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Abstract

This thesis aimed to develop a deployable origami shelter to be used as short-term emergency
shelter following a natural disaster. The concept for a modular shelter consisting of four one-degree
of freedom components that transition between a free-standing deployed state and a flat
transportable state was developed, modeled, and prototyped. The project’s end design met its
design targets in the areas of durability and comfort, but needed improvement in the areas of
transportability, weight, and cost.
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1. Introduction
1.1. Background and Motivation

Natural and man-made disasters leave numerous people without homes or shelter and
communities’ infrastructure in need of repair. The first step to recovery is typically securing short-
term emergency shelter for those in the community while longer-term solutions are worked on.
Generally, the best and most adaptable short-term emergency shelters are those that the community
builds themselves using local materials and labor. However, this is not always possible, and so
alternative solutions, such as family tents, are necessary. Tents and similar temporary shelters
introduce a variety of potential problems. They include their acquisition, accessibility, adaptiveness
to the local climate and culture, contributing to political and social tensions, and not being efficient to
acquire and distribute [1,2]. Disasters can even leave impacted peoples with little choice but to seek
refuge in dilapidated buildings with little protection from the elements — taking an especially hard toll
on vulnerable populations such as the young and elderly. This was the case during the 2023 Syria
earthquakes, where many displaced peoples had to face freezing temperatures, heavy rainfall, and
snowfall without proper shelter [3]. Better options for rapidly deployable and distributable shelters
should ease the burden that the impacted population must face following such events.

Public health, safety, and welfare

This project will contribute to public health, safety, and welfare directly, as the shelter system
will be able to support impacted populations following a natural disaster. The project aims to improve
post-disaster conditions such as those in the 2023 Syrian earthquake [3].

Global factors

Particular global areas will be more prone to certain natural disasters than others, as well as
have access to varying amounts of capital, infrastructure, and government systems with which to
respond to disasters. As a result, the design should be cost-effective and user-friendly to deploy to
minimize bias towards countries with more resources.

Cultural factors



Cultures have a wide spectrum of values guiding daily life. For example, it may be
commonplace for families to sleep in the same room as each other in some cultures, while in others
each member having their own closed-off bedroom space may be critical to their privacy. The design
of the shelter should be adaptable to the various preferred lifestyles of various cultures.

Social factors

The main consideration for social impact is making sure that the design does not arbitrarily
favor one group over another. For example, a deployable shelter design may only be able to be
carried, deployed, and lived in by a certain subset of people if it is excessively heavy, requires large
amounts of torque to open, and is not accessible to those with disabilities. To avoid favoring certain
social groups over others, it is essential to evaluate how different groups will interact with the shelter
and avoid bias towards any particular one.

Environmental factors

A large risk for emergency shelters post-disaster recovery is pollution, especially if the
emergency shelters are flimsy, easily damaged, and not reusable. To prevent the end-product from
polluting local environments, it will need to be as reusable as possible, and the materials should be
able to be recycled efficiently and easily when it reaches the end of its product life.

Economic factors

Not all regions have access to the same materials and capital for post-disaster recovery. To
account for this, the emergency shelter system should be inexpensive, made of a commonly
available material, easily manufacturable, and easily shippable. This will ensure that as many areas
as possible will be able to manufacture the shelters without unnecessary complication, and that they
will be able to be shipped efficiently to their final destinations.

The main ethical considerations for this project are the interactions with the communities and
the societal contexts within which the shelters will be used. There are a variety of scenarios where
selective distribution of shelters such as these could cause tensions between social groups. For
example, if one group is perceived as receiving preferential treatment or if displaced peoples use the
shelters to make more permanent settlements on or near land that originally was not theirs — leading
to increased political and social tensions [1].

1.2. Project Goals

The end goal of this project is to develop a deployable shelter that can be effectively utilized in
disaster scenarios. The primary objectives are to emphasize deployability, portability, durability,
comfort, and affordability for the end user.

Deployability is a key metric because of the need of fast response after a disaster occurs. The
sooner that shelters are erected by volunteers and impacted peoples, the sooner focus can shift to
rebuilding and support of peoples in the area.



Portability is emphasized as these shelters must be able to quickly reach areas that have been
impacted by natural disasters. This portability should be applicable to both long-distance shipments
on transport vehicles, as well as transport on the ground by people deploying the structures.

Durability is important due to the requirement of the shelter to house people for short durations
of time, and the need to ensure that the shelter can withstand various scenarios that could occur
while the shelter is occupied.

Comfort is also a key target, as shelters that inhibit the users’ quality of life are unlikely to be
used by the community, as well as having negative impacts in areas where they are utilized.

Affordability is also a concern, as overly prohibitive costs would impede the use of the shelter
and it’s ability to be picked up by various organizations.

1.3. Potential Users and Stakeholders

The client for this project is any organization that provides relief to disaster zones and areas.
This includes non-profits such as the Red Cross and government institutions such as the Federal
Emergency Management Agency (FEMA). These organizations directly deal with post-disaster relief
and have a need for short-term emergency shelters like the ones investigated for this project.

The targeted end users are those who experience post-disaster scenarios and require a
short-term shelter while longer term solutions are acquired. The main problem faced by those who
are affected by a disaster is that, oftentimes, their main residences have been significantly damaged
and made uninhabitable. Due to this, they require an alternative place to stay while their original
home is repaired, or while alternative long-term living arrangements are made. The emergency short-
term shelters investigated for this project would make the early days of post-disaster recovery less
jarring for those impacted and help facilitate the transition from establishing baseline living conditions
for impacted peoples, to the rebuilding and restoration of infrastructure in the area. They would also
help ensure that impacted peoples always have access to basic shelter.

1.4. Implementation into Relief Organizations

These shelters would ideally be among the first distributed and deployed to those impacted
following a disaster. They would allow for those who are displaced from their homes to have access
to a short-term temporary shelter while longer-term temporary shelters are acquired. These shelters
should already be fabricated and stored with an organization that provides aid after a disaster,
whether this is a non-profit such as the Red-Cross or a local government entity, so that they are
ready as soon as a disaster happens. When impacted peoples receive their emergency shelter, they
should be able to deploy them themselves, quickly and with little complications or specialized tools.
Once their shelter is deployed, they'll be able to set-up the interior with various necessities, such as
cots, belongings, and food. After longer-term temporary shelters are acquired and there is no longer
a need for the short-term emergency shelters, they should then be able to be packed up and stored
for later use.

The monetary cost for procuring the shelters prior to a disaster will fall upon the organizations
that respond to natural disasters, such as local governments or nonprofits. As nonprofits and
government organizations are unlikely to throw out existing solutions for short-term emergency
shelters, the shelters in this project will likely exist alongside more traditional solutions such as tents.
If there is a bias towards providing certain populations with one shelter over the other, then those
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who receive shelters that are less fitting, e.g. if the shelters in this project consider accessibility for
those with wheelchairs, while the same is not true for all tents/other emergency shelters, then those
populations would be negatively impacted compared to those who receive the better suited shelters.

If the shelter does not perform as it is designed to function (e.g. it fails under an applied load,
breaks while deploying, etc) then an impacted persons of a natural disaster could be left without a
place to stay. In an ideal scenario, these shelters would be cost-effective enough such that the
organization distributing them will have spares to provide. It is also important to note that the
overarching infrastructure that provides the distribution of supplies to disaster victims directly
influences the shelters -- if anything happens to the supply chain, then the shelters are directly
impacted and can be delayed in reaching their final destination, or never make it to disaster relief
zones.

2. Background Research
2.1. Existing Solutions

A few examples of existing solutions and previous work are included in Table 1 below. A wide
variety of different origami patterns and folding methods have been explored and analyzed, though
each has its own trade-offs - especially when we consider their applicability towards disaster relief
areas. For example, the first entry from a review by Thrall and Quaglia shows a soft wall 'accordion’
structure developed by the United States (US) military. While this structure is durable and robust, it
requires a small team of soldiers to deploy and transport [5]. In contrast, the shelter by Melancon et
al. [8] is portable and deployable by a single person but depends on external tools (an air-pump) and
is significantly smaller.

There are many insightful patterns and mechanisms that can be adapted to the design
problem in this project, such as the flat folding ‘waterbomb’ origami base from Verzoni [9], smaller
design components used by Melancon et al. [8], and modular concepts as explored by Quaglia et al.
[6].

It is worth noting here that the past work and designs explored all leave some aspect of the
design problem unfulfilled, whether it be due to high weight and transportation costs, a small team
to deploy the structures, external tool requirements, or lack of consideration to weather conditions.
In order to address the additional needs, the past work must be extended, and more robust
specifications must be considered as outlined in the next section of this proposal.

Table 1. Examples of past work in Origami deployable shelters

Past Work Additional Notes
Soft wall ‘Accordion’ deployable shelter by the US An early variant of folding shelter that
military was developed by the US military due to

its potential. Shows how a simple
fold/mechanism can be used for a large
scale structure. From Thrall and Quaglia

[5].




A variant of a deployable shelter that
‘unwraps’ similar to a clamshell for
deployment. From Thrall and Quaglia

[5].

An accordion style shelter with rigid
panels rather than soft materials
between each repeating element. From
Thrall and Quaglia [5].

Counterweight

This concept utilizes individual modules
that are put together to form one
complete shelter. Uses an external lever
tool and ‘counter-weight’ system for
setting up each component. Also
requires patching of spaces between
modular components. Developed by
Quaglia et al [6].




One-DOF shelter
A theoretical one degree of freedom

’ \ design but demonstrates a possible

rectangular-prism folded design.

,< ’\b‘ "‘ Developed by Verzoni et al [7].

Meter-Scale Inflatable Structure

A meter-scale deployable structure
based on a novel approach that uses a
design consisting of multiple bistable
elements. Developed by Melancon et al

[8].

Hexagonal Water-bomb Base Shelter

e e

An example of a hexagonal shelter
utilizing flat-folding origami ‘waterbomb’
base folding pattern. From Verzoni [9].

2.2. Origami Design Tools and Heuristics

2.2.1. Origamizer

Origamizer is a computational origami design tool developed by Tomohiro Tachi. For a
given polyhedral surface, the origamizer program provides an origami crease pattern for a flat
sheet that will fold into the polyhedral surface [10]. While this program is excellent at matching
shapes, it does not include the ability to apply certain design constraints, such as limiting degrees
of freedom.

2.2.2. Rhino Grasshopper with Crane add-on

Rhino is a 3-D modeling software with a scripting tool called Grasshopper. The
Grasshopper tool has the ability to include user-created add-ons for various functionality. One such
add-on is Crane [20], which includes a variety of functionalities aimed at the design and simulation
of origami structures. This includes an inverse design functionality, where, after the creation of an
initial origami crease pattern, the user can simulate the folding kinematics and interactively apply
constraints to iterate towards a final design.
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2.2.3.  “Principle of Three Units”

The “Principle of Three Units” is a method by Zimmerman et al [12] for solving the
kinematics of rigidly foldable origami. They also present design guidelines for constructing rigidly
foldable crease patterns, namely the condition that each crease pattern has 3 outgoing edges and
does not contain cycles. Utilizing this principle, it is possible for a designer to construct crease
patterns that are rigidly foldable and are a single degree of freedom.

2.2.4. Rigid Foldability for Truss Based Origami Model

In his paper detailing Crane, Kai Suto presents a method for determining the degrees of
freedom for a rigidly foldable Origami crease pattern based on the number of boundaries and
triangulated edges. This heuristic can be useful for iterating on origami designs. An example of an
application of the equation can be found in Figure 1 [18].

Mountain Crease
Valley Crease
Boundary
Triangulation Line

DOF = # of Boundaries - # of Triangulation Lines -3
=5-1-3=1

Figure 1: Example calculation of the degree of freedom of an origami crease pattern from the number of
boundaries and triangulation lines from the truss based model for origami [18]
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3. Design Goals and Design-Independent Technical
Specifications

As outlined previously, the end-goal of this project is to create a long-term storable, simple to
manufacture, and efficiently deployable shelter that performs well in disaster relief scenarios. Table
2 outlines the preliminary design-independent specifications that have been identified to ensure that
the end-result meets our requirements. The specifications marked with an asterisk (*) have been
adapted from [1], which outlines critical performance metrics for tents. While the aim is for our end-
result to be more versatile than a tent, many of the guidelines serve as a solid starting place for our

design.
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Table 2. Design independent specifications for the origami-inspired deployable shelter and their

guantitative metrics.

Design Guideline

Specification

Value

Compact and Portable

Should be stackable onto a Euro
pallet*

Length and width should
be under 1.2m X .8m in
stored state

Weight

Each component
<120Ibs*

Durable

Able to withstand wind*

Does not fail in wind
speeds peaking at 75
km/h

Waterproof*

Connections on shelter
should not allow water to
penetrate

Tensile Strength at Hinges*

Should withstand at least
500N without deformation

Comfortable

Accommodates tall people when
standing*

at least 50% of the total

floor area should have a
height of 6ft

Has enough space for residents*

at least 451‘t2 per person

Easily Deployable

An individual or small group can
quickly deploy the shelter

Should be deployable by
1-2 people

No specialized tools required

Deployment should not
require the use of
specialized tooling

Affordable

Unit Cost?

< $430

! Referencing a relief tent from the ICRC standard catalog [11]
2 Referencing a relief tent from the ICRC standard catalog [11]
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3.1. Compact and Portable

For efficient storage and transportation, the benchmark of fitting onto a Euro-pallet was chosen.
Meeting this spec would ensure that the shelters can be easily shipped and stored in large numbers.
This specification can be verified through Computer Aided Design (CAD) modeling software.

The ideal weight of the shelter should also be comparable to tents currently deployed as
temporary shelter. The target weight was set by comparing to an International Committee of the Red
Cross (ICRC) family tent that has a weight of 120lbs [11].

3.2. Durable

For durability, wind loads were considered to ensure that there was not excessive buckling or
failure in the shelter under common conditions. Wind load guidelines were used from ASCE 7 [26]
using the simplified loadings approach. The maximum wind speed of 75 km/hr was taken from the
UN tent design reference guide [1].

Waterproofing is also a critical feature of temporary shelters. For this, an adaptation of the ISO-
5912 rain test for water proofing was used to determine the amount of water penetration for the
selected connection type.

For structural stability, the shelter’s hinges and connections should be able to withstand tensile
forces of at least 500N. This value was adapted from the UN tent design reference guide. This can
be verified through a combination of hand calculations and Finite Element Analysis (FEA) modeling.

3.3. Comfortable

For comfortin the shelter, at least 50% of the total floor area should be above 6ft and there should

be a minimum of 45ft2 of floor area per person in the shelter. These guidelines were taken from the

UN tent design reference guide [1]. Both of these metrics can be validated through measurements
in CAD software.

3.4. Easily Deployable

To ensure the shelter can be readily set-up post disaster, the shelter should take a team of no
more than 2 people to deploy with no additional specialized tooling needed. This will ensure that the
shelters can be deployed in a timely manner even with limited manpower and resources following a
disaster. This metric can be validated through simulation in packages such as SolidWorks motion.

3.5. Affordable

The unit cost of a shelter should be low, to reduce the financial strain on humanitarian aid
organizations and other institutions that purchase these shelters. The cost target is to match or fall
under that of a standard ICRC relief tent [11].

3.6. Design Dependent Specifications

Table 3. summarizes design parameters that will vary based on the particular design concept
chosen for the shelter.

14



Table 3. Design specifications that vary based on the chosen design.

Design Requirement Specification Value
Tensile strength of interlocking At least 500N without

Durable i

parts deformation
Number of degrees of freedom No more than 3 DOF per
of origami assembly portion of the shelter
Easily deployable —
Number of ?Jlr?ittlgd’ modular No more than 1-3-unit types

3.6.1. Durable

If interlocking parts are a part of the design, they should be validated to the same standard
as the tensile strength of the hinges in table 2, as this ensures that the shelter does not fail
unexpectedly due to a structural weak point. This can be measured through hand calculations or
simulation in an FEA package such as Abaqus.

3.6.2. Easily Deployable
The more degrees of freedom that the final shelter has, the more complex it becomes to
deploy. This is due to the need for additional constraints to stabilize the final structure. A maximum
value of 3 degrees of freedom was chosen as a target for this project. Ideally, this project aims to
create a deployable shelter with a single degree of freedom, however, it is possible for one or two
additional degrees of freedom to be added without significant additional complexity for the end-user.
This can be calculated in software packages such as Crane in Rhino Grasshopper.

The number of distinct modular units for the shelter should be kept to a minimum to reduce
the potential for logistical complexity (e.g. organizations not having enough of one type of module).
However, modular designs may require different types to incorporate features such as doors,
windows, or various shapes of shelter. Therefore, a maximum value of 3 was chosen as a starting
point to reduce potential over-complication of the shelter system.

4. Technical Design Approach
4.1. Overview

This project aims to utilize origami principles to develop a deployable shelter can be incorporated
into a community following a disaster event to facilitate their recovery. Figure 2 outlines how this
shelter fits into the recovery process and into the local community. Figure 3 shows a diagram
highlighting the various components of the deployable shelter design.
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[ Initial Response to Disaster Zone J

Assessment of disaster./7 v‘

[ Disaster Type ] [ Local Customs ] [ Severity of Damage ] [ Available Resources ]

Decision to deploy short-
term shelters

Transitional shelters Permanent shelters }

N o e e e e e e = e = - - l
This Project

Full Recovery!

Figure 2. A systems diagram outlining the role of shelter in the initial response to a disaster zone

Shelter Design
Geometry Construction Deployment )
g ™ [ N ( )
' Y .
Stored Shape and Insulation
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\_ ol y r \ Modular or Single
Wall Material Structure Design
e ™ ~ d
Deployed Shape and - .
Layout Ground Anchoring Type of
\ J . / deployment
§ . mechanism
[ Crease Pattern \ Hinge design )
o AN AN J
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Figure 3. A block diagram breaking down the different aspects of a potential deployable shelter design



Three initial design concepts were generated for this project, exploring the various forms that
an origami-inspired shelter could take. An overview of the three concepts is given in the following
sections.

4.2. Design Concept 1

The first design concept was to implement a shelter with two separate components of a top
and base. Figure 4 shows initial design exploration of a folding pattern for the top shelter portion.
Figure 5 gives a more general overview of the shelter concept, as well as potential folding patterns
for the base structure.

CAD Model Imported Mesh Polygon Map and
Crease Pattern

Figure 4. A possible initial design for the top portion of the first design concept generated by Origamizer.

17



Base Possibilities

Miura Ori

g

N

Honeycomb Tessellation

Interlocking
Mechanism

Base _ ¢ Other Tessellations...

Figure 5. Shelter concept with a separate top and base. The left shows a diagram of the concept, while the
right shows possible selections for the base of the shelter. Possible options include the Miura Ori or
Honeycomb tessellations. Miura-ori and honeycomb tessellation patterns shown here are from
OrigamiSimulator.org

The appeal of this design concept stems from the potential benefits of splitting the structure
into two components. Splitting the structure could result in simpler folding patterns to deploy the
structure, due to less overall geometry needing to be accounted for in each, as well as increased
portability, since the weight is split into two modules.

The potential drawbacks are that making the connection between the two elements could be
problematic if the weight of the top component is prohibitive to lifting on top of the base, and
symmetric modules could lead to potential problems if an organization has too little of one type of
component.

4.3. Design Concept 2

The second design concept is for an all-in-one folding shelter. Figure 6 shows an initial crease
pattern generated for this design with Origamizer.

18



CAD Model Imported Mesh Polygon Map and
Crease Pattern

Figure 6. A shelter design concept with the full structure deconstructed into a flat pattern generated with
Origamizer. The red border denotes cuts made along the surface to fold the structure flat.

While the full shelter concept could have a simplicity of deployment due to being one piece,
there are many potential drawbacks as well, such as a complicated crease pattern making design
more difficult, high weight to transport, and difficulty of repair if a piece gets damaged.

4.4. Design Concept 3

The third design concept generated was that of a modular shelter, made of 4 individual
components that are be placed together in order to make a complete shelter. An overview can be
seen in Figure 7.

a.)

Figure 7. a.) A crease pattern for a modular section of a shelter. The red lines indicate ‘mountain folds’, blue
lines represent ‘valley folds’, and the gray lines are unfolded edges. b.) The shelter unit formed from one
module. ¢.) A 3/4ths view of the shelter when four shelter modules are placed together.
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The modular shelter concept prioritizes transportability of components, as the weight of the final
shelter can be distributed between 4 smaller constituents. Crease pattern design is also simplified
with this concept, as each module only needs to form a roof, wall, and base.

However, these benefits come with the trade-off of additional work in the deployment stage
as the user has to deploy 4 modules and make connections between them before a full shelter can
be erected.

45. Decision Matrix

To make deicide which design concept to pursue further, a decision matrix with equal weights
for various criteria was utilized. Table 4. shows the decision matrix with total scores for each design.

Table 4. A decision matrix highlighting the relative pros and cons between the various concepts.
The criteria are currently considered with equal weights, and scores are on a -1, 0, 1 scale.

Design Criteria Separate Top and Base Full Shelter Concept Modular Concept
Portability 1 0 1
Deployability 0 1 0

Complexity of Design-

work 0 0 1
Repair/Replaceability 1 0 1
Total 2 1 3

4.5.1. Portability

This criterion is meant to evaluate how much weight an end-user has to carry in order to
transport the shelter to its deployment location.

The separate top and base concept and modular concept both received a point here due to
splitting the weight of the shelter in some way, while the full shelter did not due to being entirely one
piece.

4.5.2. Deployability

Scoring for this criterion was meant to capture how complex the deployment process for each
concept is in theory, primarily considering how many steps each shelter requires to reach its final
state.

A point was given to the full shelter concept, as it theoretically deploys in one step, while the
other two require the deployment of additional modules and connections.
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4.5.3. Complexity of Design Work
This category is meant to capture how difficult full design of each concept would be, based
on the Author’s experience with computational origami design tools and rough prototypes.
The modular design was given a point here, due to splitting the complexity of the shelter into
various, simpler, modules.

4.5.4. Repair and Replaceability
This criterion was based off how prohibitive replacement of a shelter would be if a component
were damaged.
Points were given to the separate top and base concept and the modular design, due to the ability
to simply replace the damaged module with another, rather than the need to replace the entire shelter
or engage in a repair process as the full shelter design would require.

4.5.5. Concept Selection

Adding the columns of the decision matrix, the modular shelter gains the most points across each
category and was selected as the design to pursue.

4.6 Design Process Overview

The technical design process for the creation and optimization of the modular shelter components
is outlined in Figure 8.

_——— Crease Pattern in Rhino ———
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/ h \
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Initial Crease Pattern < Fabricated Design

—\ k Recreating paper model or updating
‘C Simulated Folding and Constraint )'

pattern after simulation
/ Application With Crane \

First ‘guess’ from design
guidelines and physical paper

\ models /

Generate a thick-panel folding
pattern to laser-cut and

\ assemble /

Simulating the pattern and applying

\ geometric constraints /

Figure 8. An overview of the iterative process used to design the modular shelter. The main stages of the
design were split into an initial crease pattern from through manual folding and design, importing the crease
pattern into Rhino, simulation and optimization in Crane, and exporting a design for physical prototyping.
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The stages of the design process were split into four main stages: Initial crease pattern
generation, creation and updating of the crease pattern in Rhino, simulation and optimization of the
crease pattern in Crane, and finally physical prototyping. More detail on each stage in the process is
given in the sections below.

4.6.1. Initial Concept Generation

For the initial concept, physical paper was folded to obtain a rough initial crease pattern that
could be used as a unit for a shelter. The main origami principles utilized for the design were the
principle of 3 units, and the observation that degree 4 vertices in an origami crease pattern have one
degree of freedom. Additional principles are outlined in [12]. This rough initial pattern was then input
into an online crease pattern editor created by Erik Demaine [13]. The crease pattern editor also
includes integrated functionality with origamisimulator.org [14], which provided another method of
quickly verifying that the crease pattern had been properly input, as well as iteration to achieve a
rough version of the desired geometry.

4.6.2. Creation or Update of Crease Pattern in Rhino

Before the crease pattern can be optimized with the Crane grasshopper extension, pre-
processing is required to get the crease pattern into a state compatible with Crane. Figure 9 outlines
how this was accomplished using a Grasshopper script in Rhino. First, the crease pattern would be
manually drawn and meshed in Rhino, with each element on different layers. Then, the layers were
parsed with Grasshopper code blocks that input the elements into the Cmesh file format. The main
benefit of this workflow is that edits to the crease pattern are automatically captured by the script and
input back into Crane, enabling fast iteration.

Geometry Pipeline
Layer: Mountain

—— Crane ‘Cmesh’
Format

Geometry Pipeline
Layer: Triangulation

CMesh from MVT Line;

ype:

Rhino Crease Pattern and Layers Grasshopper Code Block to Parse
Geometry
Figure 9. An overview of the workflow for generating and iterating on crease patterns in Rhino with Crane.
The crease pattern lines were manually drawn on different layers in Rhino, then a Grasshopper script was
used to parse the different geometries from the layers, where they were then translated to the Crane Cmesh
format. Modifications to the crease pattern, such as the additional and removal of vertices are automatically
captured with this script.
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4.6.3. Simulation and Optimization of Design with Crane

In order to attain the final geometry for the shelter module, optimization was done through the
Crane package for Rhino grasshopper. Crane works by simulating the folding of an input origami
crease pattern into their final rough shape, then allowing the designer to both impose geometric
constraints, and manually drag vertices into their desired positions interactively. The edits to the final
form are then processed by Crane and applied to the crease pattern. This modified crease pattern
can then be exported for fabrication, or additional iteration. A more in-depth description of the Crane
package can be found in [18].

The shape constraints used to attain the final module shape are outlined in Figure 10. Plane
constraints in Crane work by constraining nodes of the crease pattern to lie inside of a particular
planar region. The plane constraints applied to the shelter module design were a ground plane, to
ensure that the shelter module base would lie flat in its final configuration, and a 45-degree angle
plane to allow for four modules to fit snugly together. A symmetry plane constraint was also used to
enforce mirror symmetry across the module’s center line. The constraint for developability was also
applied so that the final shelter could be folded from a flat sheet.

Crane also allows for the user to compute the degrees of freedom of the origami structure. This
allows for the crease pattern to be iterated on until the designer reaches their desired number of
degrees of freedom. This was done in this project by adding and removing edges and vertices in the
crease pattern and recomputing the degrees of freedom for the iterated crease pattern.

Figure 11 shows the main Grasshopper script for iteration and constraint application. The script
is broken down into several code blocks serving different functions. The main functions are the
translation of lines in the Rhino file to the Crane format, Crane’s computational solver for the origami
kinematics and inverse design, labeling the vertices of the crease pattern (the vertex labels are
necessary in the definition of the constraints), the definition of the constraints, computing the degrees
of freedom of the origami mechanism, and exporting/saving the optimized file.

/ Plane Constraints I \
l g =45°

(@) Developability

' 4
o o0

Ground Plane Side Angle Plane

\ Symmetry Plane /

Figure 10. The constraints applied to the shelter module in Crane. The blue highlighted regions
represent a specified plane, and the blue circles represent vertices of the shelter module being
constrained to the plane. The constraints shown here are a ground plane constraint, a 45-degree
angle constraint, and a symmetry plane constraint. The condition for developability was also applied,
to ensure the module could be folded from a flat sheet.
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Grasshopper Script in Rhino
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I solution Space DOF
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Figure 11. The Grasshopper script used for the optimization of the origami shelter module. The
main blocks of the code are the translation of lines in the Rhino file to the Crane format, Crane’s
computational solver for the origami kinematics and inverse design, labeling the vertices of the
crease pattern (the vertex labels are necessary in the definition of the constraints), the definition of
the constraints, computing the degrees of freedom of the origami mechanism, and exporting/saving
the optimized file.

4.6.4 Physical Prototyping

Two main methods of prototyping and iteration were used for this project. The first approach for
validating the design was through laser cutting a perforated fold pattern onto a sheet of paper and
manually the design. This allowed for fast iteration cycles and building of intuition for how a crease
pattern should be modified with various design goals in mind. Examples of models constructed this
way are shown in Figure 12.

The second method was to use the functionality in Crane to export thick paneled origami files
and assemble them using laser-cut materials. Examples of models constructed using this method
are shown in Figure 13.
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Figure 12. Paper models created by laser-cutting fold line perforations.

Figure 13. An example of a laser-cut double layered thick panel origami prototype generated from
the shelter module design in Crane.

5. Additional System Design Decisions
5.1. Material

For the shelter material, polycarbonate plastic was selected as the main material for the shelter.
It was chosen as it has a high stiffness, hardness, and all-around great weather resistance and
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stability. A plastic was chosen, as opposed to a wood or metal, as the shelter has the requirements
of being weather-proof, lightweight, and durable, where one or more of these cannot be met with a
wood or metal.

Within types of plastic, polycarbonate, acrylic and HDPE were considered as they generally
meet the qualities required for the shelter. To down select between them, a weighted decision
matrix was constructed, as can be seen in Table 5. The categories of stiffness, hardness, cost, and
weather resistance were selected, with extra weight given to stiffness, as limiting deflection will be
a key factor in the shelter’s ability to resist buckling and provide a sense of stability for users.
Material data was referenced from the MatWeb database [20] [21] [22].

It was also decided that the exterior of the shelter should be available in both white and black,
either from a white or black polycarbonate or from an exterior paint layer applied. Based on the
geographical climate, it may be more efficient to retain or shed heat with a black or white shelter
respectively.

Table 5. A decision matrix highlighting the primary materials considered for the shelter.

Design Criteria Weight Polycarbonate Acrylic HDPE
Stiffness 5 1 0 0
Hardness 1 1 0 1

Cost 1 0 1 1
Weather Resistance 1 1 0 1
Yield Strength 1 1 0 1
Total 5 2 4

5.2. Wall Geometry

A total of three options were considered for the construction of the shelter walls, outlined in
Figure 14.

26



-

Single layer panels
with weathering tape

e

Layered panels with
inner rubber layer

Panels with top
rubber layer

)

- J

Figure 14. The three main wall types considered were single layer panels with weathering tape,
layered panels with an internal rubber layer, and single layer panels with a top rubber layer.

With the primary goals of waterproofing, durability, and insulation in mind, Table 6 illustrates the
decision matrix employed to decide between the options. Note that the water-proofing metric was
based on the experiment described in section 6.1.3.

Table 6. A decision matrix comparing the configuration options for the wall geometry

Design Criteria Single Layer Panels Double Layer Panels Single Layer Panels
Weathering Tape Inner Rubber Layer Top Rubber Layer
Waterproofing 0 1 1
Durability 0 1 0
Insulation 0 1 1
Total 0 3 2

For waterproofing, only the configurations with a rubber layer were waterproof, a critical feature
for the shelter, as it should be resilient in a variety of weather conditions.

The durability metric only has a point towards the doubly layered panels, as the other two
configuration have a weakness towards surface abrasions and scratches due to having large
sections of critical features (tape or rubber) exposed to the environment. Insulation was also
considered, and points given to the configurations with rubber layers as they will be better able to
limit the transfer of heat between the shelter and the environment.

The configuration chosen was the double layered panel with an internal rubber layer. The rubber
material chosen was a .06-inch (1.52 mm) EPDM layer. This was chosen as it is a commonly used
material and thickness in roofing applications for waterproofing and is weather and UV-resistant [23].

5.3. Attachment Mechanism

To connect the modules of the shelter, draw latches were selected due to simplicity of use
and attachment. To ensure that the connections would be waterproof, rubber weatherproofing strips
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on the outside edges of the shelter were included in the design. A simple configuration of two panels
with weatherstripping was tested in the experiment described in section 6.1.3 to ensure the
waterproofing of this configuration. An illustration of the mechanism is described in Figure 15.

ﬁ Open Configuration 4\ /— Attached Configuration 4\
Draw latch Strike Plate

Shelter panel Weather-proofing

J\ Y

Figure 15. Diagram of using draw latches to connect separate panels. This mechanism will be
used along the edges of the shelter modules to attach them together.

The placement of the draw latches is outlined in Figure 18, outlining the full design. To ensure
proper sealing between each module, two latches were placed along each shared edge of the
shelter, with the strike plates and draw latches placed in an anti-symmetric manner to allow for the
shelters to connect with only a single module design.

5.4. Anchoring

For anchoring the shelter to the ground, it was decided to make the shelter compatible with
tent guy lines for attachment to the ground. It was decided to use this attachment method as guy
lines are compatible with a variety of attachment mechanisms that are adaptable to different
environments, as well as standard equipment for tents that existing disaster response organizations
generally have or can procure. Figure 19 outlines the location of the guy line guides on the shelter,
as well as their dimensions.

5.5. Hinges

To account for the thickness of the panels while folding, the “offset thickness” method was used
in this design, with gaps calculated by Crane in Rhino Grasshopper. This method allows for the
panels to be of constant thickness, and for the gap between them to define the maximum bending
angle, adding additional stability when the shelter is in the deployed state. It is worth nothing that
this method cannot achieve 180-degree folds, which is not a current requirement of the design but
worth noting for future work [18][24]. The offset thickness method is illustrated in Figure 16.
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Figure 16. Example of the offset thickness hinge for thick origami panels folding to a particular

angle.

5.6. Deployment Mechanism and Handles

Due to the requirement that no external tools should be required to deploy the shelter, it was
decided that the deployment mechanism would be accomplished through a volunteer pulling the
shelter module up from the ground. With a one degree of freedom design, the shelter should adjust
itself into place around the volunteer. This process is demonstrated in step two of Figure 19.

To facilitate the pulling into place of the shelter, handles were added to the center panel of the
design. Three different handle types were considered for the design, plastic strap handles, metal u-
handles, and in-cut handles. These are illustrated in Figure 17. Table 7 contains the decision matrix
used to down select between the handle types.

Table 7. A decision matrix comparing the various handle options considered

Design Criteria Weights Plastic Strips Metal U-Handles In-cut Handles
Ease of Grip 1 1 1 0
Durability 1 0 1 1
Ease of Repair 1 1 1 0
Flatness 2 1 0 1
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Total 4 3 2
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Figure 17. The different types of handles considered for the deployable shelter. These handles
will be used by the user as they transform the shelter from flat to its final deployed state.

Ease of grip was determined by how stable of a grip a person deploying the shelter could get
on the handle. Both metal U-handles and plastic straps allow for a person to fit their fingers through,
however, in-cut handles may only allow for a small portion of the fingers to fit into the in-cut, especially
as the wall panels have limited thickness.

Durability sought to differentiate the handles by judging how well they should hold up over
time as they are used. In-cuts and metal u-handles have durability by virtue of their materials, but
plastic straps could be susceptible to rip, tears, and warping over time.

The ease of repair metric was based on how readily the handle could be replaced if it were
to fail. As the plastic strap and metal u-handles are attached with bolts through the panels, they can
readily be unbolted and replaced, whereas the in-cuts would require the panel to be replaced.

The flatness criterion is how far the handle sticks up from the surface of the panel. This
criterion was weighted as especially important to fulfill as it directly impacts the ability of the shelter
modules to be stacked flat on top of each other.

Given the above matrix, the design selected to use for the shelter handles were plastic straps
with bolts.

5.7. Overview of Final Design

With the above factors taken into consideration, Figure 18 outlines the final design of the
shelter modules.
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Figure 18. Overview of the final design and dimensions of the modules for the deployable shelter
in its flat, undeployed state. Shown facing up is the part of the shelter module that will become
the internal part of the shelter.

In Figure 19, the final dimensions of the deployed and assembled shelter are given.
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Figure 19. The side and top view of the final deployed shelter with 4 shelter modules attached
together.

The steps for the use of the shelter and how it would be implemented in an environment post-
disaster are highlighted in Figure 20.
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Figure 20. The process for deploying the shelter in a disaster struck region.

6. Evaluation and Prototyping
6.1. Computational Evaluation

6.1.1.

Kinematic Degrees of Freedom

To validate the folding of the origami shelter, The CAD software Rhino, along with the Crane
library was used to validate the kinematics of the panels and hinges. The Crane software includes a
module capable of directly computationally verifying the degrees of freedom of the design [18]. This
module was used in the design process to get the degrees of freedom of the origami mechanism
down to one. This was then verified separately with a physical prototype described in section 6.2.

6.1.2.

Hinge and Draw Latch Evaluation

To determine if the hinges in the design can meet the requirement of not deforming under a
tensile load of 500N, a hand calculation was done to determine the stresses in the central pin and
an FEA simulation in Abaqus CAE was done to determine the stresses near the mounting holes.
Diagrams detailing the load scenarios are given in Figure 21.
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Figure 21. The two load cases considered to determine if the selected off-the-shelf hinge made of
low-carbon steel meets the requirements for the shelter module. For the pin loading case, a simple
hand calculation was performed due to the relatively simple geometry of the pin. In the mounting
hole case, an FEA simulation was used to accurately capture the stress concentrations due to the

holes.

For the loaded pin, the stress in the cross section of the cylindrical pin was evaluated by
assuming that the force was evenly distributed along half of the cross-sectional area of the pin (only
half of the cross-sectional area support the load due to the geometry of the hinge), and using the

eguation,

o

P

A1

Where P is the load, and A is half of the cross-sectional area of the pin, and o is the stress. A value
of 3.3 MPa was determined. This is well under the yield stress of low-carbon steel, which ranges
from 140 MPa to 2400 MPa according to the MatWeb database [25].

For the loading of the mounting hole region, an FEA simulation in Abaqus CAE was used.

The stresses are presented in Figure 22.

S, Mises

(Avg: 75%)
+2.213e+03
+2.028e+03
+1.844e+03
+1.660e+03
+1.476e+03
+1.292e+03
+1.107e+03
+9.231e+02
+7.38%e+02
+5.546e+02
+3.704e+02
+1.862e+02
+1.972e+00
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Figure 22. The results of the FEA simulation for a simple hinge model in Abaqus. The maximum
stress in the hinge was found to be 2.2 KPa, which is well under the yield stress of low carbon
steel, which generally ranges from 140 - 2400 MPa [25]

Both load scenarios imply that a single hinge can safely support the required tensile load
between each panel as per the design specifications. However, due to the relatively large panel
length to hinge size ratio, the decision to include two hinges per panel connection was made to
reduce the chance that panels tilt or deform in undesirable ways.

For the toggle latches, an off-the-shelf part (McMaster-Carr #4613N15) was selected. These
latches have a rated capacity of 780Ibf (3470N), meaning that they meet the design specification of
500N. For similar reasons as the hinges, the decision to include a redundant draw latch for each

panel connection was made.

6.1.3. Mass Estimation

The mass of the shelter was estimated by considering the volume and density of the panels, as
well as estimating the weight of the various attached components. A summary of the mass
estimation is included below in Table 8.

Table 8: Estimation of the mass of a single shelter module

Material

Mass Contribution (Ibs.)

Polycarbonate Panels 380.09
Rubber Inner Layer 34.51
Hinges 19
Estimated as .5lb per hinge

Draw Latches 7
Estimated as .5lb per Latch

Total: 440.6lbs

The current design of the shelter misses the intended design requirement, marking this as an area

for improvement in the current design.
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6.1.4.

Waterproofing of Connections

To ensure that the selected hinge construction and module attachment mechanism was
waterproof, an experiment based upon the 1ISO 5912 rain test was conducted. The experiment
consisted of two main parts, a water source with a set flow rate, and a test fixture for holding hinge
models in place. The test fixture allows for the hinge model to be seated precisely above a water-
collection container that stores water that can be measured after the test fixture and hinge are placed
under the water source for a set-period of time. In this experiment, 4 different configurations were
tested in trials of 1 minute each, under a water source that generates 1L per minute. The
configurations consisted of a non-taped single layer hinge, a single layer hinge with weathering tape,
a double layered hinge with a rubber inner layer, and two single panels connected by a draw latch.
An overview of the test set-up and tested configurations are given in Figure 23.

Test Set-up

O O 0 OOO ----- Water Source
0 605 0%

p

~ -
~~ Fixture

. Container
.

3

\

/

Test Process

Run the water source at 1 Liter per minute for 1 minute

Place the container and hinge into respective slots on fixture

* After the test, measure the amount of water in the container.

Repeat 10 times per configuration

— Configurations Tested ———

CEE'EREES  Non-taped Hinge
e T Hinge with
weathering tape

Layered Hinge with
Rubber Inner Layer

— —

- J

Panels with rubber seal
and draw latches

Figure 23. Waterproofing test set-up, test process, and the configurations tested for this project.

A plot indicating the average mLs that penetrated the hinge across ten trials is given in Figure
24. Note that the double-layered hinge and draw latch configurations do not have a mean or error
bars, as the equipment used to measure the water collected was not sensitive to amounts under

5mL.
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Waterproofing Test Results
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Figure 24. The results of the waterproofing experiment. The vertical axis is the mean amount of
water collected that penetrated the hinge in the testing fixture. Note that the double-layer hinge
and draw-latch seal configurations had under 5mL of water collected for all trials (under the
sensitivity of the equipment used to measure the water) and thus have a mean and standard
deviation of 0.

These results indicate that the double layered hinge and draw latch configurations are
waterproof and can be safely employed in the design.

6.1.5. Deployment Torque

The deployment torque was estimated using SolidWorks Motion Simulation. This approach has been
shown to give results consistent with derived models for deployment torque for origami structures by
Verzoni et al. [7]. A simplified model was constructed with the same mass per panel as the full design.
Hinge constraints, a motor, and a gravity load were then applied to the model, with the motor set to
actuate the shelter at a slow speed (.1 RPM) to limit any inertial effects. Absolute Torgue magnitude
vs displacement angle data was then plotted and is shown in Figure 25.
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Figure 25. A plot showing the deployment torque magnitude as measured about the central
bottom-most hinge. Note that the torque decreases until ~81-degrees, where the signed magnitude
becomes negative as gravity begins to bring the shelter into place.

The data shows that the most torque is required during the beginning of deployment, and
then gradually decreases as the shelter is erected. Note that the signed magnitude is negative after
approximately 81-degrees, as gravity begins to pull the shelter in place.

To evaluate how many people are necessary to deploy the shelter, the torque was converted
to a force using the fact that the top of the shelter, where a volunteer should lift from, is 3.466m from
the hinge joint. The necessary force is about 1,111N, or the equivalent of lifting 113.3Kg. This weight
is best suited to be distributed between 2-4 able-bodied volunteers.

6.1.6. Self-weight Evaluation

To determine the stability and deformation of the structure under its own weight, a simple
model of the shelter was created, assuming that the panels in the final structure are rigidly connected.
The model was then imported into Abaqus CAE and evaluated. The stress and displacement values
are summarized in Figure 26.

S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)

+7.777e+05
+7.129e+05
+6.481e+05
+5.833e+05
+5.185e+05
+4.537e+05
+3.888e+05
+3.240e+05
+2.592e+05
+1.944e+05
+1.296e+05
+6.481e+04
+0.000e+00

U, Magnitude

+7.141e-03
+6.546e-03
+5.951e-03
+5.356e-03
+4.761e-03
+4.166e-03
+3.571e-03
+2.975e-03
+2.380e-03
+1.785e-03
+1.190e-03
+5.951e-04
+0.000e+00

Shelter Stresses Under Self Load Shelter Displacements Under Self Load

Figure 26. The stresses and displacements arising in the shelter as a result of its own weight.
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Under its own weight, the shelter does not fail, as the stress concentrations near the hinges
are within the yield ranges for both the polycarbonate panels and steel hinges. However, the shelter
does deflect 7mm in the center of the top panels, which could be noticeable to those taking shelter
inside. These rough simulations suggest further work in optimizing the mass of the shelter, which will
be discussed more in section 7.

6.1.7. Wind load Evaluation

Wind loads were also investigated using the simplified FEA model in the preceding section.
To determine what design pressure to apply to the structure, ASCE-17 guidelines were used [26].
The simple wind model was used, with the equations described below.
P(W)zqz'G'C )
Calculating g,
qz; = 0.00256 -k, -ky - kg v 1,
Where . Substituting in values,
g, = 0.001172864 - v?,
Using G = .85 and C, = 0.8 in the equation for P(w) and prescribing a wind speed of 75km/hr or 46.6
mph, it is found that,
P(w) = 1.7321 PSF.
This pressure was then applied to one side of the simplified structure in Abaqus. The stress,
and deformation are shown in Figure 27.

U, Magnitude
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S, Mises
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(Avg: 75%)

+7.403e+05
+6.786e+05
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+4.318e+05
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+3.084e+05
+2.468e+05
+1.851e+05
+1.234e+05
+6.169e+04
+0.000e+00

Shelter Stresses Under Wind Load Shelter Displacements Under Wind Load

Figure 27. The stresses and displacements arising from an applied wind load to one side of a
simplified shelter module.

The stresses arising from the prescribed wind load are well within the yield stresses of the shelter
material. There is somewhat significant deflection in the roof panels, however, with a maximum
deflection of 1cm. This could lead to discomfort during particularly gusty weather for inhabitants,
suggesting that further design improvements are necessary.

38



6.2. Physical Evaluation

Physical models were built to verify the kinematics of the shelter during the deployment
transition between its flat and final states. The design was generated through Crane’s fabrication
component that generates thickness accommodating files that can then be laser-cut and assembled.
The thickness accommodation method selected was the ‘offset thickness’ type, which generates a
model made of two layers of panels, offset in such a way to only allow for folding in one direction
when connected by a thin membrane such as cloth or double-sided adhesive.

To fabricate the model, the shelter design was scaled down by a factor of 17.5, and design
files were generated by Crane. The origami design files generated by crane were modified to include
thin links between panels to ensure that the spacing between them would remain constant when the
top and bottom layers were joined, and then laser cut on 1/8 inch wooden sheets. Double sided
adhesive was laser cut to the shape of the shelter border and used to attach the top and bottom
layers. Finally, the composite structure was laser cut again to remove the constraining links. Figure
28 shows the laser cut model in its flat and deployed state.

Flat State Deployed State

Figure 28. Laser cut model to verify kinematics, shown here in both a flat and deployed state.

The model’s folding matched simulation and verified that the structure had one degree of freedom
as it had been designed for.

7. Discussion and Future Work

A summary of how the design stacks up against the specifications outlined at the beginning of the
project is included in Table 8.
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Table 8. Evaluation of Design against Specifications Summary.

Design
Guideline

Specification

Value

Evaluation

Compact and
Portable

Stackable onto Euro
Pallet

Length and width should
be under 1.2m X .8m in
stored state

Does not meet criteria. Overall
dimensions are 5.38m x 3.83

Weight

Each component
<120lbs

Each component is 440.6 Ibs.

Durable

Able to withstand wind

Does not fail in wind
speeds peaking at 75
km/h

Is stable under load

Waterproof

Connections are
waterproof in modified
rain test experiment

Connections meet waterproof

requirement

Tensile Strength at
Hinges

At least 500N without
deformation

Hinges and draw latches meet

requirements

Comfortable

Accommodates tall
people when standing

at least 50% of the total
floor area should have a
height of 6’

of floor area over 6ft

Shelter meets requirement with 56%

Has enough space for
residents

at least 45ft? per person

Full shelter has 90.64sqft of usable

floor area

An individual or small

oo |Jomsnaucky | LEPSODECSIISROV | L SR denieo
ploy deploy the shelter y deploy
Affordable Material Cost for Unit < $430 The estimated cost for a shelter is

$2074.29

Overall, the project accomplished the goals of creating an original one degree of freedom
deployable shelter that meets the requirements for durability and comfort, however, the current
design requires more progress to be made in the areas of weight, deployability, and affordability.
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The common theme between the design requirements that were not met is the material
required for the shelter. The most immediate future work on this project should include mass
optimization of the shelter — likely replacing the solid panels with a frame-structure and depending
on the internal rubber layer for insulation. Beyond that, there is the possibility of exploring alternative
design options for allowing the shelter to become more compact, as its flat state takes up a large
amount of surface area and does not fit on standardized pallets. One potential avenue is the use of
an overlaid one degree of freedom pattern, as was demonstrated in Liu et al. [27]. This could allow
the shelter to retain the benefits of one degree of freedom motion, but access additional structural

states.

8. Budget

Table 9. Project Expenses

Item Unit Cost / Qty Vendor
50A durometer Multipurpose $16.10/1 McMaster
Neoprene Rubber Sheet

Draw Latch (pk of 10) $25.69/1 McMaster
Strap Hinge, Black Nylon, 1-3/8" x | $2.22 /6 McMaster
1-1/2" x 3"

Sealing Tape $8.06 /1 McMaster
25ft of SBR Rubber Trim $18.75/1 McMaster
4ft Plastic Piano Hinge without $10/2 McMaster
Holes

Draw Latch (pk of 10) $11.10/2 McMaster
Optically Clear Mounting Tape $24.34 /1 McMaster
Plastic Tote Box $10.23/1 McMaster
Chipboard - 22" x 28" x 30-ply $2.29/10 Blick
Grafix Double Tack Mounting Film | $12.99/8 Blick

- 24" x 36", Sheet

Scotch Clear Permanent Mounting | $6.78 / 3 Blick
Tape - 1" x 60"
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The majority of the project’s budget went towards materials for small scale prototyping and model

construction.
An estimate of the cost for the shelter module is given below in Table 10.
Material Unit Price Cost Contribution Source of Quote
Polycarbonate .
Panels $7.30/sqft $1777.84 Shapes Plastics
EPDM Rubber $1.27/sqft $163.23 Home Depot
Inner Layer
Hinges $3.98/Hinge $75.62 McMaster-Carr
Draw Latches $5.76/Latch $57.6 McMaster-Carr
Total: $2074.29

The current design misses the target price of <$430 by $1644.29. This is likely an over-estimate of
how costly the design would be after accounting for economy of scale and bulk purchasing discounts.
However, it is a large enough deviation from the target that it is safe to say that additional material
optimizations would need to be made to cut down the cost of this shelter. One possible track for
reducing cost could be replacing the panels with a lightweight frame — cutting down on the amount
of plastic needed per shelter.
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