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In this research we present a design for a mass customization online 3D model for
deployable emergency shelter that automatically provides drawings for CNC
machines. The main motivation for such research has risen from a global need to
provide emergency shelters for people affected by natural disaster. The model is
designed to be a flat packable, mono-material based on a double corrugated
folding pattern. Based on numerous functional, structural and fabrication
constraints the presented model can provide a myriad of similar geometric forms
that can reflect personal needs and can be used for different purposes.
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INTRODUCTION
Origami patterns have been used in the process of ar-
chitectural design for many decades. Due to the ap-
plicability of paper models in design experiments as
well as load-carrying capability of certain foldingpat-
terns, origami inspired folding structures have been
widely applied to the design of architectural struc-
tures (Buri, and Weinand 2008; Šekularac et al, 2012;
Tao Shen and Nagai 2017). Recently, advances in
computational design fostered extensive research on
the application of origami-based structures in archi-
tectural design (Buri and Weinand 2008), construc-
tion (Tromer and Krupna 2006), energy efficient de-
sign (Martinez-Martin and Thrall 2014) and manu-
facturing (Robeller and Weinand. 2016a; Robeller
and Weinand. 2016b). Additionally, many soci-
etal challenges as well as sustainable approaches to
design affect the increasing interest towards trans-
formable folding structures. As opposed to conven-
tional static, structurally stable origami-based struc-

tures, deployable structures have the capacity to effi-
ciently respond to different boundary conditions, en-
vironmental and climatic conditions, functional re-
quirements, or emergency situations (Temmerman
et al. 2014).

In this research we present an open model for
mass customization of a deployable origami-based
structure. While current research of deployable
origami-based structures is mainly focused on its ge-
ometry (Demaine and Tachi, 2017; Cai, Deng, Xu and
Feng2015)or structural behaviour (Chudoba, vander
Woerd, and Hegger 2014; Lee and Gattas, 2016), we
investigate how advantages of such structures can
be used for mass-customization for real-world situ-
ations through the application of an online config-
urablemodel. Themainmotivation for such research
has risen from a global need to provide emergency
shelters for people affected by natural disaster. We
have designed a mass customization online config-
urable 3D model for deployable emergency shelters
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that can automatically provide a myriad of similar
geometric forms, based on predefined design, func-
tional and construction constraints.

This research has beenmotivated by the interna-
tional workshop held at the University of Novi Sad,
organized under the framework of United Impact
Academic Program, Green Contributor organization
(Canada), BNCA School of Architecture, (Pune, India)
and Digital Design Center, Faculty of Technical Sci-
ences, University of Novi Sad. The aim of the work-
shop was to design and create simple flat packable
and floatable emergency shelters which could with-
stand the pressure during natural disasters, including
floods.

METHOD
The mass customized model presented in this paper
is based on the geometry of a reverse folded pat-
tern (Buri and Weinand 2008), also known as dou-
ble corrugated [Mitra 2009] or the rigid-foldable ac-
cordion pattern (Lee and Gattas, 2016). All models
are designed to be flat packable, which means that
they are made from flat material sheets. The three
dimensional structures based on origami folding can
be unfolded for the purpose of storage or transport
which adds to the efficiency and applicability of the
origami-based design. The design process is created
in a parametric environment, which allows adjust-
ment of the shape and size to the personal needs of
anyone who uses the model configurator. The size
and shape of the shelters as well as the distribution
of openings are also stored in an online parametric
model, allowing the user to automatically create the
drawing for CNC machining according to their own
need. While design and construction of emergency
shelters are often considered for serial production,
the presented mass customization tool enables user
participation and a variety of design solutions with a
low unit cost associated with mass production. CNC
machines are used to create kerfs on the material
which represent the folding lines. This allows thema-
terial tobeeasily folded inprovidingemergency shel-
ter or unfolded to the flat panel according to the cur-

rent needs.
The creation of a mass customization tool that

automatically generates thedrawings forCNCmilling
consists of 4 phases: 1) design of the parametric
model based on the geometry of a reverse folded
pattern, 2) design of an online configurable model
based on the parametricmodel, 3)material testswith
mock-ups, 4) digital fabrication of the prototype.

Design of the Parametric Model
In order to provide a suitable digital environment
for the design of the parametric model, Rhinoceros
3D with its graphical algorithm editor Grasshopper
is used. The model is completely based on a para-
metric algorithm, which means that there is no need
for manual 3D modelling. The 3D model of origami-
based shelter and unfoldedmodel are generated au-
tomatically and the shape of the shelter is adjustable
with parameter settings. The shape is defined by the
closed outline which represents the cross section of
the foldable structure and the angles which deter-
mine the corrugation of a double corrugated origami
pattern in a longitudinal direction (Figure 1). The
shape of the outline and the angles are controlled by
the configurator.

Figure 1
Example of cross
section shape
variation controlled
by a configurator
parameter

The first step towards the model design is creating a
cross section outline. The outline is closed due to the
project requirements for the structure to be floatable
and stable without anchoring. The outline is a polyg-

164 | eCAADe 37 / SIGraDi 23 - Matter - FABRICATION AND CONSTRUCTION 1 - Volume 1



onal line which has an even number of vertices. The
number of vertices is important because each pair of
neighbouring lines uses a different fold an inside and
outside reverse fold. The fold changes fromthe inside
fold to an outside fold and vice versa in each vertex.

Since the outline is closed, the even number of
vertices is necessary in order to make a tunnel like
reverse folded, closed structure. The outline starts
with the horizontal line which is necessary because it
represents the cross section of the floor of the struc-
ture. The shape of the outline is further specified by
the parameters which determine the angles and the
lengths for the rest of the lines. These parameters are
adjustable by the user in a way that allows for the
control of the resulting shape. The model is made
to restrict the maximum perimeter of the polygon to
be less than 3000mmbecause the unfolded structure
has to fit in the single sheet of material of that width.
Additionally, the sum of polygon exterior angles is
360° and the size of the angles are limited within the
range defined by the perimeter of the polygon (Fig-
ure 2).

Figure 2
Geometry
Constraints for the
Cross Section
Outline

When the cross section outline is defined it is used to
model the position of the ribs at each linear part of
the outline. The slope of the ribs, defining the fold
angle can also be controlled by the user.

After the slopes of a single rib for each line is de-
fined, the ribs are multiplied creating the corrugated

origami-based tree dimensional structure. The total
number of ribs can be selected by the user. However,
the parameter which controls the number of ribs is
constrained to a set maximal length of the unfolded
structure tobe less than 1500mm inorder to fit in one
sheet of the material of that length.

When all the parameters are set the origami-
based three dimensional structures are created. The
structure’s unfoldingmechanism is also automatized.
That means that the user defines what he desires to
create a 3D and technical 2D drawing of an unfolded
structure (which canbedirectly used for CNC cutting)
and is automatically generated according to the pa-
rameters entered.

Design of anOnline ConfigurableModel
After the parameters and workflow for themodel are
designed, anonline configurablemodel basedon the
parametric model is created. The model is exported
online by the ShapeDiver add-on for Grasshopper3D.
Anonline environment for this parametric model al-
lows a wider audience to easily approach the con-
figurators and use the algorithm. Users that want
to design and fabricate their own emergency shel-
ter need only a smartphone and internet connec-
tion to do it. The advantage of such a configura-
tor is that no special CAD or 3D modelling software
has to be installed on the computer and no previ-
ous knowledge about 3D modelling or parametric
modelling is required in order to send necessary in-
puts to the CNC machine and manufacturer. In ad-
dition the online configurator has only controllable
parameters and the viewport showing the 3Dmodel
and unfolded pattern which is generated according
to these parameters. Likewise the shape parame-
ters are constrained to ensure that the 2D unfold can
fit a single sheet of material. Then the export but-
ton enables sending a dwg file format ready for the
millingprocess. This process of parametricmodelling
of the tree dimensional structure and unfolding of
the structure is done in the background. The appli-
cation of ShapeDiver add-on enables an iframe em-
bedding link that can be copy -pasted directly in any
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Figure 3
Interface Design of
Parametric 3d
Configurator for the
Emergency Shelter

webpage. Additional options including managing a
camera or light sources in a 3D scene is accessible
through ShapeDiver’s API, which is based on Tree.js
WebGL based library. The online model presented in
this work (Figure 3) can be accessed on the following
link: www.arhns.uns.ac.rs/cdd/foldable-shelters

Material Tests withMock-ups
The material tests with the mock-ups are made in
order to test the foldability, which means finding
a suitable thickness of the material, as well as the
width and depth of the kerf. Apart from the com-
monmaterial applied for emergency shelters that uti-
lize corrugated cardboard or fabric, for this research
a polyethylene PE-500 3 mm thick sheet was used.
PE-500 is amaterial with good physical andmechani-
cal properties for creatingmono-material deployable
shelters. PE-500 is a non-hygroscopic environmen-
tally friendly material, which exhibits high impact re-
sistance and excellent machinability. A good com-
bination of stiffness and toughness enables the PE-
500 material sheets to fold multiple times along the
kerfs without fracturing. For testing foldability of PE-
500 sheets, we folded mock-ups 20 times from the
unfolded planar stage, to the maximum folding po-

sition. Due to the high level of material toughness
PE-500 sheet mock-ups showed that it can be used
multiple times without cracks.

We made tests on 3 mock-ups to find a suit-
able kerf width, depth and orientation (Figure 4). We
started with the presumption that the material had
to be kerfed from both front and back side, in order
to enable reverse folding easy. However, kerfing on
both sides of the material created holes in the places
of intersection on both frontside and backside kerf
lines (Figure 4 left). For this reason we created two
additional tests with kerf lines only on one side of the
material to find an optimal kerf size and concluded
that 2.3mm deep kerfs are suitable for fabrication on
3mmthick PE-500 sheets (Figure 4middle). Addition-
ally, kerf width of 10 mm is suitable comparing to
depth because it is large enough to enable 180° fold-
ing without weakening the material (Figure 4 right).

Digital fabrication of the Prototype
The dimension of the polyethylene PE - 500 sheet
weusedwas 3000x1500mmmand theprototypewas
manufactured in a 1:2 scale. The size of the shelter
can be larger if the larger sheet is used or if the two
or more sheets are connected. Polyethylene sheets

166 | eCAADe 37 / SIGraDi 23 - Matter - FABRICATION AND CONSTRUCTION 1 - Volume 1



Figure 4
Material Tests with
Mock-Ups

can be connected with a puzzle joint connection or
by welding process. This puzzle joint connection is
based on friction-fit assembly logic which can pro-
vide making large structures at low unit cost from
small sheets of the material without any additional
tools or adhesives (Tepavčević et al 2017; Sass and
Botha 2006). Similar properties of the material and
kerfing can be used for the full scale emergency shel-
ter prototype.

Kerfs are made by using a CNC milling machine.
Since the kerfs allow 180° folding, the prototype can
be foldedbyany foldangleduring theassemblywith-
out the risk of material breaking. This is important
because it would be impossible to fold the material
only up to a particular angle during the assembly. For
each shelter one piece of the material was used, so
there was no stitching of the material during the as-
sembly, only folding (Figure 5). When folded, the pro-
totype had to be glued only on the upper side to cre-
ate a continuous structure.

DISCUSSION
In this research we focused on the process of cre-
ating a mass customization model which can be
used in the design-to-fabrication process for deploy-
able origami-based emergency shelters. Compared
to existing solutions, we decided to focus on cre-
ating emergency shelters that can be personalized
through a mass customization process and yet cost-
efficient, easy to use, pack or transport. In order to
satisfy all this criteria we focused on mono-material

folding solutions. The geometry of a reverse folded
pattern used in the creation of this parametric model
has many advantages in the context of their use as
emergency shelters. A cross-section of the shape
is a closed polygon generating a structurally stable
origami-based structure.

A reverse folded pattern configuration consists
of planar trapezoids. Compared to the triangular
structure, it has only four planes that intersects at one
common intersection point. Due to the lower num-
ber of planes that intersects at a common point, the
assembly process is much easier.

Many origami-based emergency shelters are
manufactured with cardboard material [1,2]. Card-
board origami shelters are also a sustainable and
compact mono-material shelter as the presented
one, based on PE-500. However, cardboard shelters
need waterproof coating in case of its usage against
the rain. Resistance of waterproof coating is not fully
reliable in cases of devastating monsoon floods. Us-
ing a polyethylene PE-500 not only provides protec-
tion from rain, but can also provide a designbasedon
buoyancy principles.

Finally, we show that design of such a structure
can be distributed to end users with a web page link,
providing instant design as well as variability and ad-
justability to the specific needs and number of users.
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Figure 5
Folding Process
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Figure 6
Buoyancy Test

CONCLUSION
The mass customisation model shows that due to
numerous functional, structural and fabrication con-
straints, the origami patterns based on reverse fold-
ing provide a solid base for creating amyriad of forms
for shelters that can reflect personal needs and be
used for different purposes. An origami based design
made only by folding from a single piece of flat ma-
terial used in this paper demonstrates that it is possi-
ble to create the tree dimensional structure that can
be easily folded and unfolded depending on current
need. This is an important benefit for an emergency
shelter which is a temporary structure since it can be
efficiently stored and easily transported onsite.

The mass customisation tools are useful if they
are available to a broad audience. Transferring the
3D parametric model to an online platform in order
to generate themodel and cutting scheme for a CNC
machine demonstrates the full potential of mass cus-
tomization.
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