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Contemporary architecture is considered a dynamic system, capable of adapting
to different needs, from environmental to functional ones. The term "Adaptable
Architecture' describes an architecture from which specific components can be
changed in relation to external stimuli. This change could be executed by the
building system itself, transformed manually or it could be any other ability to be
transformed by external forces (Leliveld et al.2017). Adaptability concept is
therefore linked to motion and to recent advances in kinetic architecture. In our
research we are studying the rules that we can use to design a kinetic architecture
using origami. Parametric design allows us to digitally simulate the movement of
origami structures, we are testing algorithmic modeling to generate doubly
curvature surfaces starting from a designed surface and not from the process.
Our main goal is to study the relationship between geometry, motion and shape.
We are interested, in particular, in complex surface manufacture using origami
technique to design a kinetic and reactive ceiling.
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INTRODUCTION

Contemporary architecture is considered a dynamic
system, capable of adapting to different needs, from
environmental to functional ones. The term “adapt-
able architecture” describes an architecture from
which specific components can be changed in re-
lation to external stimuli, for example the users or
environment . This change could be executed by
the building system itself, transformed manually or it
could be any other ability to be transformed by exter-
nal forces (Leliveld et al.2017). Adaptability concept
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is therefore linked to motion and to recent advances
in kinetic architecture.

Applied geometry and computational approach
are basis in order to define tools to test different con-
figurations that a shape can assume by dynamically
changing its appearance.

In our research we are studying the rules that we
can use to design a kinetic architecture using origami.
We are going to test the potential of procedural mod-
eling in this field.

Parametric design allows us to digitally simulate



the movement of origami structures, we are testing
algorithmic modeling to generate doubly curvature
surfaces starting from a designed surface and not
from the process. Our main goal is to study the rela-
tionship between geometry, motion and shape. We
are interested, in particular, in complex surface man-
ufacture using origami technique to design a kinetic
and reactive ceiling.

Fold is great both for static and kinetic reasons.
The bending of a surface produces a stiffening in di-
rection of fold itself that is based “on increasing the
bearing capacity of a structural element “"(Rodono
2016). Using the folding mechanism you can design a
dynamic shape that moves and transforms in relation
to different pattern you used to discretize the surface.

Digital fabrication technologies are evolving and
becoming more and more widespread. Knowledge
of fabrication methods available and parametric de-
sign tools, based on geometry, are changing the de-
signer way of thinkng.

The geometry that governs folding surfaces de-
rives from Oriental art world of origami, whose struc-
turing element is the fold (Rodond’ 2016). The term
comes from Japanese origami: ORI = fold and KAMI
= paper, the art of paper folding. The purpose of this
artwas to get forms using only folds without glue and
cuts.

We can distinguish the origami in two categories
(fig. 1): 1) Traditional origami, where the use of the
fold is used to accomplish a very specific form, 2) Ge-
ometric Origami, which investigates the properties
that the fold is able to determine the surface and
spatial configurations (Hassan 2004). The main el-
ement is the fold, which becomes a hinge and al-
lows movement and a stiffening along the direction
of development, and tessellation is the typical ele-
ment of the building (Casale 2012). We can distin-
guish three structural families of folds, which deter-
mine three types of configurations (fig.2): 1. Chaotic:
the plan is subjected to a very dense tessellation and
messy. The plan can take endless configurations. 2.
Form: the surface is subjected to a tessellation com-
posed of polygons choices for shape and disposition,

for a specific configuration. 3. Structural: determined
by dividing the plane into pieces equal to each other
and lets assume in space many possible configura-
tions.

2. THE ORIGAMI _Origami dlassification based on the pattern
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‘ STRUCTURAL

Our goal is to investigate the surface and spatial con-
figurations that we are able to generate using folding
technique. From a methodological point of view we
have analyzed historical applications, contemporary
references and a lot of parametric tools that are de-
fined in recent years to test new processes to gener-
ate a kinetic and responsive application. We are go-
ing to manufacture a ceiling prototype that is able to
move according to different acoustic requirements.
We used parametric tools to generate the shape and
to simulate the movement. Our aim is to create a ceil-
ing, using origami technique, that is able to move us-
ing less mechanisms as possible.

STATE OF THE ART

Historical background and related work
In the 20th century, many architects began to be in-
terested in complex shapes design based on origami
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Figure 1
Origami
classification

Figure 2
Geometric Origami
classification



knowledge. In the German Bauhaus school, Joseph
Albers encouraged his students to study and experi-
ment with new shapes using different materials (MA-
GRONE 2015). During the 1950s the art of origami be-
came famous around the world thanks to the artist
Aikira Yashiwazawa. In the 1960s and 1970s, Ron
Resch, a visionary mathematician and designer, was
one of the first to explore the potential of 3D Archi-
tectural mosaic structures. His Triangle Fold is the ba-
sic geometry for many foldable surfaces prototypes
with a range of dynamic systems usable in different
fields. During 1970 Symposium, that took place at
Tokyo University Institute of Space and Aeronautical
Science, the astrophysicist Koryo Miura showed his
design for a solar panel for space satellites made of
quadrangular elements equal and foldable that was
called “Miura fold pattern” (CASALE 2012). In our
research we are experimenting with Miura Ori, Ron
Resch and Magic ball patterns. We have analyzed
different adaptable projects according to different
ways to generate movement systems. We have deter-
mined different approaches and we have therefore
grouped the case studies into two different groups:
1) systems composed by elements that can move in-
dependently of each other, in this case the design
shape is dicretized using these elements; 2) contin-
uous systems that can be generated folding a flat
panel, in this case we can obtain different shapes ap-
plying forces. We are interested in the second group
and we are going to show a case study consisting
in a responsive ceiling that reacts to different envi-
ronmental impulses (for acoustic applications) using
Arduino technology. Main features of our project
are: transformability, transportability, use of the least
number of engines for movement, construction with
use of low-cost materials.

Theoretical framework

In our research using origami technique we can trans-
form a flexible but non-deformable panel into an
“origami panel” that is flexible and deformable. From
a theoretical point of view using a flexible panel we
can manufacture a developable surface (zero Gaus-
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sian curvature) but we can't manufacture a complex
shape (negative or positive Gaussian curvature), on
the contrary we can manufacture all kind of surface
using a deformable panel. In this case, we have to
determinate the degree of deformability according
to the designed shape Geometric genesis of surfaces
and knowledge of their properties are basis for solv-
ing many problems, both constructive and measure-
ment. Our research in the field of non-developable
surfaces fabrication move from “bending” (origami)
to kerf-bending (kirigami). As Monge teaches, sur-
faces can be distinguished, in comparison to the cur-
vature, in three large categories. The first category
includes those surfaces that in their points do not
have any kind of curvature and they are flat surfaces.
The second category concerns those that in each of
their points have only one curvature and are, funda-
mentally, all the surfaces that can be developed. The
third category of surfaces is composed of all the oth-
ers that are called double-curved surfaces. The cur-
vature of a curve in P is k, where k = 1 \r and r is
the radius of the osculating circle of the curve, we
can define the main sections of a surface the sec-
tions of the surface, obtained with planes passing
through the normal to the surface in P, with mini-
mum and maximum curvature. Gaussian curvature
is the product of the two main curvatures, so it can
be positive, negative or equal to zero: it is positive
when the osculating circles of the main sections are
on the same side of the tangent plane, negative when
they are on opposite sides, zero when one of the
two main sections is a straight line. The surfaces
with zero curvature are specific ruled surfaces, also
called developable. As we know each developable
surface can be flattened onto a plane without distor-
sion and, in a limited region, without overlapping so
this kind of surfaces can be obtained easily bending
or rolling of flat sheets (fig.3). We know how to de-
terminate the develop of a developable surface so
there aren’t problems to solve. In the case of doubly
curvature surfaces manufacturing (negative or posi-
tive) using a flat panel we have to make material de-
formable and we have to define “approximate devel-



opment” or “planarization” of the non-developable
surfaces. In order to manufacture complex surface
using origami technique we also have to solve prob-
lems related to the way of determining the relation-
ships between 3D surface and the “origami panel’,
the shape of “origami panel” to obtain the designed
surface. This shape depends on degree of deforma-
bility, on pattern and its size, the “scale"We have
studied the different kinds of geometric origami and
we have manufactured physical models to demon-
strate and compare their feasibility. After carrying
out these series of analysis aimed at defining the pa-
rameters that affect the folded surface, we have se-
lected three patterns that we can use to generate sur-
face with positive and negative Gaussian curvature.
We have defined parametric model to control the re-
lationship between spatial configuration, which the
bent surface can assume, and pattern “scale” in rela-
tion to the starting surface.

The Gaussian curvature of a surface in a point is

» represented by the position of the osculating cir-
I

4 cles in that point.
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This is a very important think to consider because the

different configurations that we can obtain depends
on the subdivision of the starting surface (geomet-
ric tasselization). For example, by dividing the initial
surface into eight parts, using the Ron Resch pattern,
we will have the surface succeed in obtaining a cer-
tain configuration, which will be different from the fi-
nal configuration if the starting surface is divided into
thirty-two. We will obtain a “planar origami surface”
that is more flexible and more deformable if the initial
surface to be folded is more and more divided. Using
this “planar origami surface” we can manufacture a
doubly curvature surface. It can be deduced that, in
addition to the geometrical characteristics of origami
patter used, we also have to consider that the pattern
“scale” influences the possible spatial configurations
that the folded surface can assume.

APPLIED GEOMETRY FOR STRUCTURAL
ORIGAMI

Workflow

This is the workflow of our research: 1.Analysis of
different origami patterns in relation to geometric
features; 2. Tests: manufacturing a doubly curvature
surface starting from “origami panel”; 3. Compare
test using different origami patterns (tiles shape); 4.
Tests origami tessellation in relation to tiles scale;
5. Parametric models generation to simulate move-
ment and shape morphing.

Origami tessellations are essentially patterns,
folded with origami, that repeat themselves as long
as you want to continue folding. The main variables
of this system are two: the size of the module and
the size of the plan. When a non-deformable mod-
ule is assigned, tessellating a given surface could be
impossible problem to solve. We have done a def-
inition that allows us to evaluate the difference be-
tween the given surface and the tessellated surface
without pattern deformation. Our main goal is to find
an optimized solutions. First we studied the different
possible ways to parameterize the patterns that we
have used in our research: Magic ball, Miura Ori and
Ron Resch.
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Figure 3
Gaussian Curvature

Figure 4

Structural Origami
classification
according to
Gaussian curvature
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Ron Resch module for tessellation. We have iden- ~ We proceeded considering the hexagonal and trian-
tified three different modules in the geometry of the  gular modules in a similar way (figs. 5,6).

Ron Resh pattern: the rectangular module, the trian-

gular module and the hexagonal module. Inthe first ~ Relationship between pattern and curva-
case assigned a rectangular surface (A and B sides)  ture

and defined the pattern size (a and b sides), the num-  The main goal of our research is to define tools able
ber of modules for surface tasselization is: A:a=x,B:b  to find optimized solutions to manufacture doubly
=y. The sides of “tessellable” surface will be equal to  curvature surfaces using origami. We think that the
A=nxaandB=mxb. Ifais not a divisorof Aand relationship between pattern size and curvature is
b is not a divisor of B, we have to approximate x=n  the key point to solve this problem. We have done
and y =m, n and m are numeric values of xand y ex-  some tests to analyze the relationship between pat-
pressed as a whole number without decimal places.  ternsize and curvature using different patterns. From
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a methodological point of view we have used three
different “origami panels” with three different tasse-
letion size.

\ Dotfble Curvature N\

origami panel |
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\ /
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3D shape

ale 3

We have moved these panels in order to get a
double curvature surface close to an hyperbolic
paraboloid.Our goal is to analyze the relationship be-
tween pattern size and curvature so we have gen-
erated an approximate surface to evaluate the main
curvatures. From the comparison between our ex-
periments emerges that using the Miura and the
Magic Ball patterns the relationship between curva-
ture and pattern size is direct: reducing pattern size
the surface is more “flexible’, decreases the radius
of osculating circles and consequently increases the
main curvatures (fig. 7). Our aim is to find relation-
ship between the pattern size used for flat surface
tessellation and the main curvature of 3D shape. Re-
garding to the Ron Resh pattern this rule is respected
only within a given range (fig.8). On the contrary, by
reducing the pattern size beyond the defined limit,
the surface becomes stricter. By critically analyzing
of this result emerges that a thicker tessellation of the
surface does not correspond to a greater “flexibility”

because the shape moves between two limit config-
urations: the initial, flat, and the final one, in which it
can no longer move because the sides or vertices of
the parts of which it is composed touch each other
(Casale p.23). Our tests help us to find the relation-
ship between pattern size used for flat surface tessel-
lation and main curvature of 3D shape.

CASE STUDY: DESIGN RESPONSIVE CEIL-
ING (DOUBLY CURVATURE SURFACE MAN-
UFACTURING)

Acoustic geometry

Our aim is to develop a kinematic and versatile sys-
tem, capable of optimizing the diffusion, concentra-
tion or absorption of sound within a multi-functional
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Figure 7

Miura Pattern:
relationship
between pattern
scale and curvature

Figure 8

Ron Resh pattern:
relationship
between pattern
scale and curvature



Figure 9
Acustic geometry

environment in response to specific activities for
which each area is intended. Therefore, the complex-
ity of the formal-geometrical configuration of such a
partition system (vertical and/or horizontal) will de-
pend on the acoustic needs of a specific environ-
ment.

The acoustic phenomenon is composed of three
main elements: the source, the path and the receiver.
The path is the medium through which sound source
transmits the sound, and it can be air or a built sys-
tem. Sound is a mechanical wave that propagates
through a medium: the speed of sound varies ac-
cording to the elasticity and density of the medium,
and therefore of the material used (Adams, 2016).
When sound meets a surface, part of the energy is
absorbed, part is reflected and part is transmitted
through the medium: material properties influence
all these characteristics. When surface is flat, the an-
gle of reflection is equal to the angle of incidence. If
sound waves, even if configurable as rays, encounter
a curved surface, the modes of reflection vary accord-
ing to the curvature of the surfaces that configure
the partition system chosen for the internal spatial
configuration of a given environment (fig.9). In par-
ticular, convex surfaces diffuse sound, while concave
surfaces concentrate it. These reflections open up a
question: can an acoustically configured kinematic
system be responsive or customised? In the first case,
the kinematic nature of the system depends on how
sound waves propagate: so, sound parameter, ac-
cording to specific needs, will activate kinematic sys-
tem that regulates in such a way as to position the
panels until a specific curvature is reached to allow
the concentration or diffusion of the sound emitted
by the source. In the second case, the situation is re-
versed: curvature of the system surfaces, and there-
fore the shape, is the starting parameter in relation to
which the designer will optimize the concentration
or diffusion of the sound according to his needs. Con-
sider the second case for which the system conforma-
tion is customized according to specific needs. If, for
example, inside the room it will be necessary to set up
areas in which to have a sound concentration and an
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isolation with respect to the external environment,
the part of the system located near this area will as-
sume a concave configuration and the panels that
make up the pattern will be made using a reflective
material. On the contrary, the panels that make up
the part of the system facing outwards will be made
using an absorbent material (fig. 10). Another fun-
damental aspect, therefore, is the choice of materials
linked to the acoustic purpose. They are divided into
sound absorbing and sound insulating materials. The
purpose of sound absorbing materials is to transform
a part of the sound wave into another form of energy,
usually heat, reducing its intensity.

REVERBERATION TIME_TRso FUNCTION
VOLUME ]

RESPONSIVE X «
CEILNG («
SURFACES iy

ABSORPTION COEFFICIENT &\ K E\
PLANE SURFACE- specular reflection
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_ Absorbent material

Reflective material

Absorbent materials are materials considered
porous, which allow the penetration of air and there-
fore acoustic energy, such as glass wool, stone, natu-
ral fibers, bamboo, jute and so on. These sound ab-
sorbing materials are used to adjust the noise level
in enclosed spaces, to reduce reverberation time,
to eliminate echoes, etc. While the sound insulat-
ing materials have the characteristic of reflecting the
sound and therefore do not dissipate it into the en-
vironment. For example, such as rubber, lead, poly-
meric membranes, wood, etc., the sound is reflected
in the room. Therefore, it is possible to make a fur-
ther classification of materials in relation to digital
manufacturing by using CNC machines, 3D printers,
etc. This means that the elements that make up the
pattern could be made using two different materi-
als, then proceeding to identify the clusters of panels
based on the shape and material to optimize the
phases of digital manufacturing and assembly of the
system. The following paragraph clarifies the distri-

bution of the panels in relation to the configurations
assumed by the system.

The mechanical system

One of the main goal of our research is to design a
system that is able to fold and unfold in one continu-
ous motion using a simple mechanical system. It con-
sists of a main structure made up of main tracks con-
nected to each other by rigid transverse rods. Assum-
ing that the structure is associated with a Cartesian
reference system, we can consider the main tracks
oriented in the x direction and the crossbars in the
y direction. The main tracks are connected to trans-
verse secondary tracks that run along the direction x
on which in turn runs a system of wheels along the
direction y to which the reels are attached. The reels
control the movement in the z direction by winding
and releasing the connecting cables between the up-
per frame and the vertices of the origami.This mech-
anism allows to use the behaviour at the base of the
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Figure 10
Customised system



Figure 11
Mechanical testing
for acoustic ceiling
motion

origami, allowing to realize the different configura-
tions in space thanks to the movement of certain ver-
tices of the ceiling (fig.11).

From digital model to manufactured system
The physical system presents some problems caused
by the material thickness. It is composed of side A
and side B complementary to each other as a conse-
quence of the kinematic motion allowed by the spe-
cific typology of origami pattern. The folds consist
of intersection segments between pairs of adjacent
faces: according to the different side they behave si-
multaneously as valley folds or upstream folds. The
consecutive dihedrals identified by pairs of adjacent
faces will have a concave or convex angle according
to the system configuration. The origami - pattern
is composed of open concave and convex polyhe-
dra: the open concave polyhedra (side A) are at the
same time convex polyhedra (side B) according to the
specific design requirements.In open concave poly-
hedra, shown in red (fig. 12), the thickness of the pan-
els does not allow the final configuration and causes
a collision between the consecutive faces.
Therefore, in order to optimize digital fabrication
and assembly, the thickness of the panels must be
outgoing from the convex portion determined by the
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kinematic motion induced on the system (Fig.12).

About fabrication and assembly process there
are two hypotheses based on the rule described
above. The first hypothesis involves the inclusion
of an insulating membrane between the rigid pan-
els (Fig.13 solution 1). The visual scripting approach
allows to control the size of the phono-absorbent
sheath bands by offsetting the edges of the triangu-
lar faces on both sides using the same value of the
material thickness. Therefore, it is necessary to dis-
tance the panels to allow the complete adjacency
of the faces that compose the concave polyhedra.
This system allows to avoid any collision between the
faces during kinematics and according to the final
configuration.

The second hypothesis is a digital stereotomy ex-
periment using materials suitable for a milling cut-
ter with 5 or 6 axes. Stereotomic techniques ad-
vance according to the development of geometric
knowledge and the advancement of digital tools.
Stereotomy can be considered as the science that
studies the geometric tracing of solids to be obtained
with cuts, even if only theoretically, from other solids,
the interpenetration between solids and the identifi-
cation of intersection lines and curves. According to
these kinematic experiments the selected material is
thicker than paper or cardboard. Therefore, it is nec-
essary to calculate the tapering of adjacent faces to
allow specific configurations. According to this hy-
pothesis, the tapering of each panel is parametrically
controlled according to the thickness of the chosen
material and the concave or convex bending angle
between groups of adjacent faces. The faces taper-
ing proceeds from the central area to the edges of
the panels and the difference for each panel is di-
rectly related to the complexity of the designed spa-
tial configuration. Therefore, the angle tapering de-
pends on two parameters: material thickness and
bending angles. This solution could include hinges
along all edges of the panels to allow the folding sys-
tem (Fig.13 solution 2). The first hypothesis optimises
the digital manufacturing process of the panels. In
addition, it will be possible to avoid the additional



cost of the hinges to allow kinematics.

Anyway, it is possible to consider an intermedi-
ate hypothesis involving adjacent tapered panels on
an intermediate insulating membrane (Fig.13 solu-
tion 3). However, the position of the panels accord-
ing to the concave or convex areas determines voids
in terms of material performance.Therefore, for all hy-
potheses it will be necessary to insert thin panels of
reflective or absorbent material to cover the empty
areas or to complete the back of the panels according
to the solution that involves the use of hinges along
the edges.

solution 3

CONCLUSIONS AND FUTURE WORKS

In conclusion, all the hypotheses described above
will be investigated to determine which solution pro-
vides the best kinematic, economic and aesthetic
solution. We are going to define a computational
tools based on origami tesselation rules and digital
stereotomy principles.
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Figure 12

a) Bending
problems linked to
panel thickness b)
Geometric solution
according to panel
thickness

Figure 13
solution 1: inclusion
of an insulating
membrane
between the rigid
panels; solution 2:
based on digital
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solution 3:
intermediate
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