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Origami Housing: An Innovative and Resilient Postdisaster
Temporary Emergency Housing Solution

Claudia Calle Muller, S.M.ASCE"; and Mohamed ElZomor, Ph.D., M.ASCE?

Abstract: Over the last two decades, natural disasters have led to economic losses exceeding $2.97 trillion, causing 1.23 million deaths and
affecting over 4 billion people through injuries, housing loss, displacement, and requiring emergency aid. Data have shown that physical,
social, and economic inequities significantly contribute to the vulnerability of communities, especially after disasters. Therefore, low-income
communities not only endure more severe and long-lasting infrastructure damage but also face over four times as many deaths per disaster.
Natural disasters cause prolonged and widespread homelessness, leading to an inevitable temporary housing crisis, further exacerbated by
delayed disaster recovery. This study proposes an innovative short-term Origami temporary emergency housing (TEH) solution, providing
an equitable and affordable option to swiftly shelter potential victims postdisasters by considering material, construction, and transportation
costs. This research aimed to address postdisaster homelessness challenges by: (1) understanding the timeframe for disaster recovery and
TEH implementation following a natural disaster; (2) identifying the main challenges, vulnerabilities, and crucial needs faced by low-income
communities postdisaster; (3) recognizing the key characteristics for TEH to be an adequate solution postdisaster; and (4) proposing Origami
shelter as a solution for the housing crisis that arises postdisaster and validating its feasibility and applicability through surveying engineering,
architecture, and construction (EAC) experts from Peru and Puerto Rico, given the frequent exposure and high vulnerability of these regions
to natural disasters. The results underscore the need to implement TEH that can be quickly assembled, enabling victims to reside safely and
resume normal activities while infrastructure systems and homes are being repaired or rebuilt. DOI: 10.1061/JAEIED.AEENG-1809.

© 2024 American Society of Civil Engineers.

Introduction

Natural disasters result from a combination of natural hazards, in-
cluding extreme geological, meteorological, or hydrological
events, coupled with exposure and vulnerabilities that threaten
communities incapable of withstanding and coping with such
events (Lindell and Prater 2003). From 1960 to 2019, there were
11,360 global natural disasters where more than 10 people lost
their lives and more than 100 individuals were affected (IFRC
2020). In fact, over the last two decades, natural disasters have
caused over $2.97 trillion (USD) in economic losses and 1.23 mil-
lion deaths (Hendriks and Opdyke 2022; UNDRR CRED 2020).
These events have affected more than 4.2 billion individuals, caus-
ing damage to human health, injuries, income loss, destruction of
infrastructure systems, property damage, homelessness, displace-
ment, and reduced availability of essential resources such as
food, electricity, and water (FEW) (El-Anwar et al. 2009; Hendriks
and Opdyke 2022; UNDRR CRED 2020).

Natural disasters have the potential to (1) cause significant dam-
age to properties and critical infrastructure systems, such as power
stations and communication systems crucial for real-time
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information transfer and disaster management, hospitals critical
for supplying health services to victims, and transportation sys-
tems, including roads and bridges, key for facilitating rescue oper-
ations; (2) have a significant impact on the economy of countries
and communities, resulting in substantial economic losses not
only due to damage to infrastructure systems and property but
also as a consequence of power outages, evacuation expenses, de-
bris removal, and disruption to business operations; (3) pose threats
to people’s lives and overall well-being through injuries, adverse
effects on human health, loss of income, reduced access to essential
resources such as FEW, housing displacement, and, most impor-
tantly, the loss of human lives (Calle Miiller et al. 2023; He et al.
2021; Hendriks and Opdyke 2022; Shahzad et al. 2022; Shapira
etal. 2015; Marchigiani et al. 2013; UNDRR CRED 2020; Urlainis
et al. 2022). As such, natural disasters not only stand as the primary
source of destruction to our infrastructure systems and buildings,
particularly in underdeveloped communities, but also serve as a
major hindrance to sustainable development by obstructing social
and economic progress (Calle Miiller et al. 2023; Hendriks and Op-
dyke 2022; Shahzad et al. 2022).

Even though natural disasters pose a threat to numerous coun-
tries and communities, the resulting losses and damages are not
equally distributed. This is largely due to the fact that developing
countries are often more vulnerable to these disasters. Inequities
in physical, social, and economic conditions significantly contrib-
ute to the vulnerability of these communities (Dhakal et al. 2022;
Llorente-Marron et al. 2020; Shapira et al. 2015). Low-income
communities not only frequently lack education, income, and re-
sources needed to prevent, prepare for, and adequately respond to
natural disasters but are also more exposed and highly vulnerable
to them (Dhakal et al. 2022; IFRC 2020; Masozera et al. 2007).
In fact, on average, low-income countries have more than four
times as many deaths per disaster as high-income countries and ex-
perience more severe and long-lasting infrastructure damage due to
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poor infrastructure design and construction, along with the inevita-
ble collapse of buildings (Hausler 2010; Hendriks and Opdyke
2022; Kenny 2009; Mastroianni et al. 2021). This results in pro-
longed and widespread homelessness, health issues, and a housing
crisis, which is frequently already present in low-income commu-
nities but is greatly exacerbated by natural disasters. Furthermore,
low-income communities often receive delayed disaster recovery,
including delivering critical supplies, and implementing emergency
housing and emergency relief can take several months or even
years (Huang et al. 2022; Rendon et al. 2021). This not only aggra-
vates even more the housing and health crisis but could also lead to
fatalities, heightened levels of distress, and suffering (Huang et al.
2022).

A home is a basic human need and is essential to the quality of
life and overall well-being of individuals and communities (Barakat
2003; Costanza et al. 2007). As such, temporary homes play a key
role in supporting the three sustainability pillars, including the eco-
nomic, social, and environmental dimensions (Hosseini et al.
2020). A temporary home offers basic living conditions, aiding
those affected by a natural disaster in coping and facilitating a sus-
tainable transition to routine activities while infrastructure systems
and homes are repaired or rebuilt (Félix et al. 2020; Soleimani and
Matini 2022). Temporary shelters should be resilient and able to
withstand climate and environmental challenges, including extreme
temperatures, high winds, severe rainfall, as well as natural disas-
ters and earthquake’s aftershocks (Bannova and Nystrom 2015;
Domingos and Rato 2019; Rahat et al. 2023). Most importantly,
shelters should provide individuals with a safe, livable, comfort-
able, and resilient shelter to live and function (Ihuah et al. 2014).
Furthermore, pursuing a sustainable shelter alternative is crucial
for two primary reasons: (1) the growing environmental challenges
and concerns, as well as the enormous environmental footprint of
the built environment that causes significant environmental impacts
(Beatini et al. 2023; Chau et al. 2015; Domingos and Rato 2019; Lu
et al. 2020; Maciejewska et al. 2022; United Nations Environment
Programme 2009; Wei et al. 2016); and (2) the criticism directed at
temporary emergency housing (TEH) due to social, economic, and
environmental concerns (Arslan and Cosgun 2008; Atmaca 2017;
El-Anwar et al. 2009; Félix et al. 2013, 2020; Hosseini et al.
2020; Johnson 2007). With that said, providing an immediate,
quick, easy-to-assembly, resilient, equitable, affordable, and sus-
tainable TEH solution to ensure all victims have a shelter after a
natural disaster is of the utmost importance (Beatini et al. 2023;
Johnson 2007; Rahat et al. 2023; Rendon et al. 2021; Shahzad
et al. 2022).

Providing TEH is crucial for the quick recovery of individuals
and communities, enabling safe rebuilding (Johnson 2007). It
plays a crucial role in reestablishing a sense of normalcy in the af-
fected community while also preventing an increase in mortality
rates and the spread of diseases. Furthermore, TEH offers protec-
tion against external factors such as adverse weather conditions, en-
sures privacy, and contributes to improved health conditions (Félix
et al. 2013). As such, TEH should be readily accessible and avail-
able following a natural disaster (Arslan and Cosgun 2008; Johnson
2007). To achieve this, shelters should not only be easy and quick
to construct but also lightweight and deployable to facilitate their
transport to affected areas. Furthermore, shelters need to be afford-
able, with costs proportionate to the intended duration of use, as
well as easily removable, transferrable, adaptable, or recyclable
once they are no longer needed (Arslan and Cosgun 2008; Félix
et al. 2013; Johnson 2007). To this end, it is crucial to explore in-
frastructure technology and innovative construction methods with
the following objectives: (1) improving infrastructure resilience
and sustainability; (2) ensuring efficiency and functionality; (3)
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ensuring cost-effectiveness by considering material, construction,
and transportation costs, and reusability; and (4) facilitating trans-
portation given that access may be challenging or limited following
a natural disaster (Bannova and Nystrom 2015; Criswell and Carl-
son 2004; Hong Park 2021).

The ancient art of folding paper, known as Origami, offers an
innovative and effective means of addressing and solving diverse
engineering problems, including those associated with construc-
tion, assembly, and transportation, particularly during challenging
times, including after natural disasters. Origami structures are geo-
metrically versatile, adaptable, flexible, and can be easily and
quickly assembled (Filipov et al. 2015). Furthermore, Origami’s
distinctive capability to convert flat or compactly stored systems
into adaptable, versatile three-dimensional structures enhances
their functionality, making it a valuable tool for tackling engineer-
ing challenges that arise postdisaster (Dudte et al. 2016; Filipov
et al. 2015; Hartl et al. 2012; Li et al. 2019; Meloni et al. 2021).
In fact, Origami is rapidly emerging in science, engineering, and
construction applications as dynamic, deployable, adaptable, func-
tional, and reconfigurable engineering systems of all scales that can
be fabricated with a wide variety of materials and methods (Filipov
etal. 2015; Del Grosso and Basso 2010), thus highlighting the great
potential of Origami to provide quick and affordable temporary
emergency shelters for victims after a natural disaster. Despite its
potential, this innovative solution remains understudied. This
study aims to fill this gap by proposing Origami as an economic
solution, which addresses the problem of homelessness that arises
postdisaster and exposes victims to health issues, displacements,
and other social threats (Araya et al. 2019; Hendriks and Opdyke
2022). Origami TEH is a short-term solution that provides a
quick, safe, and livable place for victims.

The proposed Origami compact foldable shelters are made of
white polypropylene. Products of this material have a 20-year life-
time, thus allowing Origami temporary housing to be reusable,
transferable, and recycled by mechanical processes (Mannheim
and Simenfalvi 2020). The shelters can be unfolded and folded
like Origami to be assembled and disassembled, respectively.
Each unit weighs only 35 pounds, and when collapsed, each unit
measures 79 x40 x 2.75 in. (Burck et al. 2015; Home Harmonizing
n.d.). Thus, several units can be stacked together, allowing for easy
storage and transportation. When fully erected, each shelter mea-
sures 6.5%6.5x6.5 ft and can accommodate two adults and two
children for sleeping (Burck et al. 2015; Home Harmonizing
n.d.). To accommodate larger families, individual units can be com-
bined to create larger dwellings. Their lightness allows them to be
easily carried by an individual, and their effortless assembly takes
only about 2 min. All the aforementioned features reflect the prac-
ticality and optimality of the proposed solution as a temporary
emergency shelter postdisaster.

To evaluate the feasibility of the proposed Origami shelters, this
study surveyed community stakeholders, including experts in the
civil engineering field, architects, and other professionals. To
meet the objectives of the study, Peru and Puerto Rico were chosen
as the regions of focus since they are frequently exposed to natural
disasters and are highly vulnerable to them, given their limited fi-
nancial resources, significant levels of poverty, and informal
construction.

Background

An equitable distribution of resources is crucial to reducing the vul-
nerability of communities (Miller and Vela 2014). Nonetheless,
low-income communities often struggle with resource scarcity
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while facing more immediate threats such as unemployment, lack
of livelihood opportunities, and food insecurity (Degg and Chester
2005; Maskrey 1989). These circumstances often lead to informal
construction and precarious and vulnerable living conditions. As a
result, these communities experience heightened and long-lasting
infrastructure damage, leading to the inevitable collapse of build-
ings. This is often attributable to poor infrastructure design and
construction and the prevalence of informal construction (Hausler
2010; Hendriks and Opdyke 2022; Kenny 2009; Mastroianni
et al. 2021). This results in prolonged and widespread homeless-
ness, health issues, and a housing crisis, which are often pre-
existing in low-income communities but are exacerbated by natural
disasters. Furthermore, low-income communities frequently en-
counter delays in disaster recovery efforts, with emergency housing
and relief taking several months or even years to materialize (Re-
ndon et al. 2021). This aggravates even more the housing and
health crisis. Additionally, experiencing a natural disaster depletes
resources, particularly in low-income communities, further increas-
ing the likelihood of households remaining in poverty (Miller and
Vela 2014; Rosemberg et al. 2010). This, in turn, exacerbates the
exposure and vulnerability of low-income communities to future
natural disasters, diminishes their coping capacity, and deepens
even more the housing crisis.

Conducting surveys in Peru and Puerto Rico can help assess the
urgency of TEH after natural disasters as well as the feasibility of
the proposed Origami shelter. Peru is a developing country that
is highly exposed and extremely vulnerable to earthquakes, given
the limited financial resources, economic inequalities, significant
poverty levels, and the prevalence of informal construction
(Degg and Chester 2005; Glave et al. 2008). This country has ex-
perienced significant earthquakes resulting in thousands of fatali-
ties, severe infrastructure damage or collapse, and substantial
economic losses (Tinman et al. 2017). For example, the 2007
Pisco earthquake (Mw 8.0) produced enormous destruction. Ac-
cording to the National Institute for Civil Defense of Peru, this
earthquake caused 519 deaths, collapsed more than 70,000 houses,
and damaged more than 33,000 houses (INDECI 2007; San Barto-
lomé et al. 2008). Puerto Rico, a developing Caribbean Island
within the US territory, is highly susceptible to natural disasters, in-
cluding earthquakes, hurricanes, severe storms, and flooding [Geo-
logical Survey (US) et al. 1996; Goldwyn et al. 2022].
Furthermore, this island is highly vulnerable to such natural disas-
ters due to a combination of constrained financial resources, eco-
nomic inequalities, high poverty levels, and the prevalence of
informal construction (Goldwyn et al. 2022; Talbot et al. 2022).
Puerto Rico has experienced severe damage and delayed recovery
after diverse natural disasters. For example, the 2017 Maria
hurricane resulted in widespread destruction, requiring the recon-
struction or repair of approximately 400,000 homes, which repre-
sented about one-third of all homes, incurring an estimated $90
billion in damages (Brown 2018; Kishore et al. 2018; Talbot
et al. 2022). With that said, surveying in Peru and Puerto Rico
can shed light on the challenges faced by developing regions and
help assess the urgency of TEH postdisaster and the feasibility of
the Origami shelter. These reasons include the following: (1)
heightened exposure and vulnerability to natural disasters: both re-
gions have been significantly impacted by catastrophic natural di-
sasters, making them relevant and suitable study contexts for
addressing postdisaster challenges; (2) limited financial resources
and significant levels of poverty: this socioeconomic context exac-
erbates the challenges faced by communities in the aftermath of di-
sasters, particularly in terms of housing and homelessness; (3)
prevalence of informal construction: this makes the regions more
vulnerable to the impacts of natural disasters, leading to increased
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homelessness and housing insecurity following such events; and
(4) sociopolitical factors: these impact the access to recovery
funds, the speed of funds dispersal, and the role of external assis-
tance, which add complexity to the postdisaster recovery process
[Brown 2018; Degg and Chester 2005; Geological Survey (US)
et al. 1996; Glave et al. 2008; Goldwyn et al. 2022; INDECI
2007; Kishore et al. 2018; San Bartolomé et al. 2008; Talbot
et al. 2022; Tinman et al. 2017].

Methodology

This study is guided by five research questions: (1) What is the ex-
pected timeframe for disaster recovery after a natural disaster, and
how long does TEH implementation typically take in both Peru and
Puerto Rico? (2) What major challenges, vulnerabilities, and neces-
sities do low-income communities face after a significant natural
disaster in Peru and Puerto Rico? (3) To what extent do major chal-
lenges, vulnerabilities, and crucial needs differ between Peru and
Puerto Rico? (4) What key characteristics are crucial for a tempo-
rary emergency shelter to be a viable, equitable, and adequate post-
disaster solution? (5) What are the primary challenges associated
with using Origami shelters as a TEH solution after a major natural
disaster in both Peru and Puerto Rico?

This research addressed these five questions by surveying com-
munity stakeholders, including experts in the fields of civil EAC,
alongside other relevant professionals in Peru and Puerto Rico,
such as those in education, business, finance, and social sciences.
Given the frequent exposure and high vulnerability of these regions
to various natural disasters, these professionals possess extensive
knowledge and expertise in natural disasters and their impact on
both infrastructure and communities. Additionally, they are
equipped with the knowledge and skills necessary to address post-
disaster challenges, as EAC education in Peru and Puerto Rico is
intricately tailored to address the specific challenges posed by nat-
ural disasters. Furthermore, these experts often participate in disas-
ter management efforts and/or advise disaster/emergency managers
on how to better prepare and respond to such threats.

The goals of the survey were to (1) understand the current situa-
tion of disaster recovery; (2) understand the challenges, vulnerabil-
ities, and critical needs of low-income communities after a natural
disaster; (3) evaluate the urgency of implementing emergency shel-
ters postdisaster; (4) identify the most significant characteristics of
temporary emergency shelters; (5) evaluate the feasibility of the
proposed Origami compact foldable shelters; and (6) understand
the primary challenges associated with the utilization of the Ori-
gami temporary emergency shelters.

Survey Design

This study used a purposive sampling process to collect data. It re-
fers to a judgmental sampling method in which individuals, i.e.,
disaster experts, including professionals in the fields of EAC, are
selected to be part of the sample based on the researcher’s judgment
as to which individuals would be the most useful or representative
of the entire population. The survey questionnaire was developed
using an online tool, Qualtrics. To distribute the survey, two meth-
ods were utilized: (1) social media platforms, particularly Facebook
groups related to civil engineering and disaster management, where
both private and governmental entities operate their official forums
and numerous professionals engage in research activities; and (2)
emails targeting professors, building officials, engineers, architects,
and working professionals within the relevant fields. This study
used a mixed-methods sequential explanatory design to collect
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and analyze both quantitative and qualitative data from experts.
The survey was designed considering the data collected from pre-
vious literature regarding the key factors, challenges, and critical
needs that impact communities in the aftermath of major natural di-
sasters. The administered survey included a demographic section
and 13 questions. The initial three questions aimed to identify ex-
perts’ experience of natural disasters by inquiring about (1) whether
they had experienced a major natural disaster; (2) inviting an open-
ended response about their experience if they had faced a natural
disaster; and (3) whether they had participated in disaster manage-
ment. The following two questions sought to identify the duration
of disaster recovery and the time it takes for all affected individuals
to get access to temporary emergency shelters. The next two ques-
tions focused on comprehending the challenges, vulnerabilities,
and crucial needs of low-income communities postdisaster. The
following three questions assessed the significance of investigating
TEH and the crucial characteristics that these shelters should pos-
sess. The next question asked experts to consider whether TEH
could improve the health and well-being of disaster victims. The
following question aimed to evaluate the suitability of a compact,
foldable Origami shelter as a TEH solution postdisaster. The final
question aimed to understand the biggest challenges of the pro-
posed Origami shelter.

This research conducted three statistical metrics to evaluate the
consistency, reliability, and adequacy of the sample size. These
measures included the Kaiser-Meyer—Olkin (KMO) measure of
sampling adequacy, the Bartlett test of sphericity, and the Cronbach
alpha test (Pradhananga et al. 2022).

KMO Measure

The KMO test serves as a statistical indicator of sampling adequacy
for individual variables within the model and for the complete
model. The KMO value ranges from 0 to 1, with a value of 0.6
or higher signifying adequacy for sample sizes below 100 (Pradha-
nanga et al. 2022). This test is described by the following equation:

2 : 2

i#Rij

§ : 2 2 : l72
i#f Rij + i# i

where Uj;=partial covariance matrix; and R;;= correlation matrix.

KMO, =

Bartlett’s Test of Sphericity

This statistical metric assesses the redundancy between variables. It
tests the null hypothesis H,, which affirms that the variables are or-
thogonal, meaning they are not correlated. This implies that the
original correlation matrix is considered an identity matrix. On
the other hand, the alternative hypothesis, H;, states that the vari-
ables are not orthogonal, indicating sufficient correlation and that
the correlation matrix deviates significantly from the identity ma-
trix. A significance level below 0.05 indicates the adequacy of
the factor analysis (Pradhananga et al. 2022). This test is described
by the following equation:

W45
X2=<n—l— p6+ )Xln|R|

where n =total sample size; p =number of variables; and R = cor-
relation matrix.

Cronbach’s Alpha Test

This statistical test evaluates the questionnaire’s reliability. It is a
simple method to determine the reliability of scores, particularly
when multiple items measure the same underlying construct. It is
a measure of internal consistency that ranges between 0 and 1. A
value greater than 0.7 is acceptable (Pradhananga et al. 2022).
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This test is described by the following equation:

nr
o0=——
1+7(n—1)

where 7=mean correlation between items; and n=number of
items.

Ordered Probit Regression Model

This study utilized statistically ordered probit regression analysis to
investigate the impact of different variables on the dependent var-
iable, i.e., whether Origami shelters are an adequate solution for
TEH postdisaster. This analytical approach is well-suited for cate-
gorical dependent variables and is conducted to determine which
independent variable exhibits a statistically significant influence
on the dependent variable (Pradhananga et al. 2022, 2023). The or-
dinal probit regression model uses these parameters through the fol-
lowing equation:

yi=Xp+e

where y; =latent variable measuring whether Origami shelters
are an adequate solution for TEH postdisaster for the ith participant;
X;=(kx1) vector of observed nonrandom explanatory variables;
B =(kx 1) vector of unknown parameters; and error factor (¢) cap-
tures the reality that Origami shelters are an adequate solution post-
disaster is not perfectly predicted by the regression equation.
Therefore, the observed importance of this solution, y,, is deter-
mined from the model according to

1 if — oo <y; < pu; (Not a good solution)
2if y; <y; < p, (Somewhat good)
yie =4 3 if gy <y < ps (Good)
4 if puy < y; < uy (Considerably good)
5 if uy <y, < us (Excellent solution)

In the equation, the partial change in y* with respect to X; is f3;
units. This signifies that for a unit change in X;, y* is expected to
change by f; units, holding all variables constant. Moreover, the
significance test utilizes the z-score to describe the expected behav-
ior of the mean for a data sample with a specific number of obser-
vations. The P-value reflects the confidence level regarding the
correlation between independent variables and the dependent vari-
able. In this study, a confidence interval of 95% was assumed, and
the associated z-score was derived as 1.96. This implies that the sig-
nificance is achieved when alpha is less than or equal to 0.05. Fig. 1
illustrates the research overview.

Results

This section presents the results associated with the responses of 65
experts from Peru and 54 from Puerto Rico in the fields of civil
EAC, and others alongside other relevant professionals, such as
those in education, business, finance, and social sciences. The re-
corded sociodemographic data, as depicted in Fig. 2, included a di-
verse group of Peruvian and Puerto Rican experts. This included
(1) 42 males, 19 females, and 4 experts who preferred not to answer
from Peru and 31 males, 16 females, 1 nonbinary individual, and 6
who preferred not to answer from Puerto Rico; (2) professionals
from diverse educational backgrounds, ranging from bachelor’s de-
grees to doctoral and professional degrees; and (3) experts spanning
arange of ages from 18-25 to above 60 years. These professionals
have extensive expertise in natural disasters and their impact on
both infrastructure and communities, attributed not only to the
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Fig. 3. Experts’ experience of natural disasters.

frequent exposure and high vulnerability of these regions to various
natural disasters but also to the financial constraints, substantial
poverty rates, and prevalence of informal construction in these
areas. As a result, EAC education in Peru and Puerto Rico is intri-
cately tailored to address the specific challenges posed by natural
disasters.

The first three questions aimed to identify professionals’ expe-
rience with natural disasters by asking them if they had experienced
a major natural disaster and whether they had participated in disas-
ter management. The results of this study, presented in Fig. 3, re-
veal that (1) among the 65 experts surveyed in Peru, 35 have
experienced a major natural disaster, and among 54 experts sur-
veyed in Puerto Rico, 51 have experienced a major natural disaster;
and (2) nine professionals from Peru have participated in disaster
management and/or recovery in Peru, compared to 28 from Puerto
Rico. Furthermore, experts who had experienced a major natural
disaster were asked to describe the physical damage to infrastruc-
ture and the social and economic impacts on the community caused
by the natural disaster. To analyze the experts’ insights, the authors
used NVIVO. Fig. 4 depicts word cloud representations of word
frequency generated from data analysis through NVIVO for Peru
and Puerto Rico. The size of words represents the frequency of
their usage. For Peru, (1) the words damage, earthquake, and
homes had the highest frequency; and (2) the words infrastructure,

magnitude
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sCale damage
water 8€C pisc cities
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. people collapse;,.,

st affected damage significant
fallen loss earthquake  impacts faciities
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collapse, affected, significant, destroyed, buildings, economic, and
people also had high frequencies. From Fig. 4(a), it can be inferred
that Peru was highly impacted by the 2007 earthquake in Pisco, Ica,
experiencing significant economic losses, severe damage, and col-
lapse of infrastructure and buildings. For Puerto Rico, (1) the words
power, damage, water, and loss had the highest frequency; and (2)
the words lost, hurricane, roads, flooding, and months also had
high frequencies. Fig. 4(b) suggests that Puerto Rico is highly af-
fected by hurricanes, leading to flooding, power failures, and severe
and long-lasting damage to roads and infrastructure. Furthermore, it
can be inferred that Puerto Rico is impacted not only by hurricanes
but also by earthquakes.

The following two questions aimed to understand how long dis-
aster recovery takes in Peru and Puerto Rico and how long it takes
for all affected individuals to get access to temporary emergency
shelters. The recorded data, presented in Fig. 5, showed that (1)
around 65% of surveyed Peruvian experts (42 individuals) consider
that the recovery period after a major natural disaster in the country
exceeds 1 year; and (2) around 60% of surveyed Puerto Rican ex-
perts (32 individuals) consider that the recovery period after a
major natural disaster on the island surpasses 1 year. Furthermore,
Peruvian and Puerto Rican professionals hold varying opinions on
the time it takes for all affected individuals and communities to get
access to TEH after a major natural disaster, as shown in Fig. 5.
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Fig. 4. Word cloud representations of word frequency generated from data analysis through NVIVO based on experts’ experiences of natural disas-

ters in (a) Peru; and (b) Puerto Rico.

© ASCE

04024025-6

J. Archit. Eng.

J. Archit. Eng., 2024, 30(3): 04024025



Downloaded from ascelibrary.org by Mohamed ElZomor on 11/28/24. Copyright ASCE. For personal use only; all rights reserved.

50
42
40
32

(9%}
(=]

)
<

Number of Experts

6

9 10
6, 7
N B [N
()_

2 weeks 1 month

Duration of disaster recovery

6 months 1 year Over | year 2 weeks

22

H Peru

Puerto Rico

(3]

I month 6 months 1 year Over | year

Time to implement TEH

Fig. 5. Experts’ opinions related to disaster recovery.

According to this study’s results from Peru, (1) around 18% con-
sider that implementing TEH for all victims takes more than 1
year; (2) around 3% consider it takes 1 year; (3) around 20% con-
sider it takes 6 months; (4) around 25% think it takes 1 month; and
(5) around 34% consider it takes 2 weeks. On the other hand, ac-
cording to the study’s results from Puerto Rico, (1) around 11%
consider that implementing TEH for all victims takes more than
1 year; (2) around 9% consider it takes 1 year; (3) around 24% con-
sider it takes 6 months; (4) around 24% think it takes 1 month; and
(5) around 32% consider it takes 2 weeks.

Fig. 6 highlights the importance of investigating TEH as a post-
disaster solution, with nearly all surveyed experts, except one from
each region, expressing its critical importance. Furthermore, as
shown in Fig. 6, 55 out of 65 Peruvian experts from Peru and 47
out of 54 Puerto Rican experts consider that TEH could potentially
improve victim’s health and well-being (i.e., reduce stress, anxiety,
and/or depression; give a sense of security and support; and rebuild
self-esteem and provide hope). Finally, Fig. 6 also presents the suit-
ability of an Origami shelter for TEH postdisaster. The results show
that (1) around 48% of Peruvian experts and 52% of Puerto Rican
experts consider Origami shelter an excellent solution; (2) around
32% of Peruvian experts and around 15% of Puerto Rican experts
consider it a very good solution; and (3) less than 5% of Peruvian
experts and less than 6% of Puerto Rican experts consider it a
slightly good or not good solution.

The following question aimed to understand the biggest chal-
lenges of the proposed Origami shelter. The results are presented
in box plots, where the box ranges from the first quartile (Q1) to
the third quartile (Q3) of the distribution, the median is indicated
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by a horizontal line, the mean is represented with an “x,” and the
whiskers highlight the minimum and maximum values. As evi-
dent from the box plots for Peru shown in Fig. 7, the biggest chal-
lenges of the proposed solution for Peru include: (1) connection
with FEW, yielding a mean of 4.33; (2) structure of the shelter,
ie., being able to face earthquake aftershocks and sustainable
winds, reflecting a mean of 4.2; (3) dependency on the support
of governments, countries, and all entities involved in the recov-
ery process of communities, yielding a mean of 3.98; and (4)
transportation to the needed location, reflecting a mean of 3.89.
Fig. 8 presents the box plots for Puerto Rico. As evident from
these box plots, the biggest challenges of the proposed solution
for Puerto Rico include: (1) connection with FEW, yielding a
mean of 4.48; (2) construction of shelters, reflecting a mean of
4.19; (3) structure of the shelter, i.e., being able to face
earthquake aftershocks and sustainable winds, reflecting a mean
of 4.17; and (4) transportation to the needed location, yielding a
mean of 4.13.

This study used several statistical metrics, including KMO, Bar-
lett’s test of sphericity, and Cronbach’s alpha, to evaluate the con-
sistency, reliability, and adequacy of the data sample sizes from
both Peru and Puerto Rico using SPSS. The KMO values obtained
were 0.728 for the Peruvian sample and 0.639 for the Puerto Rican
sample, both exceeding the threshold of 0.6, indicating the ade-
quacy of the sample sizes. The calculated Cronbach’s alpha values
were 0.864 for Peru and 0.859 for Puerto Rico. These values are
greater than (0.7, demonstrating the reliability of the sample sizes.
Finally, Bartlett’s test of sphericity tested the adequacy of the cor-
relation between the variables. The obtained significance levels
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Fig. 6. Experts’ opinions related to TEH.
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Fig. 7. Biggest challenges of the proposed solution in Peru.

were less than 0.001 for both samples, indicating that the variables
are not orthogonal.

Ordered Probit Regression Analysis

The ordered probit regression model addresses this study’s research
questions regarding the major challenges, vulnerabilities, and cru-
cial needs that low-income communities face after a major natural
disaster, as well as the most important features that a temporary
emergency shelter should have to be an adequate solution
postdisaster.

Table 1 presents the results of the ordered probit regression
model evaluating the suitability of Origami shelters as a post-
disaster TEH solution postdisaster for Peru, with a pseudo-R>
value of 0.4073. Several variables exhibit p-values equal to or
below 0.05, such as (1) lack of housing/shelter is a critical chal-
lenge; (2) lack of water and/or food is a critical challenge; (3) feel-
ing unsafe is a critical challenge; (4) delayed disaster recovery is a
critical challenge; (5) having a shelter is a crucial need; (6) easy as-
sembly is a crucial feature for TEH; (7) lightweight is a crucial fea-
ture for TEH; (8) readily availability is crucial for TEH; (9) easy
storage of units is crucial for TEH; (10) large production capacity
is crucial for TEH; (11) reusability is crucial for TEH; (12) transfer-
ability is crucial for TEH; and (13) easy disassembly is crucial for
TEH. Consequently, it can be inferred that the data hold statistical
significance, supporting the hypothesis regarding the true relation-
ship between the dependent variable (i.e., whether Origami shelters
are an adequate TEH solution postdisaster) and the independent
variables.

In Table 1, uy, 4o, 13, and p4 are the coefficients of the ordered
probit model with the values of —1.35, —0.77, 0.58, and 2.41, re-
spectively. These coefficients signify thresholds, representing the
predicted cumulative probabilities at covariate values of zero. Fi-
nally, the results obtained from the regression analysis indicate
that several variables significantly contribute to the adequacy of
Origami shelters as a postdisaster TEH solution, including (1) crit-
ical challenges such as lack of housing/shelter (3= —3.99), lack of
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water and food (8= —3.72), feeling unsafe (8=1.93), delayed dis-
aster recovery (8=1.24); (2) the crucial need of having a shelter
postdisaster (8=3.75); and (3) crucial features required in a
TEH, such as ease of assembly (8=1.64); lightness (3= —2.25),
availability (8=2.67), ease of storage (8= —3.24), high production
capacity (8=1.60), reusability (8=2.19), transferability (8=
—2.05), and ease of disassembly (8=2.58).

Table 2 presents the results of the ordered probit regression
model for how adequate Origami shelters are as a TEH solution
postdisaster for Puerto Rico, with a pseudo-R* value of 0.3673.
Several variables have p-values of less than or equal to 0.05,
such as (1) lack of housing/shelter is a critical challenge; (2) lack
of water and/or food is a critical challenge; (3) lack of electricity
is a critical challenge; (4) health issues are a critical challenge;
(5) mental health issues are a critical challenge; (6) delayed disaster
recovery is a critical challenge; (7) having a shelter is a crucial
need; (8) return to work and routine activities is a crucial need;
(9) having water and food are crucial needs; (10) having electricity
is a crucial need; (11) emotional recovery is a crucial need; (12)
lightweight is a crucial feature for TEH; (13) deployable is crucial
for TEH; (14) large production capacity is crucial for TEH; (15) re-
usability is crucial for TEH; (16) transferability is crucial for TEH;
(17) material sustainability is crucial for TEH; and (18) easy disas-
sembly is crucial for TEH. Therefore, it can be concluded that the
data are statistically significant given that the hypothesis pertaining
to the existence of the true relationship between the dependent var-
iable, i.e., whether Origami shelters are an adequate solution for
TEH postdisaster, and independent variables is correct.

In Table 2, uy, uo, 13, and p4 are the coefficients of the ordered
probit model with the values of 3.91, 4.18, 5.88, and 6.55, respec-
tively. These values are the threshold that reflects the predicted cu-
mulative probabilities at covariate values of zero. Finally, based on
the obtained results from the regression analysis, several variables
will greatly contribute to the adequacy of Origami shelters as a sol-
ution for TEH postdisaster, including (1) critical challenges such as
lack of housing/shelter (8=-2.59), lack of water and food (8=
—5.66), lack of electricity (8= 3.10), health issues (= 1.79); men-
tal health issues (8=-2.76); and delayed disaster recovery (8=

J. Archit. Eng.

J. Archit. Eng., 2024, 30(3): 04024025



Downloaded from ascelibrary.org by Mohamed ElZomor on 11/28/24. Copyright ASCE. For personal use only; all rights reserved.

5
4.5 X
X X X
4 X 7
i X
35 X
3
2.5
2 ° o
1.5
| ° o o o °

O Structure of the shelter (i.e., being able to face earthquake aftershocks, sustained winds, etc.)

O Construction of shelters

O Cost of shelters

O Dependancy on the support of governments, countries, and all entities involved in the recovery process of communities

O Accommodating large families

O Transportation to needed location

O Storage of units

O Connection with FEW (Food, water, and energy)
O Material sustainability

Fig. 8. Biggest challenges of the proposed solution in Puerto Rico.

—4.16); (2) crucial needs such as having a shelter postdisaster (3 =
4.58), return to work and routine activities (f=—2.52), having
water and food (f=11.20), having electricity (8=-3.69), and
emotional recovery (8=2.79); and (3) crucial features required in
a TEH, such as lightness (8=2.64), deployable (f=—5.15), high
production  capacity (8=1.77), reusability (8=3.09),

Table 1. Coefficients and P-values from ordered probit analysis for Peru

transferability (8=15.07), material sustainability (§=—2.37), and
ease of disassembly (8=—-2.43).

Finally, this study aimed to identify additional challenges, vul-
nerabilities, and crucial needs that communities face postdisaster,
as well as characteristics that experts considered crucial in tempo-
rary emergency shelters to be an optimal TEH solution postdisaster.

Variables Coeft. (B) Std. error VA P-value
Lack of housing/shelter is a critical challenge -3.99 1.56 —2.56 0.011
Lack of water and/or food is a critical challenge -3.72 0.72 —5.16 0.000
Lack of electricity is a critical challenge —0.04 0.42 —0.10 0.918
Feeling unsafe is a critical challenge 1.93 0.50 3.86 0.000
Health issues are a critical challenge —1.61 1.04 —1.55 0.121
Mental health issues is a critical challenge 0.71 0.48 1.49 0.136
Delayed disaster recovery is a critical challenge 1.24 0.56 2.22 0.027
Having a shelter is a crucial need 3.75 1.56 241 0.016
Return to work and routine activities is a crucial need 0.47 0.48 0.98 0.328
Having water and food is a crucial need —-0.19 0.89 -0.21 0.832
Having electricity is a crucial need —0.84 0.48 -1.74 0.081
Emotional recovery is crucial need 0.53 0.56 0.95 0.341
Easy and quickly assembly is crucial for TEH 1.64 0.72 2.26 0.024
Lightweight is a crucial feature for TEH -2.25 0.58 -3.85 0.000
Readily availability is crucial for TEH 2.67 0.77 3.46 0.001
Deployability is crucial for TEH 0.32 0.68 0.47 0.636
Easy storage of units is crucial for TEH -3.24 0.77 —4.23 0.000
Large production capacity is crucial for TEH 1.60 0.55 2.92 0.003
Reusability is crucial for TEH 2.19 0.59 3.71 0.000
Recyclability is crucial for TEH 0.92 0.68 1.36 0.174
Transferability is crucial for TEH -2.05 0.52 -3.92 0.000
Using sustainable material is crucial for TEH 0.76 0.53 1.45 0.147
Low environmental impact is crucial for TEH 0.78 0.71 1.09 0.274
Easy disassembly is crucial for TEH 2.58 0.61 4.25 0.000
y -1.35 0.61 — —
U —-0.77 0.81 — —
U 0.58 0.80 — —
I 2.41 0.85 — —
Number of observations — — — 65
Pseudo-R* — — — 0.4073
© ASCE 04024025-9 J. Archit. Eng.
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Table 2. Coefficients and P-values from ordered probit analysis for Puerto Rico

Variables Coeft. (B) Std. error VA P-value
Lack of housing/shelter is a critical challenge -2.59 0.95 -2.73 0.006
Lack of water and/or food is a critical challenge —5.66 2.36 —2.40 0.017
Lack of electricity is a critical challenge 3.10 1.00 3.11 0.002
Feeling unsafe is a critical challenge —0.44 0.97 —0.45 0.651
Health issues are a critical challenge 1.79 0.72 2.50 0.012
Mental health issues is a critical challenge —2.76 0.96 -2.87 0.004
Delayed disaster recovery is a critical challenge —4.16 1.75 -2.37 0.018
Having a shelter is a crucial need 4.58 2.21 2.07 0.038
Return to work and routine activities is a crucial need —2.52 1.17 -2.15 0.031
Having water and food is a crucial need 11.20 3.59 3.12 0.002
Having electricity is a crucial need -3.69 1.50 -2.47 0.014
Emotional recovery is crucial need 2.79 1.26 2.22 0.027
Easy and quickly assembly is crucial for TEH 3.35 1.81 1.85 0.064
Lightweight is a crucial feature for TEH 2.64 0.84 3.16 0.002
Readily availability is crucial for TEH 0.22 0.93 0.23 0.815
Deployability is crucial for TEH -5.15 1.55 -3.32 0.001
Easy storage of units is crucial for TEH 0.58 0.81 0.72 0.472
Large production capacity is crucial for TEH 1.77 0.89 2.00 0.045
Reusability is crucial for TEH 3.09 1.13 2.74 0.006
Recyclability is crucial for TEH 0.58 0.84 0.69 0.491
Transferability is crucial for TEH 5.07 1.50 3.37 0.001
Using sustainable material is crucial for TEH -2.37 1.15 -2.06 0.040
Low environmental impact is crucial for TEH -2.61 1.34 —1.95 0.052
Easy disassembly is crucial for TEH —2.43 0.79 -3.07 0.002
m 391 2.99 — —
1 4.18 2.94 — —
03 5.88 2.87 — —
m 6.55 2.88 — —
Number of observations — — — 54
Pseudo-R* — — — 0.3673

Peruvian experts consider that (1) significant challenges and vul-
nerabilities encompass lack of communication, economic instabil-
ity, transportation issues, lack of food, and employment loss; (2)
crucial needs include communication, medical attention and health-
care, economic recovery, and safety; and (3) essential characteris-
tics for TEH include durability, resilience, ability to withstand
local conditions and natural disasters, easy transportation, easy as-
sembly, and cost-effectiveness. These results are presented in
Fig. 9. Puerto Rican experts consider that (1) significant challenges
and vulnerabilities encompass lack of communication, transporta-
tion issues, and lack of support; (2) crucial needs include commu-
nication, sanitation, and gas; and (3) essential characteristics for
TEH include cost-effectiveness, safe and resilient shelter, easy as-
sembly, easy storage, and weather resistance.

Discussion

This research highlighted the critical importance of investigating
TEH as a solution postdisaster solution, emphasizing the need for
quick-assembly shelters to provide a safe living environment for
victims while their homes are undergoing repairs or reconstruction
(Félix et al. 2020; Soleimani and Matini 2022). To assess the fea-
sibility of the proposed Origami temporary emergency shelter, this
study conducted surveys among experts in the AEC field in both
Peru and Puerto Rico. These regions were chosen as the focus of
the study based on their frequent exposure to natural disasters
and heightened vulnerability due to financial constraints, substan-
tial poverty rates, and informal construction (Degg and Chester
2005; Glave et al. 2008; Goldwyn et al. 2022; Talbot et al. 2022).

The results of the study highlight several similarities in post-
disaster recovery between Peru and Puerto Rico: (1) around 65%
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of Peruvian experts and 60% of Puerto Rican experts consider
that disaster recovery takes more than 1 year; (2) 98.5% of Peruvian
experts and 98.1% of Puerto Rican experts consider it critical to in-
vestigate TEH; and (3) 85% of Peruvian experts and 87% of Puerto
Rican experts consider that TEH could potentially improve vic-
tim’s health and well-being. Furthermore, around 48% of Peruvian
experts and 52% of Puerto Rican experts consider Origami shelter
an excellent solution, while less than 5% of Peruvian and less than
6% of Puerto Rican experts consider it slightly good or not good.
These findings align with the literature, which emphasizes that
(1) low-income communities, highly exposed and vulnerable to
natural disasters, often receive delayed disaster recovery efforts, in-
cluding the implementation of TEH and emergency relief, which
can take several months, or even years (Huang et al. 2022; Rendon
et al. 2021); and (2) housing is crucial for overall well-being (Bar-
akat 2003; Costanza et al. 2007).

The results of the ordered probit regression analysis indicated
several similarities between the challenges, crucial needs, and char-
acteristics of TEH for both regions. The analysis shows that several
variables are significantly related to the adequacy of the proposed
Origami shelter for both regions, including lack of housing is a crit-
ical challenge, lack of water and/or food is a critical challenge, de-
layed disaster recovery is a critical challenge, having a shelter is a
crucial need, lightweight is a crucial feature for TEH, large produc-
tion capacity is crucial for TEH, reusability is crucial for TEH,
transferability is crucial for TEH, and easy disassembly is crucial
for TEH. Moreover, experts from both regions reported similar ad-
ditional challenges, vulnerabilities, and crucial needs, along with
comparable essential characteristics for the proposed Origami shel-
ter to serve as an adequate solution for TEH postdisaster. They em-
phasized (1) lack of communication and transportation issues as
significant challenges; (2) communication as a crucial need; and
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Fig. 9. (a) Challenges; (b) crucial needs; and (c) characteristics of TEH for Peru and Puerto Rico.

(3) resilience, cost-effectiveness, and easy assembly as crucial char-
acteristics. Therefore, it can be inferred that the major challenges,
vulnerabilities, and crucial needs do not differ significantly and
are, in fact, very similar between Peru and Puerto Rico.

According to the literature, (1) the adequate function of commu-
nication and transportation systems is key for effective disaster
management (Urlainis et al. 2022); (2) natural disasters gravely im-
pact individuals, causing infrastructure and property damage, inju-
ries, and a reduction in the availability of essential resources such
as FEW (El-Anwar et al. 2009; Hendriks and Opdyke
2022; UNDRR CRED 2020); and (3) the provision of a
quick-to-assemble, lightweight, resilient, affordable, and sustain-
able TEH solution is paramount to ensure all victims have shelter
after a natural disaster (Beatini et al. 2023; Johnson 2007; Rahat
et al. 2023; Rendon et al. 2021; Shahzad et al. 2022). That said,
the feedback provided by Peruvian and Puerto Rican experts re-
garding the challenges, crucial needs, and critical TEH characteris-
tics closely align with the literature.

Limitations and Future Work

This study acknowledges some limitations. The survey responses
might be subjective to self-assessment and biases and sampling
bias due to the purposive sampling process used. Another limitation
of the study is that it has been conducted only in Peru and Puerto
Rico, affecting its scalability. However, these two developing re-
gions are frequently exposed to natural disasters and are highly vul-
nerable to them, given their limited financial resources, significant
levels of poverty, prevalence of informal construction, and socio-
political factors, therefore rendering and reflecting the sample to
be representative of developing regions with high poverty rates. Fu-
ture studies could focus on investigating the research in other re-
gions to look at additional challenges, crucial needs, and
characteristics needed for TEH postdisaster. This research pro-
posed and evaluated Origami TEH as an efficient and suitable
short-term solution for providing shelter to disaster victims, lever-
aging its ease of assembly and disassembly, lightweight design, de-
ployability, reusability, and transferability. This evaluation serves
as the initial step within a comprehensive research framework. Sub-
sequent phases of the framework should focus on assessing the fea-
sibility and performance of Origami TEH in vulnerable territories
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with poor infrastructure. These phases would involve an depth
evaluation of: (1) feasibility by considering factors such as cost-
effectiveness, construction speed, scalability, ease of deployment,
and the technological aspect; (2) performance in vulnerable territo-
ries with poor infrastructure, assessing structural resilience, adapt-
ability to challenging environments, suitability for TEH, and
resilience to natural disasters.; and (3) strategies to mitigate chal-
lenges associated with Origami TEH. Future studies could validate
the proposed solution through case studies in diverse regions ex-
posed to various natural disasters. The data collected from these
studies would offer valuable insights for further evaluation and im-
provement of Origami TEH.

Conclusions

Having a home is a basic human need and is essential for the well-
being of individuals, families, and communities. A temporary
home allows victims to temporarily recover from disasters and po-
tentially improve their health and well-being, as reflected by this
study’s results. More than 60% of Peruvian and Puerto Rican ex-
perts believe that disaster recovery can exceed 1 year, which sup-
ports the fact that disaster recovery after a major natural disaster
can take an extended period of time. Furthermore, the recorded
data emphasize the importance of investigating TEH as a post-
disaster solution and highlight that the proposed Origami shelter
is a very good and effective TEH solution for the housing crisis
that arises and/or is further exacerbated postdisaster.

The results of this research reflect the challenges and vulnerabil-
ities that low-income communities face postdisaster and the most
important characteristics the proposed Origami shelter should
have to be an optimal TEH solution postdisaster. The ordered
probit regression analysis results indicate that certain variables con-
tribute significantly for Origami shelter to be an adequate solution
for TEH postdisaster for both Peru and Puerto Rico, including (1)
lack of housing/shelter is a critical challenge; (2) having a shelter is
a crucial need; (3) lightweight is a crucial feature for TEH; (4) large
production capacity is crucial for TEH; (5) reusability is crucial for
TEH; (6) transferability is crucial for TEH; and (7) easy disassem-
bly is crucial for TEH. The proposed Origami solution fulfills all
the aforementioned characteristics, thus making it an excellent
and effective postdisaster TEH solution. The proposed Origami
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shelters, made of white polypropylene, an economic material, are
fully recyclable and have a 20-year lifetime, ensuring durability
and allowing for reusability and transferability. Furthermore, they
can be folded, enabling easy and cost-reduced transportation, high-
lighting the economic feasibility of this solution. The findings of
this study benefit both communities and their stakeholders by pro-
viding an innovative TEH solution, which offers an equitable, sus-
tainable, affordable, and practical solution that can be effortlessly
assembled in a couple of minutes. Consequently, the Origami
TEH ensures swift and cost-effective shelter for all victims post-
disaster, enabling them to reside safely and resume normal activi-
ties while their homes undergo repairs or reconstruction.
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