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Abstract
Abstract. Origami is the art of paper
folding which originates from Japan
as a recreational activity. By limiting
the input to strictly folding, the craft
puts an emphasis on building forms
with planar facets, resulting in designs
with distinct geometrical appearances,
symmetry and proportion.

Foldable structures differ from
conventional construction processes
as they are able to be manufactured
offsite, stacked for transportation, and
assembled onsite. The fundamentals of
origami is to create structures through
the process of folding, and can be
adapted to the fields of architectures.

Rigid flat-folding origami is a subset
of paper folding that begins to bridge
the simple craft with practical
applications. Rigid origami treats
facets as non deformable surfaces
and allows components of origami to
be interpreted as buildable elements.
On the other hand, flat-folding origami
taps into the transformative properties
of folding facets whereby an origami
structure can be flattened to a smaller
volume through a single motion.

This thesis will explore the kinematics
of folding surfaces, the means to
design tessellated models and the
process of converting two dimensional
origami to buildable structures which
thickness. A discussion will be made
on the viability of folding structures
in architecture, and the thesis will
showcase a final design that highlights
the capacity of origami.

Origami has been recently explored
in engineering and has shown great
potential in the fields of astronomy and
nano-engineering. In comparison, the
use of origami in architecture mostly
exists as seldom, static planar forms,
leaving much to be desired. There are
many overlooked elements to origami
that can benefit the ways structures
are manufactured, transported and
assembled.
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1.0 | Research Outline

1.1 Overview
Background. Traditionally, the term
Origami has been primarily associated
with the ancient art of paper folding.
Ori meaning ‘to fold’ and gami meaning
‘paper’ originates from Japan as a
recreational and artistic activity. Sixth
century ancient Japan handmade paper
was a luxury item and strictly used for
ceremonial & religious purposes. Paper
became more accessible since the
1800s due to mass production and the
act of folding paper became recognised
as a form of art.
Initally, origami was the strict folding
of paper, this was the essence of
the craft and made origami simple
and approachable for many. Kirigami
is the other sibling paper art which
means “cutting-paper”, the added
flexibility of being able to create cuts
opens up more possibilities such as
pop-up books alike. One of the first
origami designs published in literature
was the paper crane in Akisato
Rito’s paper folding book Sembazuru
Orikata (1797), which used square
paper as the medium. Origami paper
has subsequently been standardised
and comes in 15cm, 24cm and 35cm
squares. As Orgiami become more
widespread, it has also since become
an educational tool as the folding
process is heavily connected to
geometry and mathematics.
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Application. Engineers have since
incorporated origami wherever
structures need to be reduced and
subsequently enlarged for spatial or
functional reasons. Early adoption
of origami was in the design of
airbags in motor vehicles. Origami
allows for complex components to
be manufactured from a single piece
without bonding, riveting or welding,
reducing storage & transportation
costs.
The term rigid origami refers to static
/ non-moving crease patterns in which
designers and architects alike have
used as a means of design inspiration.
In most cases, the utilised property
of origami does not extend past its
surface and is usually limited to the
geometrical appearance of its form.
Origami which is consisted entirely
of planar elements can theoretically
create a new category of structure
based on folding panels.
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1.2 Problem Statement
Earthquakes. New Zealand is subject
to natural disasters due to its
geographical location, an issue that
is unavoidable but is preparable.
Earthquakes occur when tectonic
plates slip, causing a sudden shake at
the boundaries of these plates which
are called fault lines. New Zealand is
located directly between the Australian
Plate and the Pacific plate, which
results in more frequent and highintensity shaking.
While the immediate impact of the
disaster can be associated with the
loss of lives, the extensive effects of
an earthquake are the severe damage
to urban areas. The aftermath of the
shaking can be seen in the damages
caused to homes and infrastructure
which lead to homelessness and
financial instability.
Earthquakes are most commonly
measured using the Richter Scale
which calculates the earthquake’s
magnitude. The Richter Scale is a base10 logarithmic scale that ranges from 1
to 10. In other words, a reading of ‘two’
is 10 times more intense than ‘one’.

Figure 1.2.1: Techtonic Plates

Figure 1.2.2: Earthquake Risk Zones
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Christchurch has been victim to
many major earthquakes over the
past century due to its location being
directly on top of the faultline, where
the lastest occurred in February 2011
at a magnitude of 6.3. The disaster
resulted in a total of 181 deaths, and
over ten thousand homeless.
Scientists can estimate the probability
of an earthquake occurring in a specific
area within a certain number of years,
however, it is currently not possible
to predict the precise occurrence
of an earthquake. New Zealand is
predicted to have several magnitude 6
earthquakes every year, one magnitude
7 every 10 years, and a magnitude 8
every century.
Although the effects of an earthquake
span across a large area, those
close to fault lines will be impacted
to a greater extent. Not commonly
mentioned is that earthquakes are
particularly devasting for rural areas
that may lack the infrastructure
to support a suddenly homeless
population of people. This is worsened
by the fact that these remote locations
impose difficulty in transporting
shelter or manpower. A combination of
road conditions and the long distance
between the rural area and the city can
lead to wasted resources and a longer
recovery period.
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Figure 1.2.3: Christchurch 2011 Earthquake
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Shelter. When a large number of
people suddenly become homeless,
there is a great demand for shelter, a
figure that may vary by a lot depending
on the level of impact. Temporary
structures primarily exist in two types;
those that are prefabricated and those
that are produced as components to be
assembled. These attempt to provide
two potential solutions to immediately
respond to the aftermath.
Prefabricated shelters are often
constructed with better quality, a
trade-off that results in a hollow
interior that is difficult to purpose. The
storing of prefabricated shelters is
much like stacking empty boxes, and
is a very inefficient usage of space.
Prefabricating shelters is met with an
issue that is paradoxical. There is the
concern of building too many shelters
to potentially risk leaving them forever
in storage, a method that can be costly.
There is also the concern of building
too few shelters to only be met with an
exceeded demand.

the shelter need to be assembled
after being dropped off. Due to
these shelters being designed
with insulation and waterproof, the
installation of these shelters will
require the expertise and manpower of
accompanying people which may not be
available.
It reasons to evaluate that the current
industry lacks the efficient means of
deploying shelters in the time of need,
despite being situated in the demand.

Component shelters are able to
be stored in parts, a benefit over
prefabricated shelters, these parts
can then be stacked for transportation
to the affected area. Unlike
prefabricated shelters where the
process of assembly is done before
transportation, the components of
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1.3 Methodology
Literature Review. Paper folding has
evolved over a long period of time and
is separated into many subcategories
for different purposes with very
detailed literature. Flat folding origami
is one of those categories whose
foundations are primarily geometry
and mathematics. For the interest
of this thesis, the mathematics and
calculations will not be explained in
detail, but instead summarised as
results of input and output. Origami will
be viewed and evaluated as a system of
designing foldable forms.
Two Dimensional Exploration. The
facets of origami will be treated as
rigid and having zero thickness to
study the motion of a folding origami.
The components that make up an
origami tessellation will be analysed
individually to understand how
connected faces interact with each
other. The study will conclude the limits
of folding systems and suggest the
optimal formation of crease patterns.
Designing with Origami. An attempt
will be made to derive a system of
designing custom origami forms from
the previous analysis. The system will
be aimed at designers alike to turn two
dimensional sketches into origami type
models.
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Three Dimensional Exploration. Two
methods of building thickness to
foldable origami structures will be
discussed in detail. 3D printed models
are used to represent rigidity and will
demonstrate the folding of origami
structures. Properties associated with
three dimensional origami will be
explained, followed by a comparison
of suitable materials to build origami
structures with.
Practicality. Transitioning origami into
a construction system will require a
discussion on the system’s benefits and
drawbacks. Although the design input
of this thesis is based on deployable
structures, other equally viable
functionalities will be briefly explored
through a short design.
Design Process. The section will walk
through the conceptual stages of the
design showing how the form of the
shelter took its shape. A 3D printed
model will showcase the structure’s
plausibility and folding motion.
Details and Photos. A detailed
documentation on all aspects of
the structure that were utilised and
consideration for the practical usage in
typical disaster conditions.
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2.1 Introduction
Introduction. The rule of the game
requires that from a sheet of paper, a
model is created through folding alone,
without usage of glue or scissors.
When modeling through folding alone,
there are many restrictions associated
with the range of modeling. While
the usage of a larger initial material
enables larger structures and more
details, the most common problem
is the build up of unwanted material.
Unlike forms of subtractive modeling,
the extra material cannot be removed
but instead needs to be hidden away.
Skillful designers will instead utilise
the additional masses for structural
and detailing purposes. The depth
of paper folding lies in discovering
different possible forms deductible
from a single sheet of paper.
As a form of recreational activity and
art, the goal of paper folding was
generally to create decorative or
functional models. The most common
type of paper folding is nature mimicry.

12

Paper folding can be interpreted
as a system of modeling, a unique
system that is not based on additive
or subtractive modeling. In origami
modeling, the mass of the material
remains the same from start to finish.
Origami modeling is based on making
adjustments in increments, which
are denoted as folds. Through many
steps of folding, origami modeling will
transform a sheet of flat material into
a three-dimensional model. Due to the
action folding reducing the area of the
sheet, the resulting output will always
be seen as smaller than the input
material.
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Mathematics. In the 1970s,
mathematicians created algorithms to
map three dimensional shapes’ folding
instructions onto a sheet of paper.
In 2008, Japanese mathematician
Tomohiro Tachi published a free
program called the Origamizer that
offered a simplified user interface and
allowed people to import their own
models for mapping.
The algorithm splits the sheet into a
large number of polygons of different
sizes. The smaller faces are folded
multiple times and stacked inside
of the model, leaving only a small
percentage of the faces exposed which
form the seemingly curved surfaces.
With a large enough paper and the
means to make thousands of folds, the
program features the virtually endless
possibilities for paper folding.

Figure 2.1.1: Origamizer Rabbit
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Although the program has been
criticised for being wasteful and
impractical for the handy craft that
is origami, the computer generated
forms are still considered valuable by
mathematicians and designers.
The generated crease pattern shows
a certain level of regularity in the
placement of large outlines that
represent components of the model.
The pattern gives insight into how
the computer optimises the creases
and designers are able to study these
to create more efficient designs.
Combining the technology with human
input to refine and simplify complex
origami designs, the relationship can
produce greater designs that were
once deemed impossible.

Figure 2.1.2: Origamizer Donut
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2.2 Language of Origami
Crease Patterns. To understand
origami, we divide an origami design
into two regions: faces and folds. The
faces correspond to regions bounded
by the folds and by the boundary of
the sheet. The layout of the folds in
a planar configuration is called the
crease pattern.
The material for origami, being
primarily paper or card, is established
as a two dimensional surface without
thickness. Straight lines located
inside a crease pattern are treated as
rotational hinges during folding. For
the rotation of faces, there are only two
possible directions, most commonly
indicated as different line weights on
the crease pattern.
The interpretation of the specific
direction is not important, as the
model can be simply flipped at the
end. Therefore, the design of crease
patterns generally do not indicate
which lines are mountain or valley
folds, however, it is important that the
intial interpretation remains consistent
throughout the folding process.

Crease Pattern

Mountain Fold

Valley Fold

Figure 2.2.1 Origami Crane
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Flexible Origami. Due to the nature
of the medium being paper, origami
models are not confined to straight
faces and edges. Paper can bow and
flex which can allow for organic and
animated structures. Curved edge
folds are also possible, however, they
are uncommon in origami designs
due to the difficulties associated with
performing the fold. Often times,
folding curves damages the paper, and
instead designers use straight edge
folds, and angle the faces to achieve
curvature.
The bouncing frog is an example of
interactive origami. The crease pattern
design stacks multiple folds together
and attempts to create tension
when the frog is pressed down. The
compressed paper will naturally want
to spring back due to elastic recovery
and releasing the frog will result in it
jumping upwards.
The jumping frog has a limited lifespan
in regards to the number of times it
can flap and bounce, due to paper
eventually tearing and losing tension.
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Figure 2.2.2 Jumping Frog
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Rigid Origami. Rigid origami refers
to a planar type of origami, where
transformations do not deform facets
(Tachi 2009). Rigid origami is the first
step to transfer principles of origami
into buildable systems. Assuming
that folding is possible, sheet metal
or other materials can be introduced
as a substitute for paper following
the same methods of construction as
paper. Origami models are difficult
to be built on a large scale due to the
strength associated with a thin sheet
of paper however, by introducing a
stronger and rigid material, building
these geometrical structures becomes
possible.

Figure 2.2.3: Origami Tube

The degradation of flexible materials
is generally noticeable immediately in
comparison to rigid materials where
a component function can flawlessly
for a long period of time but breaks
immediately at the end of its cycle.
An example would be a rubber band
slowly losing tension, it may be
still functional after a while but its
strength is not reliable. Assuming
practical applications where tolerances
are tight, foldable materials are a
unreliable factors when trying to
achieve consistent input to output
results.
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2.3 Flat Folding Origami
Introduction. Flat folding origami refers
to a specific way of folding whereby
an origami model can be collapsed
flat without any collisions. The crane,
for example, can be pressed in a book
without crumpling or creating new
creases. The concept of flat folding
origami is straightforward, however,
the complexity of crease patterns
already makes guessing the end form
near impossible.
It was only until 1980, that Japanese
mathematician Jun Maekawa published
a method of predetermining whether
a crease pattern is flat-folding
without the need to fold the structure.
The formula to deduce flat folding
origami is called Maekawa’s theorem.
According to Maekawa, vertices in a
flat origami crease pattern need to
satisfy the following conditions:
1. The vertex is located inside the
boundary of the paper (not on the
edge)
2. The difference between the
number of mountain and valley
creases at the vertex is two (M-V =
±2)
Figure 2.3.1: Maekawa’s Therom on Flat Folding
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Origami that is considered flat folding,
requires straight edges and shall be
considered a subset of rigid origami.
Maekawa’s theorem can be used to
analyse whether crease patterns are
flat folding, however, can also be used
in reverse, to intentionally design flat
folding origami.
While there are multiple ways to
fold a model flat, flat-folding origami
is unique in that the geometrical
alignment allows the process to
happen in a single motion. In the
diagram, by pulling the lower right
face is all that is necessary to fold
the model down into four faces. From
a practical perspective, this can
greatly benefit the deployment and
closing speed of folded structures. The
simplicity in operation also reduces the
complexity associated with folding.

Crease Pattern

1.

2.

3.

4.

| Mountain Fold
|| Valley Fold
Flat Folded

Figure 2.3.2: Folding Sequence
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Straight Edge
To an extent, a single fold can be
understood as two edges connecting to
a single vertex. The equation satisfies
Maekawas Theorem with there being
no valley folds.
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Four Edges
A vertex connected to four edges is
considered the simplest variant of flat
folding origami, including at least one
mountain and valley fold. A pattern
can be spotted whereby a vertex
with any even number of edges can
be flat-folding, providing the correct
distribution of mountain and valley
folds.
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Six Edges
Even though theoretically, an infinite
even number of edges can be
connected to the vertex, in practice, too
many overlapping faces make folding
difficult, and often the model will unfold
itself due to the compressed tension.

Two Vertex
Flat folding origami is not restricted to
single vertex models, and any number
of vertices may be used. The limitation
lies in the number of edges connected
to each vertex must be the same in a
single given crease pattern.

Figure 2.3.3: Vertices Arrangment
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2.4 Tesselations
Tessellations. Tessellations are a
specific methodology of tiling, that uses
geometric polygons to fill an infinitely
large area.
Miura Ori. The Miura Ori is a specific
tessellated crease pattern that
follows Maekawa’s theorem and
forms a tessellated surface through
parallelograms. The fold is named after
its inventor, Koryo Miura. The pattern
is created through the intersection of
straight vertical lines and horizontal
zig-zag lines. The identical and mirror
shapes are able to fold into each other
to form a tight configuration
The 1996 Space Flyer Unit deployed
the 2D Array from a Miura folded
configuration. The inflatable membrane
structure of the SPROUT satellite
is carried into space in the Miurafolded state and then deployed using
inflatable tubes themselves carried
into space in the Octagon-folded state.

Figure 2.4.1: Sprout Satellite Unfolding
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Figure 2.4.2: Miur-Ori Crease Pattern
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Yoshimura Ori
Similar to the MiuraOri, the
Yoshimura is also a flat-folding
tesselation consisting of triangles
instead of parallelograms. Japanese
mathematician Jin Yoshimura
first observed the pattern when a
thin cylinder was exposed to axial
compression. Their difference, when
folded, is that the Miura Ori forms
a planar wave surface, while the
Yoshimura Ori forms a rotational
buckling.
By combining the rotational property
of the tessellation, and the ability
to deploy quickly through flatfolding origami, a lightweight person
bulletproof shield has been developed
for law enforcement.

Figure 2.4.2: Foldable Bullet Shield

23

3.0 | Kinematic Design Exploration

3.1 Components of Origami
Introduction. Origami is a tool of design
that is confined to its own ruleset, and
within a narrowing ruleset, there are
an increasing number of similarities
that can be drawn between designs.
While origami restricts modeling to
folding, rigid and flat-folding origami
impose further limitations whereby
there is only a countable number of
variables that can be changed. An
extent of understanding can be derived
from these variables to create a simple
system of designing origami structures.
This chapter will explore how origami
structures can be broken down and
simplified, and the methodology to
design with them.
Kinematic modeling of origami
structures is the study of their folding
motion without considering the
materials or the physical limitation of
such motion. Such study is important
in understanding the complex
transformation of origami structures
and is the first step toward physical
modeling of such structures.
By mapping the various elements that
create a particular origami model in
a computer program, we are able to
simulate its motion for analysis. Nondigital methods of studying motion
generally impose great inaccuracies
due to the deformations of materials
such as paper and card.
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Tessellations. Within origami modeling,
tessellations are the most scalable and
practical system for structures. Unlike
recreational origami that is focused
on mimicking objects and nature,
often through deformation, origami
tessellations are rigid and linear that
embraces large geometric expressions.
Tessellations have many functions
where they can be reduced to singular
components or tiled to cover a large
area. The design of these tessellations
requires much less knowledge of
the workings of origami and is more
approachable for designers alike. A
seamless transition between origami
modeling and architectural design can
be accomplished through tessellations.
This thesis will refer to the vertical
creases and the horizontal creases as
linear creases and diagonal creases
respectively. This distinction is for the
purpose of clarity for when the crease
pattern is later viewed in perspective
and is specific to one axis tessellations.

3.0 | Kinematic Design Exploration

Components. The Miura Ori and
Yoshimura Ori will be referred to as
one axis tessellations, in the context
of this thesis, this means that the
pattern is repeatable on a linear
line of reflection. Acknowledging the
direction of tessellation is important
because it allows us to narrow the field
of analysis to only the portion that is
being repeated. Additionally, origami
patterns can be viewed sectionally in
the axis of tessellation as the repeated
sections overlap.
The four components that affect the
folded form of a crease pattern are:
•
•
•
•

One Axis Tessellation
-Miura Ori-

Zero Axis Tessellation

Folding angle
Crease angle
Crease direction
Vertices position

Three Axis Tessellation

Ax

is

of

Te
ss
e

lla

tio

n

On
e

Un

it

Figure 3.1.1: Axes of Tessellation

n

tio

c
Se
ew
Vi

Figure 3.1.2: Unit of Tessellation
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3.2 Folding Angle
Folding Angle. Once a crease pattern
has been designed and modeled, the
only variable that can affect its form is
the degree to which it is being folded.
During the process of folding, the
model is considered three dimensional
as its form changes continuously.
The model can then be frozen at any
particular increment of its folding
process and thus setting its folded
angle. The Miura Ori will be used to
demonstrate this effect.
At a 0° fold, the model will be
considered unfolded and at its resting
position; at a 90° fold, the model will be
considered fully flat folded. The reason
that 90° is considered fully folded is
due to the mirroring of tessellated
patterns, and the opposite side will
have also folded 90°, closing shape.
90°

0°

Range

Mirrored

Figure 3.2.1: Folding Range

There are two angles that can be
extracted from a tessellated origami
model, the angle between the linear
crease, and the angle between the
diagonal crease.
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The diagonal crease angle varies in
relation to the angle of its crease and
is therefore considered dependent.
For this reason, the angle of the linear
crease which is independent will be
established as the folding angle of the
entire model.
Coverage. When the model is being
folded from its resting position, the
rate at which its area coverage is
decreasing is squared. In other words,
while a few degrees of folding from
its resting position may have little
impact on the total area, the same
amount of folding will greatly reduce
the area towards the fully folded
position. The dimension of the unfolded
area in relation to the dimension of a
folded area will be referred to as the
efficiency of coverage and as such,
the efficiency of an origami model’s
coverage decreases through its folding
sequence.
It is worth noting that the model’s three
dimensionalities directly affect its
structural stability, and is the greatest
at the middle of its folding process;
45°. To design a model that covers a
large area while retaining adequate
structural strength, the recommended
folding angle lies between its early to
middle stages of folding. Roughly 22.5°
to 45° depending on which quality is
favored.
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Folding angle

Folding Sequence

Area Coverage

Figure 3.2.2: Folding Sequence
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3.3 Crease Angle
Crease Angle. The horizontal zig-zag
line is the only non-linear crease, and
the angle of creases will be referred to
as the crease angle. The crease angle
primarily affects the rotational angle of
the adjacent faces when the model is
folded. The folding angle and the crease
angle are the only components that
can independently affect the rotational
angle of the faces. The example of
crease angles will be demonstrated
using a Yoshimura Ori pattern.

Steep. Conversely, a steep angle
utilises a large contact distance,
allowing for better rotational control
when folding. The downside of a steep
angle is the small range of rotation
and the crease line occupying a great
amount of space on the crease pattern.
Although the contact distance is much
greater, the steep crease creates sharp
edges in faces that are difficult to
strengthen and maintain, therefore also
becoming a weak joinery.

Assuming that the folding angle is the
same, a shallow crease angle results
in a larger rotational angle while a
steep crease angle results in a smaller
rotational angle. In physical modeling,
both extremes of shallow and steep
crease angles cause impracticality for
two different reasons.

The optimal crease angle for strength
is therefore between shallow and steep
at 45°, also supporting a balance of
crease size and rotational range. When
needing to achieve a large rotational
angle, a singular diagonal crease will
have a limit to its rotational range.
Instead of using a shallow crease that
is not optimal for strength, the crease
can be broken up into two medium
angled creases to achieve the same
effect. It should be noted that this
approach occupies more space on the
crease pattern and may not always
be possible. It is recommended to
split shallow crease angles that are
between 0° and 22.5°.

Shallow. A shallow angle builds little
amounts of contact distance and
results in a sensitive mechanism. The
ratio of the model’s folding angle to
rotation is very high, and in practice,
makes fine tuning the specific rotation
difficult. The high conversion ratio
combined with the short contact
distance can result in a weak joinery,
that is more likely to be subject to
failure.

28
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Shallow

Middle

Steep

Crease Angle

Folded Model

Sectional View

Figure 3.3.1: Effect of Changing Crease Angles
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3.4 Crease Direction
Crease Direction. In a unit of
tessellation, the mirroring of diagonal
creases will form the shape of an
arrow, the direction of the arrow will
be referred to as the crease direction.
There is a crease direction associated
with every diagonal crease. The
example of crease directions will be
illustrated by comparing the Miura Ori
and Yoshimura Ori.
Only analysing the arrow, we can see
that the Miura Ori is designed with
parallel creases, indicated by arrows
aligned in the same direction. The
Yoshimura Ori is designed with creases
in alternating directions, indicated
by arrows pointing in the direction
opposite to its previous.

Miura Ori

Yoshimura Ori

In section, the Miura Ori effectively
controls the plane between two
parallel lines of reflections. When
tessellation, the Miura Ori can form a
three dimensional plane. On the other
hand, the Yoshimura Ori controls the
plane within a circle of reflection. When
the Yoshimura is tessellated, the shape
can complete a full revolution to form a
hollow cylinder.

Figure 3.4.1: Reflection of Tessellations
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3.5 Vertices Position
Vertices Position. The position of the
vertex along the continuous edge
can move independently, effectively
bridging a greater or short distance
between the other vertices. The
Yoshimura Ori will be used as an
example.
A single vertex is connected to all
tessellated diagonal creases, and
in sectional view, it will represent a
folding point of the model. The benefit
of bringing vertices together allows the
creation of a more compact section, by
reducing the width in between.

Additional information regarding the
displacement of vertices is that all
vertices along the linear crease can
merge regardless of their specific
diagonal crease angle.
The exception to this is in cases like
the Miura Ori where crease lines are
parallel.

Vertices are further able to merge
together to form a single vertex,
this is possible due to the only point
of contact being the diagonal edge.
In section, both diagonal edges of
the trapezium are able to move
horizontally without affecting the
position or motion of the other. Merging
the vertices which are the end point
of the diagonal line, effectively turns
the trapezium into a triangle. While
the single vertex is now connected to
six creases as opposed to four, the
folding function of the whole structure
remains the same.

Figure 3.5.1: Translating Vertice Positions
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3.6 System to Design Origami
Analysis. Being able to design and
adjust crease pattern conditions, we
can compare the Miura Ori and the
Yoshimura Ori. They are both designed
based on the four-edge to vertex
iteration of flat-folding origami. By
adjusting the crease angle and vertex
spacing of both patterns to be identical,
we can normalise their crease pattern
conditions. While the modeling of both
patterns appears seemingly unrelated,
they share a lot of similarities and are
virtually identical. The following section
will employ bracketed abbreviations to
assist with the explanation:

Example 1
If the line turns clockwise at the first
crease (up), the second crease (down)
will follow its previous rotation and
turn the line clockwise again.

Second Crease
(down)

Crease Direction
(up) = Upwards arrow
(down) Downwards arrow
Instead of analysing the planes of
reflection, we can sectionally trace
the travel of the model as a moving
line. Since both patterns only differ
in crease direction, we can associate
the direction of the crease with the
rotational effect on the line travel.
Rule.
Consecutive crease directions [(up)
(up) or (down)down)] will result in a
rotation opposite to its previous while
opposing crease directions [(up)(down)
or (down)(up)] will repeat the same
rotation to its previous.
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First Crease
(up)

Figure 3.6.1: Directing Tessellations Example 1
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Example 2
If the line turns clockwise at the first
crease (up), the second crease (up) will
reverse the rotation of its previous and
turn the line anti-clockwise.

Second Crease
(up)

First Crease
(up)

The direction of fold in the initial line
is irrelevant to the form of the model,
and changing it will simply invert the
direction of all lines, in the examples,
the initial line was built from a valley
fold.
Both the Miura Ori and Yoshimura Ori
can be explained through this rule set.
The Miura Ori sequentially reverses
the rotation of the line to create a
zig-zag pattern while the Yoshimura
Ori sequentially rotates the line in
the same direction creating a circular
pattern.
Another way we locate the two
tessellations patterns is by isolating
the isosceles trapezoids that are the
Yoshimura Ori and parallelograms that
are the Miura Ori.

Figure 3.6.2: Directing Tessellations Example 2
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Founding patterns. The combination of
linear, rotation, and counter rotation
can all be found in the two models;
Yoshimura Ori and Miura Ori. For this
reason, they can be recognised as
the only patterns required to form
all single-axis origami tessellations.
Combined with the ability to modify
components of the crease patterns, we
can derive a system to create origami
tessellations from two dimensional
sketches.
The travel between creases can be
considered a straight line, and the
rotation of the line can be controlled
at each crease in accordance with the
crease direction. The ability to design
and modify origami crease patterns
essentially equates to fully control of
the origami model’s sectional path. An
example will illustrate the approximate
process of designing origami
tessellations in two dimensions.
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Origami Hinge. Furthermore, we can
simplify the mechanism to a single
vertex and its four faces. Although the
axis of rotation is completely different,
the origami mechanism can simulate a
close function of a standard hinge.
In the case of an origami hinge, the
functionality is limited by the four
individual creases that correspond to
its own axis, whereby a limitation in
one axis will prevent the entire model
from functioning. This, however, can be
utilised by interpreting the limitation
in the opposite manner. The rotational
stability is now shared across four
axis, and therefore the strength of the
origami hinge are three dimensional.
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Standard Hinge

Origami Hinge

Figure 3.6.3: Origami Hinge
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Figure 3.6.4: Sketch to Origami
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4.1 Non-zero Thickness
Introduction. In the mathematics of
paper folding, paper is regarded as
having zero-thickness, where all
calculations and folding do not take
into account the 0.05mm - 0.1mm of
thickness that a single sheet of paper
will have. For the small scale craft
that is origami, this slight inaccuracy
is mostly irrelevant, however, when
attempting to scale the system to
rigid materials and connections, such
inaccuracies will completely break its
operation. The term materialise will
be used to will refer to the process of
building thickness on flat faces. This
chapter discusses the methodology
of materialising origami and the new
found properties created through
the process. Materialised origami
models will be referred to as origami
structures.
To seamlessly transition origami into
buildable structures, it is important
to understand the properties of paper
and the limitations of rigid building
materials. Using a beam as an
example, when it bends, its out surface
is under tension while its inner surface
is under compression. Assuming the
beam is able to continuously bend 180°,
the outer surface is stretched longer
while the inner surface is compressed
shorter. This buckling effect is the
reason why paper tends to spring back
after being folded.
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The slight dimensional inaccuracy can
also explain why it is difficult to line up
corners after folding a plane a couple
of times. The buckling effect becomes
more apparent when multiple folds are
stacked on top of each other, and the
myth that paper cannot be folded in
half more than 7 times reinforces this.
The simplest example of a materialised
origami structure is a door hinge,
which is a thick interpretation of a
single line fold. (Tomo) Unlike paper,
rigid building materials have a nonnegligible thickness that needs to be
taken into account when discussing
the folding motion of origami. The
main concern when considering the
folding motion of connecting thick
panels is the issue of intersection.
Origami tends to have overlapping
faces when flat folding, and these
translate to stacking layers of
thickened panels that interfere with the
placement and motion of its adjacent
copies. To be able to turn designs of
two-dimensional models into threedimensional structures, the proposition
of materialising origami needs to build
upon the kinetic behavior of flat folding
rigid origami.
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Reference line. To follow the kinematics
of origami, we will use a reference
line that will represent the ideal
origami surface with zero thickness,
this surface also holds the layout of
the crease pattern. The purpose of the
reference line is to trace the path of
the origami surface in sections as a
foundation to raise thickness. In this
context, the reference line needs to
be maintained as a continuous line
to keep the folding motion true to its
kinematics. If the reference line were
disjointed, the folding motion of the
structure will be broken.
Examining the components, origami is
made up of faces and edges, which is
essentially the construction equivalent
of panels and hinges. These are readily
available as raw materials, where only
the panels may require dimensional
processing. Origami structures
innately have a large number of
faces and therefore require the same
operation made on each individual
panel. The complications associated
with producing origami panels can
become costly, and as such, the ideal
manufacturing method of origami
panels should require minimal tooling.
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4.2 Building Thickness
Perpendicular. The simplest method
of building thickness to the reference
line would be through a method of
extrusion along the normals of the
faces in both directions. The reference
line will remain horizontal at the
structure’s unfolded position.

Unfolded

Folded
Reference line
Chamfer angle
Folding range
Figure 4.2.1: Perpendicular Materialisation

The folding range of the structure
would still be zero as the rectilinear
corners are in contact and prevent
any rotation. The edges at pivot points
need to be chamfered such that the
model can freely rotate. This method of
materialisation will however limit the
folding range of the structure to the
angle of the chamfering.
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To achieve a large folding range, the
angle of the chamfering will need to
be made cut steeper. This operation
not only reduces the width of material
at the pivot point which weakens the
joinery but also reduces the overall
volume of the structure. Furthermore,
the chamfering alone can never make
the structure fully flat foldable as
that would require the removal of all
material.
The pivot point is chamfered on both
sides allowing the rotation to take
place in either direction; much like
two-dimensional origami, there is also
the option of not folding at particular
pivot points. Once the structure
undergoes folding the pivot points
that are not in use will be treated as
a straight line. The folding structure
at many points is only connected by a
thin point of contact that is the pivot,
resulting in wobble and instability.
This only occurs when the structure is
unfolding and as soon as the structure
beings the fold, the mechanism will
lock up in the trajectory of folding
becoming very stable again.
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Unfolded

Half folded

Fully folded

Figure 4.2.2: Perpendicular Materialisation Modelling
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Diagonal. A method proposed by
Tomohiro Tachi offsets the pivot points
of the panels to the edges in a diagonal
configuration. This allows the structure
to lay flat when unfolded and is able to
completely close in its folded state.

Unfolded

Folded
Reference line
Fully collapsible

Figure 4.2.3: Diagonal Materialisation

In this case, the reference line is
still continuous, however, the line
is diagonal in both the folded and
unfolded position. This means that
the origami crease pattern is partially
folded in both positions, and the angle
between the reference line suggests
that the crease pattern can completely
fold flat the model through an angle of
less than 90°.
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Unlike the previous method of
materialisation that is based on a
single planar surface with pivot points
at the panels centre, the pivot points
are now shared by two planar surfaces.
Both sides of the panel will share and
assist with the rotation.
There is no need to chamfer the
edges to enable folding and requires
much less modeling to be done to the
panels. The panels of the structure
are able to remain rectilinear and
when laying flat, their touches edges
create additional support for the pivot
locations and help to keep the model
flush. This orthogonal design sacrifices
the flexibility to ignore creases when
folding.
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Unfolded

Half folded

Fully folded

Figure 4.2.4: Diagonal Materialisation Modelling
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The sectional diagram illustrates
the connection as panels in a linear
sequence. The panels and pivots
correspond to face and vertices in
terms of two-dimensional origami and
show a connection of two creases to
the vertex. Flat fold origami is however
based on a four crease to vertex
connection and the sectional diagram
simplifies the concept to represent the
basic principles of its motion.

The condition of a four panel
connection is required for a folding
motion, yet the distancing only
facilitates the volume of two panels.
Tomohiro Tachi’s proposal splits the
connecting segment of the panels in
half and allows a flush connection of
all four panels.

Flat folding in materialised origami
is when two panels are able to fold
against each other, leaving no gap in
between. When attempting to flat fold
four panels connecting to the same
vertex, there will always result in at
least one gap between the panels.

2 x Outer Panel

2 x Inner Panel

Figure 4.2.5: Four panel Junction
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Figure 4.2.6: Differences after Materialisation
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4.3 Resting Position
Resting Position. Transitioning origami
from two-dimensional origami to
three-dimension opens up new
properties in the structure that can
be changed. The extruded segment
from the origami is not required to
be perpendicular or vertical edges.
Changing the angle of the edge will
affect the angle which the origami
structure will rest in. This allows
origami structures under zero forces,
to remain in a geometric folded-like
position
The resting position can be determined
by the length of the overhang, or lack
thereof, at mountain folds and valley
folds. To achieve a convex resting
position, the outer surface will need
to be larger than the inner surface
to create the angled overhang. When
the origami structure is unfolding, the
extra length of material will create
an earlier point of contact between
the two panels and prevent folding
to the horizontal position. Vice versa,
to create a concave rest position, the
outer surface will need to be smaller
than the inner surface to inset the
outer edge. Moving the edge back will
delay the contact between the two
panels where the structure will have
folded past its flat position and form a
concave corner.
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The angle of the resting position can
be controlled by adjusting the length
of the protruding or sunken edge.
Depending on whether the length is
overhung or inset at the mountain fold,
the opposite modification needs to be
made valley folds.
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Concave

Convex

Figure 4.3.1: Resting Positions
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4.4 Materials

Wood. Timber is a material that is
readily available as large sheets, of
different dimensions and widths. There
are many variations of timber that
offer different properties of strength,
density, finish, and appearance.
Raw cut timber can require little to
no processing for interior builds, and
although water treatment makes
timber less recyclable, it allows the
timber the flexible for external use. The
wooden surface has a naturally warm
hue and is arguably the most pleasant
material in the group.
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Metal. Metal ranges from many ore
types with their own unique properties,
these can then be fused to create
metal composites that are greater than
the sum of their parts. In the case of
origami, sheet material would be the
most suited, offering strength while
being light weight.
Aluminum would be the most
appropriate metal composite offering
higher strength to weight ratio
while also being water resistant and
relatively inexpensive. Building with
sheet metal can, however, result in
thin walls that provide poor insulation,
in addition to the metal being a good
conductor of heat will result in a coldfeeling material.
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Figure 4.4.1: Illustration of Materials

Plastic. While plastics are also
suitable as sheet material, they can be
rearranged in a grid like configuration
to form polycarbonate panels. The
cavity in the panels provides additional
insulation as air is not a good
conductor of heat, and layering these
panels can multiple its effectiveness,
though with diminishing returns. The
layout also supports the structural
rigidity which allows the plastic to be
extremely lightweight.
Plastic is also a composite material
that can be made water resistant
as well as coated to prevent UV
penetration. The material is offered in a
range of colors and is also inexpensive.
The downside to plastics is that the
material is very difficult to recycle and
reuse.

Wireframe. Instead of solid materials
which may add unnecessary weight,
emptying the inner volume and
replacing that with fabric can offer an
identical functionality without breaking
the mechanisms of folding which only
require the edges. Fabrics naturally
have the flexibility and can help to
dampen impact, vibration, and sound.
Due to its construction and lightweight,
a wireframe build can hardly benefit
from the geometric stability that solid
origami structures offer. The nature
of wireframe already offers the ability
to easily disassemble the structure’s
size and may not utilise the folding
capabilities of origami.
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Wood

Rigidity.
Ability to not deform overtime

Strength.
Capacity for withstanding load

Weight.
Mass of the material built panels

Insulation.
Ability to prevent the transfer of heat

Accessibility.
Readily availablity and cost of material

Aesthetics.
The material’s range of finishings

Environmental impact.
Recycle and reusabiltity

The total accumulated rating points are
not shown, as this is not to decide on
a universal material for building with
origami, but rather, to visualise how
certain materials may be advantageous
in varying conditions of requirement.
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Metal

Plastic

Wireframe

Figure 4.4.2: Material Comparison
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4.5 Summary
Advantages. Origami structures can be
considered as a specialised method of
construction and require a discussion
of the perks and advantages that such
a system offers. While other systems
may offer an identical functionality, it is
the combined utility that gives origami
structures identity, prompting it as a
superior system in certain scenarios.

Structural Skin
The mathematics of folding structures
naturally angle connecting panels
in different axes, providing three
dimensional strength and stability.
Origami structures can be designed
to be self supporting along their skin,
eliminating the need for additional
support.

Compression
Origami structures can be designed to
be folded dense for transportation or
storage. The folded structures are also
rectilinear and flat, allowing multiple
units to be stacked on top of each
other.

Deployment
The system of origami are all
interconnected, and in particular rigid
flat-folding origami is designed to be
deployed in a single motion. Unlike
other compact mechanisms that
require multiple user inputs to fully
unfold, origami systems are semiautonomous.

Multifunction
The angle to which a structure is folded
may occur to different functionality.
A semi-open structure takes a wildly
different form compared to a fully
opened structure and is an element
that can be designed around.
Manufacturing
The foldable structures are made up of
identical panels only of different sizes.
Depending on the material of choice,
in the case of metal and timber, it may
only require cutting the panel down to
size, cutting down costs and production
time.
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Self Locking
Origami structures when unfolded and
laying flat are comparable to paper,
where they have a non-rigid quality.
However, when an origami structure
begins to fold, the mechanism becomes
locked in its folding path, rejecting all
non-progressive and non-regressive
motion.
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Disadvantages. Specialised systems
often suffer in other aspects that may
not be apparent. Origami structures
in particular are relatively new
system with flaws that do not yet
have solutions for. It is necessary to
acknowledge these drawbacks when
evaluating origami against other
systems.

Longevity
Moving parts are subject to increased
degradation due to friction, and origami
structures are inevitably based on
multiple moving parts.

Connection
Hinging points of folding structures
have the least amount of material
to enable a wide motion of folding.
This opens up the structure to the
possibilities of water seepage and
insulation weak points.
Wasted Space
While origami structures fold to create
structural strength, the resulting
space consists of arbitrary angles and
corners that are often used.
Complexity
Origami structures being all
interconnected are rather complex,
and while any structure can break, it is
particularly more difficult to diagnose
a problem in the case of origami
structures.
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5.1 Concept Design
Roof. The primary element of a shelter
is the roof, which is responsible for
rain protection, sun shading, thermal
insulation, and partial wind barricading.
The roof is conceptualised as two
vertical planes hinged at its ridge, by
locking the panels to the apex, the
lower end can extend outwards to
form the roof structure of a pyramid.
The advantage of a triangular prism
as opposed to a rectangular prism
reduces the number of planes required
to close the space. A triangle is also
regarded as the most stable polygon.
As the roof is designed to be the
largest element in the structure, the
opening mechanism of the roof became
the founding mechanism to which all
other components are attached. The
purpose of connecting all structural
elements together allows for a
simultaneous deployment that unfolds
the shelter entirely through the motion
of pulling apart the roof panels.
Floor. The floor plane follows the same
configuration as the roof structure and
unfolds in a similar fashion by attaching
itself to the lower end point of the roof
plane. The floor system can fit inside
of the roof structure when folded as
all components inside the larger plane.
To facilitate the space required by the
floor plane, the roof plane will need to
be extended outwards, resulting in a
“L” shaped panel.
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The floor panel is designed to be
shorter than the roof panel so that
when the roof folds out to its intended
angle, the floor panel will be folded flat.
There are now two mechanisms
in place to stablise the triangular
structure when unfolded. The first
is the hinging point of the two floor
panels, located at the lower end allows
the structure to resist rotational
motion when fully extended. When the
floor is unfolded, the perpendicular
edge of both panels comes in contact
and prevents further rotation.
The second mechanism prevents the
structure from an outwards motion
due to gravity pulling the roof panels
down and outwards. The floor panels
can be understood as a line of string,
when both ends are pulled, the string is
in tension and resists further outward
motion. Together, the roof and floor
structure are able to form a stable
and independent outer system of the
shelter.
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Roof

Floor

Combined

Figure 5.1.1: Planar Concepts
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Folding Rate. Origami structures will
tend to fold all connecting panels to
the same angle, and while this aspect
does not affect the functionality of the
structure, the integration of the floor
panel will affect its usability. Ideally,
the floor panels would be laying flat
where walking across would not cause
an obstruction, however, because it
is folded in conjunction with the roof
structure, all floor panels will be
angled.
The solution to this issue requires
that both the roof and floor structures
are folded at different rates, such that
when the structure unfolds to its angle,
the floor panels will have already
folded flat. The operation would still
require that the panels are connected
as they were previously to remain
faithful to the concept.
Through experimentation, by a minor
adjustment of differing and reducing
the width of the floor panel, the folding
rate of the connected mechanism can
be separated. The width of the panel
will be changed to the distance that the
floor will need to cover horizontally
when unfolded; a unit of tessellation.
(diagram)
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In the left column of the diagram, we
can see an example of the floor plane
being folded at an angle when the
structure fully deploys. The example on
the right shows a reduction in the width
of the panel which allows the plane to
be flat while the rest of the structure
remains unaffected.
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Same Folding Rate

Different Folding Rate

Figure 5.1.2: Different Folding Rates
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Roof

Floor

Combined

Figure 5.1.3: Changing the Structure into Origami
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Converting Origami. Converting
the system into an origami type
mechanism will retain the same
principles and motion, however
the form may differ slightly due
to diagonal hinging as opposed to
horizontal. Folding mechanisms cannot
accomplish large angle hinges and
instead splits a singular large angle
hinge, into two smaller ones. In the
case of this concept, it applies to all the
hinges as they are required to rotate
90°. The length of the structure is split
into effectively 4 units of tessellation.
The divide allows the panels to be
broken down and manufactured at
a reasonable width. The number
of tessellations also strikes a fine
balance between the interior dimension
and the overall appearance.
When the structure deploys from
the folded position, the folding angle
increases and effectively transfers its
length to another axis. As seen in the
sectional diagram, by changing from
an inwards angle to a sideways angle,
panels appear to decrease in width as
the structure extends.
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5.2 Developed Design
Proportions Change. The first design
iteration is conceptualised as a very
compact mechanism, the form is
idealised to have no gaps when fully
folded to maximise its portability.
Taking into account both the operation
and transportation of the structure,
the folded form then becomes too tall.
At 2.8 meters tall, the structure is
unable to fit inside a standard shipping
container. The structure also becomes
too tall to operate, which risks tipping
over when deploying. The second
iteration of the design seeks to retain a
similar form when deployed but aims to
lower the height of the structure when
it is folded.
While in its unfolded state, the
diagonal walls are made up of two
components, a vertical panel, and a
horizontal panel. The objective would
be to transfer a portion of the vertical
length into the horizontal length, this
is because when the structure deploys,
the horizontal panel will fold down to
become a semi-vertical panel. From
this, we can gather that the height of
the deployed structure, is the length
of the horizontal plus vertical panels,
however, the height of the folded
structure is just the length of the
vertical panel.
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Therefore as long as the total length
of both panels remains the same, we
can freely shift their ratio without
affecting the dimensions of the
deployed structure, as shown in the
diagram. In doing so, the height of the
folded can be reduced until it fits under
the required height of 2.2 meters with
some overhead. The second iteration
then becomes a shorter, but wider
variant.
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Iteration One

Iteration Two

Vertical Panel
Horizontal Panel

Figure 5.2.1: Redirecting Length
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Build

k

Stac

Figure 5.2.2: Method of Transportation
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Transport. The current dimensions
of the structure allow them to be
folded and stacked inside a standard
20” shipping container. They can be
arranged in a 2x5 configuration, and if
the truck can carry two containers, a
total of 20 shelters can be supplied per
route.
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5.3 Detailed Design
Material. The choice of material was
between timber and polycarbonate.
Timber as a readily available local
material greatly coincides with
the concept of development of a
framework; temporarily converting
factories to producing shelter panels
during a disaster. However, due to the
size of the structure, timber presents
a slight overweight issue which will
affect transportation and deployment.
The largest panels are either leaning
inwards or directly supported above
the structure, and it is in the interest
of longevity and safety, to minimise the
weight.
While the non recyclable aspect of
polycarbonate is a big drawback, to
waterproof timber requires treatment
to the material which will effectively
eliminate its recyclability. Additionally,
treated timber will still slowly degrade
due to moisture, whereas plastics
will last much longer. Multilayered
polycarbonate will also provide a
greater R-value at the same thickness
of the material. Therefore, while it is
undesirable that the usage of plastics
causes environmental damage, it will
be relatively low for the infrequent
occasions of disaster relief.
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Connection. Assuming that the
connection between two panels will
require a minimum of two hinges, there
are exactly 64 panels, where in most
cases, individual panels are connecting
to four other panels. Rainwater
protection is also a great concern and
all of the connections mentioned will
require some sort of protection.
These two reasons suggest that hinges
are not a suitable option for generating
rotation in the mechanism. A fabric can
substitute the need for waterproofing
and hinges by functioning as both. A
strip of fabric can be cut down and
aligned between the panels, attaching
itself to both ends to enable rotation.
Polyurethane laminate PUL will be
selected as the fabric of choice for
its durability and water resistant
properties. PUL has a plastic backing
layer that prevents water penetration
and absorption, allowing the fabric to
remain lightweight during rainfall.
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Details
Two Wall Polycarbonate

Aluminum Brackets

Polyurethane Laminate

Nuts & Bolt

Figure 5.3.1: Connection Details
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Roof

Wall

Side
Floor
Double Layer
Single Layer

Layering. As previously discussed,
each panel of the structure is made
up of two smaller panels stacked
together. The ends of the panel that
is responsible for connections are
reduced to a single panel layer.
This means that the majority of the
structure is consisted of two layers
which are unnecessary. To address the
layering in these panels, the structure
will be split into a single tessellation.
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Figure 5.3.2: Component Label

By itself, the structure can perfectly
operate on a single layer, the other
layer than is irrelevant to the structure
can now have added functionality
designed to the panel.
Roof. Unlike the other panels, the
roof is very difficult to utilise due to
its height. Instead of designing the
layer for a presumably impractical
application, the panel can be removed
entirely to reduce weight at the most
critical location and lower its centre of
mass for balance.
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Wall. In the unit of tessellation, the
walls are connected via the inner edge.
By substituting the two connected
inner panels, the two panels that form
the bed can be hinged by default. When
placed inside the wall, the folding of
the structure will cause the bed to
naturally fold in conjunction. The bed
can be set up in any of the four units
whereby a consecutive three units
of bed will provide enough length.
Although this is the only piece can
that be detached from the structure,
the size and presence of a large panel
make it difficult to lose.

Bed Panels

Figure 5.3.3: Bed Integration
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Side. The side panel has two
functionality designs, the first is a
grove for the bedding panels. The
panels can be guided in their insert
and provides a surface to rest on. The
contour of the form has resulted in the
sides protruding in, however, this is not
an issue when using the structure as
a shelter since the bedding will need
to be elevated anyway, and the issue is
mostly minor. The other functionality
serves as the perfect location to
attach the wheels. Instead of requiring
rails, wheels also work relatively on
rougher terrain. The wheel has two
axes and allows the structure to utilise
its purpose all the way through the
unfolding process.

Bed Panel Groove

Dual Axes Wheel

Figure 5.3.4: Wheels & Bed Frame
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Bed Support

Fold Out Feet
Figure 5.3.5: Feet & Bed Frame

Floor. The inner surface of the floor
houses a hinged pillar that can be
raised upwards to support the bed
on both ends. Combined, the bed
now has four points on each end. The
lower outer surface of the follow has
V-shaped raisers that automatically
unfold along with the deployment of
the structure. The principles function
similarly to folding at different rates.
Combined with the wheels on the side
panel, the entire structure is raised
above ground level to prevent moisture.
Total of 8 wheels one on each end and
four in the centre.
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2100

1600

1100
3100
3900
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Figure 5.3.6: Frontal Section
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Figure 5.3.7: Side Elevation
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Isometric with Roof
Figure 5.3.8: Isometric View
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Isometric without Roof
Figure 5.3.8: Isometric View Without Roof
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5.4 Modelling
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Structure Folding
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5.5 Rendering
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