buckling-induced kirigami
metasurfaces and quantify how this response would vary based on the cut angle and the dimensionless
ratio δ/L. The sample types and the number of samples tested are shown in Table 6.1. The characteristic
design parameters varied are shown in Figure 4.1.

Cut Angle [γ (°)] δ/L Number of Samples
20 0.10 4
30 0.10 4
30 0.15 4
30 0.20 4
40 0.10 4
50 0.10 4
60 0.10 4

Table 6.1: Samples Tested

6.2. Data Post-Processing Scheme
6.2.1. DIC Data Post-processing
The Vic3D-8 software was used to post-process the DIC data obtained from the experiments. The
captured speckle images of the samples and their corresponding calibration data were imported into
the software. A subset size of 25 and a step size of 7 were set. Due to the high strain of the samples,
the incremental correlation setting was used. This setting allows for the correlation between two
subsequent images rather than always correlating using the reference image[25].

DIC was used for this experiment to quantify the out-of-plane deflection of the Kirigami metasurfaces.
An example of out-of-plane displacement (W), for a 30∘cut angle sample, at the end of the tensile test
can be seen in Figure 6.1b. This figure also shows us the local coordinate system at the top right.

To numerically quantify this out-of-plane behaviour, data at particular regions on these contours must
be sampled. The research question for this project specified that the out-of-plane strain response
(E33), the out-of-plane angular deflection (θ) and the applied force required to reach this out-of-plane
angular deflection (θ) were of prime concern. This means that the quantities of importance to be

44
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extracted from the DIC contours are the displacement in the y-direction (V) and the out-of-plane or
z-displacement (W). Using these values, the out-of-plane strain (E33) and the out-of-plane angular
deflection (θ) can be calculated.

(a) Location of the chosen spikes (b) Chosen spikes on the Post-Processed DIC Contours

Figure 6.1: DIC Post-Processing Specifics

Ideally, if the kirigami metasurface were an infinite sheet, each spike would display the same out-of-plane
behaviour. However, for experimental testing, a finite sample was used. This meant that every spike
might have shown a different displacement behaviour due to manufacturing effects or differences
in paint thickness across different samples. Therefore, three central spikes were selected for data
sampling to account for this variance. These spikes are demarcated as I, II and III in Figure 6.1a.
The same spikes would be chosen across all the sample types.These three spikes were chosen as they
are minimally affected by direct edge effects, such as lateral compression, and averaging out their
out-of-plane response would give a good measure of the actual out-of-plane deflection behaviour.

Figure 6.2: Unit Cell Close up
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The six points, labelled from 0 to 5 in Figure 6.1b are the points from which the longitudinal in-plane
displacement, V and the out-of-plane displacement, W values will be extracted.

Points P0,P2 and P4 from Figure 6.1b are located at the centre of the hinge length at point a in
Figure 6.2. Points P1, P3 and P5 from Figure 6.1b are located as close to the tip of the spike as
possible at point b in Figure 6.1b. The words ”as close to the tip as possible” are used because the
speckle pattern is random, and the speckle dots placed on the painted samples might not always align
at the spike tips. Measuring the results in this manner helps to calculate the out-of-plane angular
deflection. The way this is done is explained as follows.

The longitudinal in-plane, V and out-of-plane, W displacement values are collected from points a and b
throughout the test. In Figure 6.3 I, 𝑎𝑣 and 𝑎𝑤 represent the V and W displacement values at point a.
𝑏𝑣 and 𝑏𝑤 represent the V and W displacement values at point b. They give a scalar representation of
the displacement values and show their direction. 𝑎𝑣 and 𝑏𝑣 would move downwards in the v-direction
and 𝑎𝑤 and 𝑏𝑤 would move in the out-of-plane w-direction during the test. These points, labelled 0 to
5, as seen in Figure 6.1b, for the three spikes, as seen in Figure 6.1a, represent the hinge and spike
tip locations. These points are shown for each sample tested in Appendix A. They show the locations
of these points at the start and the end of the tensile test.

Figure 6.3: spike unit cell data post-processing

If we then subtract 𝑎𝑤 from 𝑏𝑤 and 𝑎𝑣 from 𝑏𝑣, we would get the arms of a right-angled triangle, as
shown in Figure 6.3. We can then find the out-of-plane deflection angle (θ):

𝜃 = tan−1 (𝑏𝑤−𝑎𝑤𝑏𝑣−𝑎𝑣
) (6.1)

The out-of-plane displacement (𝑊𝑐ℎ𝑒𝑣) for the tips of the spike can be given by subtracting 𝑎𝑤 from 𝑏𝑤.
To normalize this out-of-plane displacement (𝑁𝑤) value, so as to achieve a fair and relative comparison
between all the sample types, we do the following:

𝑁𝑤 = (
𝑏𝑤−𝑎𝑤
𝐻 ) (6.2)

where H = Hinge Centre to Tip distance, visually shown in Figure 6.2. The H values for all sample
types are given in Table 6.2.
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Cut Angle [Y δ/L Hinge Centre to Tip (mm)

20 0.1 9.60
30 0.1 14.07
30 0.15 13.70
30 0.2 13.32
40 0.1 18.09
50 0.1 21.52
60 0.1 24.24

Table 6.2: Hinge Centre to Tip

The decision to sample data from the hinge centre and the spike tip and then subtract them was done
as during the test, as the entire sample moves out-of-plane. If a relative measurement isn’t made, the
displacement results wouldn’t be accurate at the tips.

6.2.2. DIC Result processing and Normalisation
The data received after post-processing the DIC images and extracting the required displacements
from the desired locations is shown in Figure 6.4.

Figure 6.4: Post-processed DIC Displacement Data Output

From this data, we take the displacements across the 3 spikes as shown in Table 6.3 and average them
to get the actual longitudinal in-plane (V) and out-of-plane (W) displacements, as shown in Equation 6.4
& Equation 6.5 respectively.

P1 − P0 V1−0 = V1 − V0 W1−0 =W1 −W0
P3 − P2 V3−2 = V3 − V2 W3−2 =W3 −W2
P5 − P4 V5−4 = V5 − V4 W5−4 =W5 −W4

(6.3)

Table 6.3: The Displacements across the chosen 3 spikes

𝑉𝑎𝑣𝑔 =
V1−0 + V3−2 + V5−4

3 (6.4)

𝑊𝑎𝑣𝑔 =
W1−0 +W3−2 +W5−4

3 (6.5)

From these averaged displacements, we can calculate the out-of-plane deflection angle(θ) as:

𝜃 = tan−1 (
Wavg

Vavg
) (6.6)
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During the test, the Vic-Snap software[45] is used to capture images for DIC. While capturing these
images, it also records the force and displacement data it receives from the universal testing machine
in the form of a CSV file. This is highlighted in Figure 6.5. The bold text in Figure 6.5 is the point at
which the force and displacement values are zeroed.

Figure 6.5: Force-Displacement Analogue Data

This displacement data for each sample is divided by its respective gauge length, as shown in Table 4.2,
to get the longitudinal in-plane strain (𝜀22). The 𝑊𝑎𝑣𝑔 value, as shown in Table 6.3, is divided by is
respective Hinge Centre to Tip value (H), as shown in Table 6.2 to get the Normalized Displacement
(𝑁𝑤), as shown in Equation 6.2.

6.2.3. Data Interpolation and Plotting
From the normalized data, four data variables such as the Applied Force, the longitudinal in-plane strain
(𝜀22), the normalized displacement (𝑁𝑤) and the out-of-plane deflection angle (θ), for each of the four
samples of each sample type, as shown in Table 6.1, were exported to the OriginPro [46] graphing
and analysis tool. This data was then interpolated to keep the x-axis values the same across the four
samples for each sample type. The mean and standard deviation from the response of these four
samples was found. The results were then plotted, as shown in section 6.3.

6.2.4. Strain Response with and without paint
A concern while using DIC for plane stress elastomeric samples was to what extent the applied paint
affected the mechanical response of the samples. This was a concern as the thickness of the samples
without paint was between 0.35 and 0.45 mm. The thickness of the samples with paint applied,
however, was between 0.55 and 0.58 mm. Therefore, after the main panel of tests using DIC were
completed, some additional tests were done to observe the strain response of the non-painted samples
vs the painted samples, as can be seen in Figure 6.6
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Figure 6.6: The Applied force plotted as a function of the In-Plane Uniaxial Strain, 𝜀22
All samples have a δ/L of 0.1 apart from figures e and f, with a δ/L of 0.15 and 0.20 respectively.

(i) The painted samples [(Shown with error bars) in grey]
(ii) The Unpainted Samples [Red]

What we observe is that in most cases, the strain response of the unpainted samples is within the
range of the strain response of the painted samples. This is only not the case in Figure 6.6a and f, i.e.
the 20 degree and 30 degree 0.20. This could be due to variability in prints or tiny defects. Though
the 2 cases do not fit within the envelope, they still follow the same behaviour.

6.3. Out of plane Mechanical Response
The plots in Figure 6.7 and Figure 6.10 represent the main results of this thesis. They give the
experimentally quantified mechanical response of the angled cut pattern, buckling-induced kirigami
metasurfaces, for different cut angles (γ), shown in Figure 6.7, and show the effect of varying the δ/L
ratio, shown in Figure 6.10. These resulting plots will be explained in this section, and their behaviours
will be analysed.



6.3. Out of plane Mechanical Response 50

6.3.1. Fixed δ/L = 0.10 and varying cut angles (γ)

Figure 6.7: Mechanical behaviour characterisation of the kirigami spikes for different cut angles (γ) at δ/L of 0.10
a. Out-of-plane deflection angle, θ of the spikes plotted as a function of In-plane uniaxial strain, 𝜀22

b. Normalized Out-of-plane displacement, 𝑁𝑤 of the spikes plotted as a function of the In-plane uniaxial strain, 𝜀22
c. The Applied force plotted as a function of the Out-of-plane deflection angle, θ
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The goal of the test was to observe the sample behaviour in uniaxial, in-plane tension, and the goal was
not to test to failure. Therefore, all samples have been stretched to 30 mm. This stop point of 30 mm
was chosen as it was the limit of the field of view of the DIC cameras, and by this point, we observed
the complete out-of-plane behaviour of the samples. However, after this 30 mm displacement, most
samples began to deform plastically at the hinges and break due to tensile necking.

In Figure 6.7 a and b, we can see that all the sample types display a parabolic behaviour. The 20-degree
sample being the shortest, in the 22 direction, is strained the most. In Figure 6.7 a, we observe that
the 20 and 30-degree cut angle samples have an overlapping response from 0.15 to about 0.25 strain.
The 20, 30 and 40-degree samples do not indicate any hints of plastic deformation. However, 50 and
60-degree samples show indications of plastic deformation. The 50-degree sample displays an unusual
jump at 0.15 strain as highlighted in Figure 6.7 a. We can also observe that the out-of-plane deflection
angle of the 60-degree sample decreases after a strain of 0.088. Looking at Figure 6.7 b, we can
observe that the 40 and 60-degree samples begin to plateau in their normalized displacement response.
However, the 50-degree samples undergo a drop in their normalized out-of-plane displacement.

If we take a look at Appendix A and the DIC contours of the 50 and 60-degree samples, i.e. Figure A.25
and Figure A.33, we can see the pictures of the samples at the start and end of the test. If we look
closely at the samples, we can see an inwards collapse of the samples as the test proceeds, as shown in
Figure 6.8. This happens as the spikes start to buckle out-of-plane. The distance between points c and
d at the horizontal hinge ends decreases as the test goes on. After exceeding a certain displacement,
the tips of the spikes stop moving further out-of-plane and the hinges collapse inwards. The whole
sample forms an hourglass shape. This decreasing width during sample elongation occurs due to shear
force along the length of the cut, caused by the mechanical instabilities created because of the cut
geometry [8].

Figure 6.8: Tracking the deflection for a 50 degree sample

Looking at Figure 6.7 b, we observe that the 30-degree sample achieves the highest out-of-plane
normalized displacement value compared to the other sample types and at lower strain values than
even the 20-degree sample.

When we look at the Figure 6.7 c plot for force vs out-of-plane deflection angle, we observe that the
greater the cut angle, the greater the applied force required for the kirigami spikes to reach a particular
out-of-plane deflection angle. The 50-degree sample begins to plateau after a particular applied force,
and for the 60-degree sample, we can witness a complete angular reversal after 7.5 N of force.

Observing the sample surface after testing, we can see the paint cracking at the hinge of the 60-degree
sample and discolouration, as shown in Figure 6.9. This confirms that plastic deformation did happen
at this location.
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Figure 6.9: Plastic Deformation at the hinges in the 60 degree sample

The same behaviour near the hinge of the other samples was not observed in the 50-degree samples.
However, it is difficult to tell as the samples have been painted over, and we cannot observe their
surface similarly.
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6.3.2. Fixed cut angle (γ) = 30∘and varying δ/L

Figure 6.10: Mechanical characterisation of the Kirigami spikes for different δ/L values at a cut angle (γ) of 30∘
a. Out-of-plane deflection angle, θ of the spikes plotted as a function of In-Plane Uniaxial Strain, 𝜀22
b. Normalized out of plane strain, 𝑁𝑤 of the spikes plotted as a function of In-Plane Uniaxial Strain, 𝜀22

c. The Applied force plotted as a function of the Out-of-plane deflection angle, θ
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In Figure 6.10, we observe the effects of increasing the hinge length (δ) while keeping the same cut
angle (γ). The 30-degree cut angle was chosen for this sample type. In Figure 6.10 a and b, we
observe that the deflection angle and the normalized out-of-plane displacement values progressively
increase with an increase in δ/L ratio. Each progressive δ/L plot is an offset of the previous. Finally,
however, they all plateau at the same strain levels.

In Figure 6.10 c, we observe a similar trend where the applied force required to reach a particular
angular deflection progressively increases with increasing the δ/L ratio. The plots display a similar
behaviour of being offsets of each other. However, after a deflection angle of 22.5∘, the applied force
increases exponentially in the case of the 0.20 δ/L samples.

It is logical that the samples with the greater hinge area would require a greater force to achieve a
similar deflection since their stiffness increases. Hence, the conclusion is that increasing the hinge area
would also increase the sample stiffness, and hence a proportionally greater compressive force would
be required to push the spikes back downwards.

6.4. Observations regarding the effects of FFF on the bistability
The observation was made that the kirigami unit cells tended to pop in the direction of the printing.
This meant the direction opposite to the flat print bed. Apart from the one-off cases where the popping
was random due to defects, the predominant case was popping in the direction of the printing.

A rationale for this behaviour can be that a bias in the stability of the kirigami metasurface is created
towards the printing direction due to the thickness increase as we approach the centre of a kirigami
spike, as seen in Figure 6.11. This thickness increase at the centre results from the print settings where
a concentric type infill was used. This causes a tendency of the nozzle to push material towards the
centre while printing. Additionally, since the filament retraction option is disabled, material blobs tend
to seep out during the print.

Figure 6.11: 20-Degree Sample Height Map

This print direction surface was also the surface on which paint was applied for the DIC speckling. This
further increased the thickness and subsequently biased the popping of the unit cell spikes towards
the print direction.
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6.5. Aerodynamic Applications: Drag Force Approximation &Comparison
A use case for these elastomeric kirigami metasurfaces is drag steering and drag braking. If kept within
the elastic range, such metasurfaces can be morphed in quite a controlled manner. The morphing is
controlled by varying the applied force. This section investigates the potential drag force that can be
generated by these angled cut, buckling-induced kirigami metasurfaces and shows how they vary with
cut angle and hinge length.

The calculation of the Drag coefficient (𝑐𝑑), as given by the Equation 6.7 [47], is usually done either
using CFD or experimentally using a wind tunnel, where the Drag Force (𝐹𝑑), can be measured.

𝑐𝑑 =
2𝐹𝑑
𝜌𝑣2𝐴 (6.7)

where 𝐹𝑑 is the drag Force, A is the reference Area and v is the velocity.
The drag coefficient Equation 6.7 is simply a rearrangement of the Drag force equation, given in
Equation 6.8.

𝐹𝑑 =
𝑐𝑑𝜌𝑣2𝐴
2 (6.8)

The area in Equation 6.8 is directly proportional to the Drag Force (𝐹𝑑). Therefore, the amount of
drag generated depends on the frontal area of the object [48]. Therefore, with all the other factors
remaining the same, in Equation 6.8, we can use the projected area of the kirigami unit cells as the
extension takes place to quantify the proportional Drag Force.

Cut Angle (°) δ/L Area of One kirigami spike (mm2)
20 0.1 115.57
30 0.1 154.48
30 0.15 137.61
30 0.2 121.73
40 0.1 173.95
50 0.1 171.65
60 0.1 147.87

Table 6.4: Area of one unit cell for different sample types

Table 6.4 gives the geometrical area of a single kirigami spike for all the different sample types tested.
The area is highlighted by the black lines in Figure 6.12 is this geometrical area. Only this section is
considered, as it is the approximate surface that will project an area when the out-of-plane deflection
of the kirigami spikes occurs.

Figure 6.12: Effective geometric area of one Kirigami spike

The projected area of these kirigami spikes can be given by multiplying their geometric area with the
cosine of the angle between the local surface normal and the line of sight. This angle value is given
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by subtracting the θ value from Figure 6.7 and Figure 6.10 from 90∘, as shown in Equation 6.9. The
actual projected area during extension of the sample would, however, be lesser than what is calculated.
This happens as the entire kirigami spike area, as shown in Figure 6.12, would not deflect outwards.
Points c and d, in Figure 6.12 would still be connected to the main sample and the actual projected
area would be a curved area, as shown in Figure 6.13.

Figure 6.13: Projected area side view

Figure 6.13 shows the projected area, the line of sight and the deflection angle (θ). A rough estimate
of the projected area can be calculated as follows:
𝐴𝑜 - Geometric Area of One Kirigami spike
𝐴𝑝 - Projected Area

𝐴𝑝 = 𝐴𝑜 × cos(90 − 𝜃)
= 𝐴𝑜 × sin𝜃

(6.9)

In the aerodynamic use case for these kirigami metasurfaces, the line of sight direction, as shown in
Figure 6.13, would represent the direction of the oncoming air flow.
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Figure 6.14: Force Vs Projected Area to make comparisons in the proportional Drag Force
a. The applied force plotted as a function of the projected area for different cut angles (γ) at δ/L = 0.10

b. The applied force plotted as a function of the projected area for different δ/L values at a cut angle (γ) = 30∘

Using the plot obtained in Figure 6.14, we can compare the drag forces generated by different unit
cell cut angles. Furthermore, we can also observe how the drag force changes with increasing the δ/L
value.

We infer from Figure 6.14 a, that samples with lower cut angles can put forth a greater projected
area and hence would allow for more drag force. The 30-degree sample gave the highest projected
area and for a relatively low applied force. From Figure 6.14 b, We observe that increasing the δ/L
ratio decreases the projected area as the characteristic Length (L) of the kirigami spike decreases.
Therefore, its effective geometric area also decreases, as calculated in Table 6.4.

Taking another look at Figure 6.14 a, we can see that the 40-degree sample closely matches the
maximum projected area of the 30-degree sample. The maximum projected area obtained by the
30-degree sample is 63.6 mm2, and the maximum projected obtained by the 40-degree sample is
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62.6 mm2. We can also see that the 50-degree sample gives a slightly smaller maximum projected
area than the 20-degree sample, with both hovering close to 55mm2. Similar to the point made about
the out-of-plane stiffness in the previous section, we need to consider whether these deflected spikes
could withstand such aerodynamic loads for the potential drag forces they can generate without the
spikes getting pushed back downwards. In this regard, the 40 and 50-degree samples might provide
greater resistance to being pushed back down by the incoming air.

Drag Force Comparison: Linear cut Vs Angled cut Unit cells
In subsection 2.2.3, we observed that the maximum calculated out-of-plane deflection angle, 𝜃 for
the linear cut solar film was 39.18 degrees. As observed in the previous section, the sample with a
30-degree cut angle gave the highest projected area. Now, if we compare a similarly sized linear cut
pattern with this 30-degree angled cut pattern studied, we appropriate the cut dimensions as shown
in Figure 6.15.

Figure 6.15: Linear cut pattern initial area highlighted in red

The characteristic length (L) of the linear cut would be 23.13 mm, the horizontal hinge length (𝛿𝑥)
would be 2.60 mm, and the vertical hinge length (𝛿𝑦) would be 1.50 mm. This would ensure a similar
δ/L ratio of 0.1.

The effective geometric area of one linear cut kirigami unit cell, highlighted in red in Figure 6.15, is
34.70 mm2. Then, using Equation 6.9, the maximum projected area is calculated as 21.92 mm2.

This maximum projected area for the 30-degree angled cut pattern kirigami sample is 63.6 mm2.
Compared to the maximum projected area of the linear cut sample, we observe a 2.90 times increase.
This means that the angled cut kirigami metasurface could give a 2.90 times increase in drag force,
based on these projected area calculations alone.



7
Conclusions, Recommendations and

Future Work

7.1. Conclusions
Two main research questions were posed at the beginning of this work, outlined in section 3.3. These
questions have been addressed sufficiently, and certain conclusions will now be presented based on
the observations and interpretations made through the course of this project.

1. What design features are achievable for angled cut pattern, elastomeric kirigami metasurface
using FFF?

The main challenges that affect the manufacturing of angled cut kirigami metasurfaces using FFF AM
are the slit width, the hinge length and the thickness of the surfaces. Parameters such as the slit width
and surface thickness depend significantly on the print nozzle being used, i.e., the nozzle diameter. The
minimum slit widths achievable depend on the minimum line width used, and the minimum thickness
achievable depends on the minimum layer height used.

Figure 7.1: Print bead characteristics [26]

However, the line width cannot be lower than the layer height [49]; otherwise, the shape of the
extruded bead becomes unpredictable. A thinner line width would give better dimensional accuracy
and, therefore, the ability to achieve lower slit widths. However, a lower line width would also mean a
worse bonding between adjacent print lines leading to defects such as gaps. Such gaps, when located
at the hinges, will exponentially reduce the structural integrity of the kirigami metasurface. Slit width
size also affects the overall area of hinges. Hence, a lower slit width is preferable, as this maximizes
the hinge area that can be achieved. The minimum safe extrusion width while printing is 1.05 times
the nozzle diameter (Safe, meaning it allows for sufficient bonding between consecutive extruded print
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beads [49]) and the minimum layer height while printing is 0.25 times the nozzle diameter. With the
current 0.4 mm diameter nozzle, a minimum layer height of 0.1 mm and a minimum line width of
0.441 mm could be used. In this work, the minimum average slit width achieved was 0.5 mm, and the
minimum average thickness achieved was around 0.4 mm. The term average is used because these
values were inconsistent across all samples. A hinge length of 1.5 mm was achieved as the minimum
that allowed for buckling before tensile failure was reached.

2. What is the mechanical response of the manufactured kirigami metasurfaces, and how does FFF
affect them?

As can be observed in section 6.3, the out-of-plane behaviour of the Kirigami samples has been
quantified. The effect of the cut angle on the response has been shown. The lower cut angles allow
for a greater out-of-plane deflection angle. The lower the cut angle, the lower the force required to
reach a particular out-of-plane deflection angle. The 30-degree cut angle sample gives the highest
normalized displacement for the out-of-plane normalized displacement. The effect of increasing the
δ/L ratio seems to give a slight improvement in out-of-plane deflection and displacement response.
However, the applied force required to achieve this out-of-plane deflection angle response increases
with increasing the δ/L ratio. This suggests that a greater hinge length would allow for stiffer samples.
After their out-of-plane deflection, these samples would be more resistant to compressive loads at the
spiked. The effect of the FFF manufacturing process on the kirigami metasurfaces was a bias created in
the popping direction. Due to the manufacturing specifics of elastomeric TPE, an increasing thickness
gradient was observed in the direction of the printing, which subsequently biased the popping of the unit
cell spikes towards the printing direction. The effect of the FFF manufacturing process on the bistability
of the kirigami metasurfaces was a bias created in the popping direction. Due to the manufacturing
specifics of elastomeric TPE, an increasing thickness gradient was observed in the direction of the
printing. This subsequently biased the popping of the unit cell spikes towards the printing direction.

3. What comparisons can be made between the area projected by linear and angled cut pattern
kirigami metasurfaces?

From Figure 6.5, we observe that angled cut pattern kirigami metasurfaces put forth greater projected
areas than similarly sized linear cut pattern kirigami metasurfaces. The maximum projected area of
the 30-degree angled cut angle pattern kirigami metasurface was 2.9 times the maximum projected
area of the linear cut pattern kirigami metasurface. Therefore, it stands to reason that the amount of
drag force that can be generated by angled cut kirigami metasurfaces is much greater than the drag
forces that can be generated by linear cut kirigami metasurfaces.

7.2. Significance of current work
This works also aims to be the starting point in the use of FFF additive manufacturing and the design
and material deposition freedom it offers to tailor the response of the unit cells for angled cut pattern
kirigami metasurfaces. The out-of-plane mechanical behaviour of these metasurfaces is experimentally
characterized. The extent to which they can be strained is demonstrated, and the effect of the
characteristic geometric parameters on the out-of-plane mechanical response is observed.

This work also provides a guide on how these angled-cut kirigami metasurfaces can be manufactured
using FFF, the preferable printing practices, and the setting to be used. It also highlights the challenges
of Digital Image Correlation for high-strain, elastomeric kirigami metasurfaces with large amounts of
out-of-plane deflection behaviour. Finally, it highlights what compromises need to be made when
studying these structures in such a manner and shows techniques on how to post-process and use the
large amounts of data collected.

This work also makes an estimation on the drag forces that can be generated using these angled cut
kirigami metasurfaces and provides a path forward on how research in this area can be extended.
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7.3. Limitations and Improvements
In this section, a few limitations of the current work are identified and what steps could have been
taken in the future to improve them are highlighted.
Due to the pixel size being greater than the speckle size, aliasing would occur. This speckle size to
pixel size ratio being lesser than one was due to the required field of view. This large field of view
was required to observe the entire sample throughout the entire test displacement of 30 mm. As an
improvement, either higher resolution DIC cameras be used, or the field of view be reduced to observe
a single-unit cell spike be observed throughout the global displacement of the test. This way, it would
be possible to observe a finer speckle size without aliasing occurring. This would occur as the observed
speckle pattern would be closer to the camera; hence, the speckle dots would be more prominent for
the same pixel size.

Another limitation is the sample size. With the existing clamps available for testing, only three columns
of unit cells could be used in the design of the samples to observe all cut angles required for this
study. Therefore, only spikes in the central column would be independent of edge effects. As an
improvement, it is suggested that horizontally longer clamps be acquired or made for such a test so
that larger samples can be used. A 6 x 10 (L x H) unit cell array would be preferred for the sample
sizing. This sizing would more closely imitate the Kirigami metasurface used as skins, for example: on
the wings of an aircraft.

7.4. Recommendations for Future work
The following recommendations are made based on examination of this thesis research and from the
experiences gained during this process. The recommendations are as follows:

1. DIC focus on the hinge regions. Observing the stresses at the hinge region of the kirigami
metasurfaces. Using a finer speckle pattern and keeping the cameras focused on these regions,
the exact strain at which plastic deformation, if at all, occurs can be ascertained.

2. Fatigue Testing of these Elastomeric Kirigami Metasurfaces. When strained within the
elastic range, these elastomeric kirigami metasurfaces can be reused. However, after a certain
number of cycles, creep, and stress relaxation can occur, as the material used is an elastomer
[50]. Therefore, a fatigue test can be carried out to find the point at which creep occurs.

3. Using a lower nozzle diameter. If we use a lower diameter print nozzle, such as a 0.1 mm
nozzle, we can achieve a layer height of 0.025 mm and an extrusion width of 0.105. This would
allow for the printing of multi-layer kirigami metasurfaces with lower thicknesses and lower slit
widths.

4. Wind tunnel Test to find an accurate coefficient of Drag. In section 6.5, approximations
and rough calculations are used to determine the drag force that the kirigami metasurfaces could
generate. A recommendation for future work would be to test these extended kirigami samples
in a wind tunnel to find their exact drag coefficient. Observations could also be made regarding
how these kirigami metasurfaces interact with lift and drag generated by the wing and whether
they can help delay flow separation and aerodynamic stall.

Tailoring the response of the Kirigami unit cells by influencing or biasing the
bistability
Another promising tangent for future research is tailoring the response of each or a particular kirigami
spike. Using the print bead deposition and infill pattern freedom of additive manufacturing, we can
use the material anisotropy along the print lines to tune the buckling behaviour of the kirigami spikes.
By depositing material at different orientations inside a particular unit cell of the kirigami metasurface,
we can tune its properties and determine in which direction a particular spike will buckle out-of-plane
when a load is applied. Figure 7.2 shows an Abaqus model in which a grid has been applied to a single
kirigami unit cell, and material orientation has been varied along the grid.
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Figure 7.2: Tuning the material anisotropy in a kirigami unit cell on Abaqus

Another way to tailor the response of a kirigami spike is by varying the thickness at the hinges of
the unit cells, as shown in Figure 7.3. Thickening the hinges, however, will increase the applied force
required to begin the onset of buckling for the out-of-plane deflection of the spikes.

Figure 7.3: Increasing the Hinge Thickness
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A
Appendix A - Out of plane

displacements

Out of plane displacements & Data collection points of the
tested samples
This appendix shows the digital image correlation (DIC) contours of the out of plane displacements
(W) for the tested samples. In addition, the data collection points used for sampling the results are
also demarcated on these contours. For each sample tested, these contours and data collection points
are displayed at the start and end of the test.

Samples with δ/L= 0.1

20 Degree Samples
1

Figure A.1: 20 degree cut angle sample 1 Start
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Figure A.2: 20 degree cut angle sample 1 End

2

Figure A.3: 20 degree cut angle sample 2 Start
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Figure A.4: 20 degree cut angle sample 2 End

3

Figure A.5: 20 degree cut angle sample 3 Start
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Figure A.6: 20 degree cut angle sample 3 End

4

Figure A.7: 20 degree cut angle sample 4 Start
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Figure A.8: 20 degree cut angle sample 4 End

30 Degree Samples
1

Figure A.9: 30 degree cut angle sample 1 Start
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Figure A.10: 30 degree cut angle sample 1 End

2

Figure A.11: 30 degree cut angle sample 2 Start
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Figure A.12: 30 degree cut angle sample 2 End

3

Figure A.13: 30 degree cut angle sample 3 Start
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Figure A.14: 30 degree cut angle sample 3 End

4

Figure A.15: 30 degree cut angle sample 4 Start
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Figure A.16: 30 degree cut angle sample 4 End

40 Degree Samples
1

Figure A.17: 40 degree cut angle sample 1 Start
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Figure A.18: 40 degree cut angle sample 1 End

2

Figure A.19: 40 degree cut angle sample 2 Start
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Figure A.20: 40 degree cut angle sample 2 End

3

Figure A.21: 40 degree cut angle sample 3 Start
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Figure A.22: 40 degree cut angle sample 3 End

4

Figure A.23: 40 degree cut angle sample 4 Start
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Figure A.24: 40 degree cut angle sample 4 End

50 Degree Samples
1

Figure A.25: 50 degree cut angle sample 1 Start
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Figure A.26: 50 degree cut angle sample 1 End

2

Figure A.27: 50 degree cut angle sample 2 Start
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Figure A.28: 50 degree cut angle sample 2 End

3

Figure A.29: 50 degree cut angle sample 3 Start
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Figure A.30: 50 degree cut angle sample 3 End

4

Figure A.31: 50 degree cut angle sample 4 Start
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Figure A.32: 50 degree cut angle sample 4 End

60 Degree Samples
1

Figure A.33: 60 degree cut angle sample 1 Start
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Figure A.34: 60 degree cut angle sample 1 End

2

Figure A.35: 60 degree cut angle sample 2 Start
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Figure A.36: 60 degree cut angle sample 2 End

3

Figure A.37: 60 degree cut angle sample 3 Start
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Figure A.38: 60 degree cut angle sample 3 End

4

Figure A.39: 60 degree cut angle sample 3 Start
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Figure A.40: 60 degree cut angle sample 3 End

Samples with δ/L= 0.15

30 Degree Samples
1

Figure A.41: 30 degree cut angle, δ/L= 0.15 sample 1 Start
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Figure A.42: 30 degree cut angle, δ/L= 0.15 sample 1 End

2

Figure A.43: 30 degree cut angle, δ/L= 0.15 sample 2 Start
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Figure A.44: 30 degree cut angle, δ/L= 0.15 sample 2 End

3

Figure A.45: 30 degree cut angle, δ/L= 0.15 sample 3 Start
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Figure A.46: 30 degree cut angle, δ/L= 0.15 sample 3 End

4

Figure A.47: 30 degree cut angle, δ/L= 0.15 sample 4 Start



90

Figure A.48: 30 degree cut angle, δ/L= 0.15 sample 4 End

Samples with δ/L= 0.20

30 Degree Samples
1

Figure A.49: 30 degree cut angle, δ/L= 0.20 sample 1 Start
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Figure A.50: 30 degree cut angle, δ/L= 0.20 sample 1 End

2

Figure A.51: 30 degree cut angle, δ/L= 0.20 sample 2 Start
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Figure A.52: 30 degree cut angle, δ/L= 0.20 sample 2 End

3

Figure A.53: 30 degree cut angle, δ/L= 0.20 sample 3 Start
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Figure A.54: 30 degree cut angle, δ/L= 0.20 sample 3 End

4

Figure A.55: 30 degree cut angle, δ/L= 0.20 sample 4 Start



94

Figure A.56: 30 degree cut angle, δ/L= 0.20 sample 4 End
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