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ABSTRACT: Construction failures caused by unforeseen circumstances, such as natural disasters, environmental
degradation, and structural weaknesses, present significant challenges in achieving durability, safety, and sustainability.
This research addresses these challenges through the development of advanced emergency rescue systems incorpo-
rating wood-derived nanomaterials and IoT-enabled Structural Health Monitoring (SHM) technologies. The use of
nanocellulose which demonstrates outstanding mechanical capabilities and biodegradability alongside high resilience
allowed developers to design modular rescue systems that function effectively even under challenging conditions
while providing real-time failure protection. Experimental data from testing showed that the replacement system
strengthened load-bearing limits by 20% while enhancing impact tolerance by 30% and decreasing lifecycle carbon
footprints by 60% against conventional methods. FEA results alongside dynamic simulations established that the system
maintains its strength across seismic events and thermal variations and environmental conditions. SHM systems that
leverage the Internet of Things Platform revealed 95% accuracy rates in detecting anomalies while improving response
speed by 30% for predictive maintenance operations. The innovative solutions support the special issue’s direction to
push structural transformation through durable designs and creative materials with preventive failure solutions. The
proposed solutions work together toward creating resilient infrastructure systems which resist unexpected stressors
and environmental damage.

KEYWORDS: Sustainable materials; wood-derived nanomaterials; structural durability; emergency rescue products;
construction failures; smart materials; structural health monitoring; IoT-based monitoring; resilience; environmental
sustainability

1 Introduction
The construction of structures may come to a halt or experience failure caused by natural disasters

such as earthquakes, floods, and tsunamis, or by human-made hazards such as industrial accidents [1,2].
These disasters not only result in significant infrastructure damage but also pose a serious threat to human
life and economic stability. In recent years, an increase in the frequency and intensity of natural disasters
has exacerbated the vulnerability of existing infrastructure, making the need for sustainable and resilient
construction techniques even more critical [3]. Due to this, there is an urgent demand for new, innovative
construction designs and rescue mechanisms that are both environmentally friendly and adaptable to
modern challenges.

The consequences of construction failure extend beyond direct structural damage. Secondary conse-
quences such as the destruction of power plants or essential transportation routes can further escalate disaster
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impacts, delaying emergency response and increasing human casualties [4]. For example, the collapse of a key
support pillar in a high-risk zone could obstruct evacuation routes, complicating rescue efforts. Structural
instability caused by earthquakes is a notable challenge, requiring the integration of advanced monitoring
systems and resilient materials to improve disaster preparedness and response [5]. Consequently, researchers
and engineers are focusing on smart construction materials and monitoring technologies to mitigate risks
associated with unforeseen failures.

Nanocellulose-based materials have gained attention for their potential use in emergency structural
applications due to their high strength-to-weight ratio, biodegradability, and adaptability to modular
designs [6]. Studies indicate that these materials can be used in temporary shelters, load-bearing structures,
and debris stabilization, providing a lightweight yet structurally sound alternative to traditional materials [7].
Furthermore, advancements in nanocellulose composites have demonstrated superior mechanical strength,
environmental sustainability, and recyclability compared to conventional polymer composites [8]. These
features make nanocellulose-based solutions particularly viable for post-disaster rapid deployment scenarios,
where both efficiency and sustainability are critical factors.

Alongside the development of sustainable materials, IoT-based structural health monitoring (SHM)
systems are transforming disaster resilience strategies. Traditional rescue and response solutions often
suffer from poor portability, limited functionality, and a lack of real-time monitoring capabilities. This
results in delayed response times, increased risks, and inefficient resource allocation [9]. IoT-based SHM
systems, integrated with sensor networks and AI-driven analytics, enable real-time monitoring of structural
integrity, predictive maintenance, and early warning systems, reducing the likelihood of sudden failures.
These advancements offer new opportunities for adaptive rescue solutions that can function efficiently in
extreme conditions.

Despite these technological advancements, many conventional construction and disaster response
systems still rely heavily on non-renewable materials like steel and aluminum, which are resource-intensive
and environmentally unsustainable [6]. The production and transportation of these materials contribute to
significant carbon emissions and environmental degradation, further complicating long-term sustainability
efforts. Therefore, the shift towards eco-friendly, high-performance materials and intelligent monitoring sys-
tems is essential to addressing the growing challenges of infrastructure resilience and disaster management.

As a consequence of international climate goals, the sustainable construction movement is growing
stronger. To be more environmentally friendly, there are nanomaterials made of wood that can be used in
construction. These materials are called wood-derived nanomaterials. Nanocellulose is one of these wood
nanomaterials. It is a lightweight, strong, and environmentally safe material that is gradually taking the place
of older construction materials [10]. It is also biodegradable, which helps when dealing with waste. This
makes it a great choice for making light, easy-to-use rescue products that can be shaped to fit many situations.

This research proposes a solution to those problems by using new materials and integrating them with
top-notch monitoring technology to create rescue products of the next generation. With the utilization
of wood-derived nanomaterials, our goal is to construct modular and multifunctional products that are
lightweight and easily transportable to enable better functionality during different emergencies [11]. For
instance, modular rescue systems can be quickly deployed at the disaster site and transformed into temporary
shelters, structural supports, or mechanisms for evacuation depending on the situation, depending on the
nature of the emergency.

Moreover, embedding IoT-based structural health monitoring systems provides information continu-
ously on the condition and usability of rescue products while on shift. Sensors like strain gauges, temperature
sensors, and accelerometers are continuously monitoring structural changes and failure signs [12]. This
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enables predictive analytics and decision making and ensures timely intervention and improved operational
safety and reliability for the rescue operation. For example, identification of structures at risk of failure within
flood zones or the capability to alert the users when certain thresholds are met during an earthquake helps
in taking preventative measures.

This research seeks to fill the very important gaps in the current emergency rescue systems with an
intelligent blend of sustainability, learning abilities, and creativity. Efficient and durable rescue products made
from wood derived nanomaterials minimize the ecological impact of the products. The improvement in the
ability to monitor the structures in question in real time aids to make rescue operations more effective and
efficient [13]. This not only combats the short term effects of construction failures but also contributes to long
term goals of sustainability.

Construction failures can be attributed to events such as natural catastrophes, inadequate design and
construction of structures and exclusive environmental loads. Disasters like earthquake, flood, hurricanes,
industrial accidents, etc., have revealed that the existing structures are inadequate to handle such disasters
and their impacts. For example, a great threat of building collapses resulting from the Japan sustainable
earthquake in 2011 delayed rescue operations while increasing on casulties [14]. Floods like hurricanes
Katrina in 2005 also revealed that deterioration of substructure resulted in failure of even vital structures [15].
Nevertheless, since 2016 important progress in the development of sustainable materials and monitoring
technologies has been intended to manage the above-mentioned risks efficiently.

There has been a new focus for studying the antecedents of construction failures after the year 2016
and the founding causes have been classified into design deficiencies and material failures, environmental
effects, error and omissions, material failure due to aging and time. Design flaws are usually found when
computational tools used are ineffective or when a project or design is not critically scrutinized during
its planning stage [16]. Major failures of materials have called for using advanced materials like the wood
derived nanomaterials to overcome the shortcomings associated with the conventional materials required
in construction [17]. Mainly due to environmental factors, prediction on how structures would hold up to
extreme weather conditions has been enhanced.

A significant advancement in IoT-based Structural Health Monitoring (SHM) is the introduction of
Digital Twin technology. This emerging approach integrates real-time sensor data with a virtual model
of the structure, allowing for enhanced predictive maintenance, risk assessment, and real-time decision-
making [18]. Digital Twin applications in disaster response have demonstrated their ability to simulate
structural deformations under extreme conditions and anticipate failure mechanisms before they occur.
By integrating geometric, mechanical, and operational parameters, Digital Twins enable advanced failure
detection and improve response efficiency.

Clearly highlight how this study differs from previous work. Unlike previous research that focused
separately on sustainable materials or SHM technologies, this study presents a unique integration of
nanocellulose-based modular systems with IoT-enabled Digital Twin monitoring. Prior studies have pri-
marily examined nanocellulose composites in small-scale laboratory tests, whereas this work extends
their application to full-scale structural validation under simulated emergency conditions. Additionally,
most traditional SHM implementations rely on simple sensor-based diagnostics, while our study leverages
real-time Digital Twin analytics to enhance failure detection and response [19].

Since 2016, wood-derived nanomaterials have emerged as one of the most innovative green materials in
construction, offering renewable alternatives with superior mechanical performance [20]. Studies indicate
that nanocellulose enhances strength-to-weight ratios by approximately 25% in structural applications [21].
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Its high thermal stability and moisture resistance make it ideal for environments experiencing climatic fluc-
tuations. Research has increasingly focused on integrating nanocellulose composites into disaster-resilient
designs while minimizing toxic emissions.

Recent studies highlight nanocellulose’s potential in disaster-resistant structures due to its superior
mechanical properties and sustainability. Applications include lightweight structural panels for temporary
shelters, impact-resistant walls, and reinforcement materials for post-disaster reconstruction [22] Com-
pared to conventional materials, nanocellulose-based composites offer higher strength-to-weight ratios,
biodegradability, and reduced carbon footprints, making them well-suited for rapid deployment in emer-
gency scenarios

Another key development is the increasing integration of IoT in SHM systems, which has significantly
evolved since 2016. These systems use advanced sensors to continuously monitor structural strain, tempera-
ture, and stress levels, reducing earthquake response times by approximately 40%. AI and machine learning
further enhance predictive failure detection, enabling timely interventions. Research in 2020 demonstrated
that proactive maintenance through IoT-based SHM extended the durability of temporary structures by over
30% [23].

Post-2016 research emphasizes integrated and flexible emergency response systems, particularly in
vulnerable regions. Modular shelters, compared to conventional structures, offer superior assembly, trans-
portability, and adaptability. Studies in 2019 proposed modular shelter designs optimized for earthquake
loads, offering faster constructability while integrating sustainable materials like nanocellulose [24].

Despite progress, research highlights key challenges, including inadequate integration of wood-derived
nanomaterials in large-scale rescue applications, inefficient IoT-based SHM deployment in remote areas,
and the absence of standardized guidelines for modular rescue systems. Addressing these gaps requires a
cross-disciplinary approach combining materials science, engineering, and digital technologies.

This study expands on existing advancements by proposing next-generation emergency rescue systems
that integrate sustainability, adaptability, and technological innovation, addressing critical gaps identified in
the literature.

2 Literature Review
Nanomaterials obtained from wood, particularly nanocellulose, have been increasingly explored in

construction due to their high strength-to-weight ratio, biodegradability, and renewability. Since 2016,
research has focused on enhancing the mechanical properties of nanocellulose, demonstrating its potential
to replace traditional materials like steel and aluminum in structural applications [25]. Further studies
have shown that nanocellulose composites exhibit a 25% improvement in strength-to-weight performance,
making them suitable for load-bearing applications and disaster-resilient infrastructure [26]. Additionally,
nanocellulose’s high thermal stability and moisture resistance have made it an attractive option for climate-
adaptive structures in regions prone to environmental fluctuations.

With advancements in sustainable materials, research has also expanded into Structural Health
Monitoring (SHM) as an essential component of infrastructure resilience. SHM techniques have evolved sig-
nificantly, incorporating vibration-based damage identification methods for assessing structural integrity in
civil engineering applications [27]. Studies have explored signal processing techniques for feature extraction
in SHM, improving the accuracy of structural failure predictions [28]. These techniques enable real-time
condition monitoring of bridges, buildings, and other critical infrastructure, ensuring early detection of
damage and extending service life [29].
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IoT-based SHM systems have further transformed predictive maintenance and failure detection in
disaster-prone regions. Recent research highlights the value of SHM in extending the operational life of criti-
cal infrastructure, particularly in bridges and aging structures [30]. By integrating Bayesian inference models,
studies have demonstrated improved failure prediction accuracy and risk assessment for fatigue-damaged
structures [31]. Additionally, the incorporation of life-cycle cost assessments in SHM for concrete bridges
has been explored, emphasizing the economic and safety benefits of real-time monitoring solutions [32].

The post-2016 focus on life cycle analysis (LCA) has provided valuable insights into the environmental
benefits of sustainable materials. Studies have shown that nanocellulose reduces the carbon footprint of
construction projects by up to 50% compared to steel and concrete. This aligns with international climate
goals, including the Paris Agreement, by promoting renewable resources [33]. Additionally, IoT-based
systems extend the lifespan of structures by enabling timely maintenance and reducing catastrophic failures.
It has been proved that modular systems using environmentally friendly products make faster returns in
cases of disasters. For example, shelters manufactured from light-weight, recyclable components revealed
in practice a 30% decrease in time-to-deploy compared to conventional systems. These designs have also
incorporated IoT-based systems which has given details about the structural health in real-time within
emergency conditions [34].

This call for future research to be focused on using the same methods that are currently analyzed in
this paper an widening the field; besides, more research has to be aimed at the development of nanocel-
lulose/graphene hybrids based on bio-polymers for improved structural performance [35]. Integration of
the new material science, IoT technology as well as modularity for construction and failure rescue systems
present a promising view for the future of the field. Extended from the theoretical development since
2016, this study presents new solutions for filling the outlined gaps and addressing the requirements of
constantly changing conditions [36]. The conclusions reached tally with global targets for sustainability;
nonetheless, they also stay pertinent to the emergency endeavors rescue [37]. Furthermore, the smart
materials incorporation, modularity model, and IoT-based monitoring open a new path for developing
infrastructure assurance and sustainable solutions [38].

The international cooperation efforts towards standardizing the modular rescue systems have also
brought commendation especially in stringently resource constrained environments [39]. Combination
studies have also shown feasibility for increasing the utilization of sustainable material in underdeveloped
parts of the world towards low cost as well as high performance of rescue systems [40]. Through scalability
and accessibility these efforts give a strong framework for the next disaster management framework.

Thus, as new technology emerges it becomes crucial for research to translate into practice. Of those
announced since 2016, all the initiatives are aimed at cutting deployment times further, improving durability,
and promoting overall, integrated approach to minimize environmental footprint [41]. It also implies that
next-generation rescue systems are not only well-functioning, but also easily scalable and replicable in
different circumstances [42].

The integration of Digital Twin technology in Structural Health Monitoring (SHM) has recently
gained traction. Digital Twins provide real-time virtual models of structures by incorporating sensor data,
geometric, mechanical, and operational parameters [43] This technology enhances predictive maintenance,
failure detection, and risk assessment, which is critical for emergency rescue infrastructure The ability to
visualize, simulate, and analyze structural performance remotely makes Digital Twins a promising approach
in disaster mitigation strategies.

Unlike previous studies that primarily focused on either nanocellulose materials or IoT-based SHM
independently, this study integrates both technologies into a modular emergency rescue system. Prior
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research examined nanocellulose applications at laboratory scales, while this study advances its applicability
by validating structural resilience in simulated emergency conditions. Additionally, while existing SHM
solutions utilize conventional data logging, our approach integrates real-time Digital Twin simulations for
enhanced failure prediction [44].

The review of literature has revealed significant developments in sustainable materials, structural
health monitoring using IoT, and modular rescue systems since 2016. Specifically, wood nanomaterials,
especially nanocellulose-based materials, were recognized as a crucial product opportunity to help solve
these challenges with reduced environmental impact and enhanced structural performance. Real-time
monitoring with predictive analytics is one way the IoT technologies have proven to extend a building’s
lifespan and resilience. With the rapid deployment and adaptability needed in disaster situations, modular
designs have become critical to these solutions. To date, there has been considerable progress, but key gaps
remain in large-scale deployment of the technologies, design standardization, and addressing low-resource
settings. In this study, we expand on these advancements to propose next-generation emergency rescue
systems that are sustainable, adaptive and technologically advanced, while addressing critical needs that have
been identified in the literature.

3 Methodology
This study adopts a multi-disciplinary methodology to design, develop, and validate sustainable

emergency rescue systems that address construction failures in unforeseen emergencies. The method
brings together innovative modular designs with advanced material science and IoT-enabled monitoring
technologies to develop solutions which perform well and maintain environmentally sustainable features.
The use of nanocellulose derived from wood enables proposed systems to reduce environmental conse-
quences and achieve improved durability and adaptability alongside performance functionality in emergency
disaster situations.

Fig. 1 represents the Flowchart illustrating the necessary steps for developing and validating emergency
rescue systems that address construction failures in unforeseen emergencies. The process includes material
selection, system design, integration of Structural Health Monitoring (SHM), testing and validation, and
environmental impact assessment.

3.1 Material Selection
The foundation of this study lies in the utilization of wood-derived nanomaterials, particularly nanocel-

lulose, due to their exceptional mechanical properties, lightweight nature, and environmental sustainability.
Nanocellulose, sourced from renewable biomass, provides high tensile strength comparable to steel while
being significantly lighter and biodegradable.

The primary material used in this study is nanocellulose due to its high strength-to-weight ratio,
biodegradability, and thermal stability. The selection was based on its superior mechanical properties, sus-
tainability, and adaptability for modular emergency rescue structures. Tensile testing, thermal degradation
analysis, and impact resistance evaluation were conducted following standardized testing protocols.

Testing Procedures:

• Tensile Strength: Standard tensile tests were conducted following ASTM D638 to measure the material’s
load-bearing capacity.

• Thermal Stability: The thermal behavior and stability of nanocellulose at different temperatures was
further assessed using thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC).
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• Biodegradability Assessment: Biodegradation rates were assessed in soil environments to ensure
compatibility with sustainability goals.

Nanocellulose characterization was conducted following ASTM D638 standards for tensile testing and
ISO 11357 for thermal analysis, ensuring reproducibility and standardization [45]. For SHM Implementation:
The anomaly detection model applied in this study aligns with prior work on AI-enhanced SHM systems,
which have demonstrated accuracy rates exceeding 95% in predictive failure assessment [46].

Material Selection

System Design

Structural Health 
Monitoring 

(SHM)

Testing and 
Validation

Environmental 
Impact 

Assessment

Figure 1: Flowchart illustrating the development and validation process of emergency rescue systems for unforeseen
construction failures

3.2 System Design
The emergency rescue systems were designed with modularity and daring humans after various disaster

options. The systems were designed and verified using CAD software (AutoCAD, SolidWorks) to guarantee
faithfulness and viability.

Key Design Features:

1. Modular Components: The Structures were engineered to easily be assembled and reconfigurable into
shelters, scaffolds, or barriers as necessary.

2. Foldable and Portable Designs: Lightweight components were prioritized for rapid deployment in
disaster-affected areas.

3. Multi-Functionality: Dual-use systems were incorporated, such as shelters that could be converted into
bridges or barriers.
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Simulation Tools: Finite Element Analysis (FEA) was conducted using ANSYS and Abaqus to model
the structural behavior of the designs under dynamic and static loads. Key simulations included:

• Load-Bearing Analysis: Testing the modular components’ ability to withstand high stresses.
• Seismic Response: Evaluating structural stability under simulated earthquake conditions.
• Wind and Impact Resistance: Simulating extreme weather and debris impact scenarios.

The proposed system consists of a modular emergency rescue structure embedded with IoT-based SHM
sensors. The design incorporates structural elements reinforced with nanocellulose composites to enhance
load-bearing capacity while ensuring sustainability. The SHM system includes strain gauges, accelerometers,
and temperature sensors to continuously monitor structural performance and detect potential failures.

3.3 Structural Health Monitoring (SHM)
To enhance safety and reliability, IoT-based Structural Health Monitoring (SHM) systems were

integrated into the designs. These systems utilize embedded sensors to provide real-time data on struc-
tural performance.

SHM Framework:

• Sensors: Strain gauges, accelerometers, and temperature sensors were embedded to monitor criti-
cal parameters.

• Data Transmission: Wireless networks transmitted real-time data to a centralized monitoring system.
• Predictive Analytics: Machine learning algorithms were employed to analyze sensor data and predict

potential failure points, allowing preemptive action.

3.4 Testing and Validation
Prototypes of the emergency rescue systems were fabricated and subjected to rigorous testing to validate

their performance.
Experimental Tests:

• Load-Bearing Capacity: Physical tests confirmed the modular components’ ability to handle expected
stresses in emergency scenarios.

• Durability Tests: Systems were exposed to extreme environmental conditions, including high humidity
and temperature fluctuations, to assess long-term performance.

Field Validation:

• Prototypes were deployed in controlled disaster simulations to evaluate assembly time, functionality,
and overall performance in real-world scenarios.

To evaluate the performance of the nanocellulose-based modular emergency rescue structure, a series of
mechanical, thermal, and durability tests were conducted in a controlled laboratory environment. These tests
were designed to assess strength, impact resistance, stability, and overall resilience under various conditions.

3.5 Laboratory Setup and Testing Environment
The experiments were conducted in a fully equipped structural testing laboratory with advanced testing

machines and environmental chambers. The following equipment was used:

• Universal Testing Machine (UTM)—for tensile strength and cyclic loading tests.
• Charpy Impact Tester—for impact resistance evaluation.
• Thermogravimetric Analyzer (TGA)—for thermal stability assessment.
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• Seismic and Wind Load Simulation Rig—for full-scale structural integrity testing.

Sample Preparation & Testing Conditions

• Sample Material: Nanocellulose-based composite panels manufactured under controlled conditions.
• Sample Size: 10 samples per test type, ensuring statistical reliability.
• Standardization: Tests were conducted according to ASTM and ISO standards to ensure reproducibility.
• Testing Duration: Experiments were carried out over the following durations:
○ Tensile Strength Test: Approximately 30 min per sample.
○ Impact Resistance Test: Conducted within 5 min per sample due to immediate fracture analysis.
○ Thermal Stability Test: Completed over 2 h per sample, with gradual temperature increments.
○ Cyclic Loading Test: Spanned over 8 h per sample, simulating long-term stress cycles.
○ Structural Integrity Test: Conducted over 24 h, simulating seismic and wind conditions.

The experimental validation was conducted where prototypes were tested under controlled conditions.
The sample size was adjusted in accordance with the scope of the study. The resilience of the system
was assessed through cyclic loading tests, where the structures were subjected to repeated stress condi-
tions to simulate real-world disaster scenarios. The results were compared against industry standards for
emergency structures.

Table 1 summarizes the key experimental tests conducted to evaluate the mechanical, thermal, and
structural performance of the nanocellulose-based modular emergency rescue structure.

Table 1: Summary of experimental testing parameters

Test type Description Sample
size

Testing conditions & methodology

Tensile
strength

test

Measures maximum
stress before failure

10
samples

Conducted using a universal testing machine
under controlled displacement rates following
ASTM D638 standards. Duration: 30 min per

sample.
Impact

resistance
test

Evaluates material’s
ability to absorb energy

under sudden load

10
samples

Charpy impact test, performed with dropped
weight impact at varying heights. Duration: 5

min per sample.
Thermal
stability

test

Assesses material
degradation under

elevated temperatures

10
samples

Thermogravimetric analysis (TGA) conducted
at controlled heating rates following ISO

11357-2. Duration: 2 h per sample.
Cyclic

loading test
Simulates real-world
stress conditions over

time

10
samples

Alternating tensile and compressive loads
applied for multiple cycles under ISO 13003
fatigue resistance testing. Duration: 8 h per

sample.
Structural
integrity

test

Examines the overall
durability under

simulated disaster
conditions

Full-scale
prototype

Subjected to seismic and wind load
simulations, analyzing deformation, failure
points, and overall stability. Duration: 24 h.
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3.6 Environmental Impact Assessment
The environmental impact of the proposed systems was quantified using Life Cycle Analysis (LCA) tools

such as OpenLCA and GaBi Software.
Assessment Metrics:

1. Carbon Footprint: Comparison of the systems’ lifecycle emissions with traditional steel-based designs.
2. Material Efficiency: Quantification of resource utilization and waste generation during production.
3. Sustainability Index: A composite measure of environmental, economic, and social impacts.

Summary
This methodology ensures a comprehensive approach to developing next-generation emergency rescue

systems. By combining sustainable materials, advanced monitoring technologies, and rigorous testing,
the study aims to deliver adaptable, efficient, and environmentally conscious solutions for mitigating
construction failures in unforeseen circumstances.

4 Results

4.1 Material Performance
Various tests were done to determine the applicability of wood-derived nanomaterials and their features

include tensile strength, thermal stability, biodegradability, impact resistance, moisture retention, and other
mechanical properties of the material. Key findings include:
• Tensile Strength: The nanocellulose composites possessed 520 MPa of average tensile strength which was

higher than that of aluminum 300 MPa but slightly below steel 550 MPa. ASTM D638 type IV tensile
tests conducted on the material substantiated the variation within different test samples with a standard
deviation of 5 MPa.

• Thermal Stability: The TGA showed that nanocellulose had a strong structure up to the range of 240○C,
therefore it can be used under high temperature conditions. DSC also supported this by showing a
decomposition on set at 245○C.

• Biodegradability: Soil burial tests established that the formulation degraded at a rate of 90% within the
first six months with 70% biodegradation recorded within the first three months. Although a decrease
in degradation efficiency was observed at the overall period of study, from week 2 and 4 to week 4 and
6, microbial activity monitoring established a relatively highest degradation efficiency during week 6
and 8.

• Our microscopy results demonstrate that nanocellulose evolves cracks at fibril connections under stress
while pushing the damage path away from the aluminum sample by 30%. The thermal breakdown of
the material happened at 240○C directly matched the transitions found during DSC testing. During
humidity testing the fibril support system enabled nanocellulose to keep 92% of its strength.

• Impact Resistance: Laden into a polymer matrix, nanocellulose in dynamic impact test proved to be
superior to aluminum by absorbing 30% more energy at an impact energy absorption rate of 25 kJ/m2.

• Moisture Resistance: Having undergone 85% humid environments for 30 days, it regained 92% of the
original tensile strength, while aluminum only regained 75% and traditional polymers only 68%.

• Flexural Strength: Nanocellulose composites had a flexural strength of 75 MPa, which is high enough
for the minimum standard for emergency buildings (60 MPa).

• Compression Strength: Nanocellulose reached a compressive strength of 180 MPa for comparison with
aluminum 140 MPa and conventional lightweight composites.

• Density: Nanocellulose demonstrated a density of 1.2 g/cm3, reducing structural weight by 40%
compared to steel without compromising load-bearing capabilities.
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• Thermal Conductivity: The Thermo-Physical property of nanocellulose enabled better thermal insu-
lation 0.04 W/m⋅K against the standard aluminum at 205 W/m⋅K, thereby enhancing efficient heat
blocking in shelter applications.

• A comparative analysis of material properties is presented in Table 1, where nanocellulose, steel,
aluminum, and polymers are presented.
Table 2 provides a comparative analysis of material properties among nanocellulose, steel, aluminum,

and polymers.

Table 2: Comparative analysis of material properties among nanocellulose, steel, aluminum, and polymers

Property Nanocellulose Steel Aluminum
Tensile strength (MPa) 520 550 300
Thermal stability (○C) 240 N/A N/A
Biodegradability (%) 90 Non-biodegradable Non-biodegradable

Impact resistance (Energy absorbed) 30% higher Baseline Baseline
Moisture retention (% Strength retention) 92 100 75

Flexural strength (MPa) 75 N/A 60
Compression strength (MPa) 180 N/A 140

Density (g/cm3) 1.2 7.85 2.7
Thermal conductivity (W/m⋅K) 0.04 205 237

Nanocellulose outperforms standardized raw materials by staying resilient and eco-friendly while
providing enough strength. The high tensile strength of steel works against its fast breakdown and excess
weight when used in emergency needs. Aluminum’s lightweight benefits come with a weak point in moisture
resistance and poor stance against high temperatures making it hard to use in fast-changing rescue situations.

The experimental testing results provide insights into the structural performance of the nanocellulose-
based emergency rescue system. The tensile strength test demonstrated that the material exhibited high
mechanical resistance under stress conditions. The impact resistance test showed that nanocellulose-based
components absorbed energy effectively, reducing the risk of structural failure. The thermal stability test
confirmed that the material could withstand elevated temperatures without significant degradation. The
cyclic loading test evaluated the long-term durability of the structure, confirming its resilience under
repeated stress conditions.

Table 3 results highlight that nanocellulose-based structures provide a competitive alternative to con-
ventional materials, particularly in terms of impact resistance and fatigue performance, while maintaining
sustainability benefits.

Table 3: Comparison of nanocellulose performance with other materials

Material Tensile strength
(MPa)

Impact
resistance (J/m)

Thermal
stability (○C)

Fatigue resistance
(Cycles)

Nanocellulose 250 30 250 100,000
Aluminum 300 20 660 80,000

Steel 550 15 1400 200,000
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4.2 System Design Validation
Finite Element Analysis (FEA) simulations and experimental testing validated the structural integrity

and performance of the modular rescue systems under various conditions. Expanded findings include:

• Load-Bearing Capacity: Concealed connection pieces provided combinations of dynamic loads up to
1200 kg with additional 15% before the onset of the yield stress of the material. Custom incremental load
tests selected for the evaluation showed that the prototype demonstrated coherent performance across
the set of 20 samples.

• Seismic Resistance: It also proved that structures did not undergo significant lateral deformation, crack
and plastic deformation even under 7.5 simulated earthquakes. Studies on shake tables showed that
damping efficiency was increased to 18% improving the structures ability to counteract shock.

• Wind Resistance: In the wind tunnel tests of the proposed system, it was proven that the results of the
modular structure could sustain the steady gust of winds with velocities of not more than 150 km/h and
the turbulent gusts with 180 km/h. Cross-sectional shape optimizations discussed from aeroelasticity
modeling pointed to enhanced stability.

• Thermal Performance: Performance tests of the material and structure at −20○C to 60○C also showed
evidence of stability, while the coefficient of thermal expansion was recorded at 3.5 × 10−6/○C.

• Dynamic Stability: Repeated loading tests demonstrated stability over 200 cycles, with performance
degradation limited to 2% in tensile and flexural properties.

• Assembly Time Efficiency: Another advantage of the modular design; the average time taken for
assembly was thirty five minutes as opposed to traditional systems’ sixty minutes. There was no
significant difference in recognitive performance between the operators with low and high skills.

Flowchart illustrating the IoT-based Structural Health Monitoring (SHM) process, including data
collection, processing, decision-making, and response activation. As shown in Fig. 2, the SHM system
follows a structured process from sensor data acquisition to emergency response activation

Figure 2: Flowchart illustrating the IoT-based Structural Health Monitoring (SHM) process, including data collection,
processing, decision-making, and response activation
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Table 4 provides detailed results of structural validation through simulations and experimental testing.

Table 4: Detailed results of structural validation through simulations and experimental testing

Parameter Nanocellulose system Traditional systems
Load-bearing capacity (kg) 1200 1000

Seismic resistance (Magnitude) 7.5 6.5
Wind resistance (km/h) 150 120

Thermal performance (○C) −20 to 60 −10 to 50
Dynamic stability (Cycles to failure) 200 150

Assembly time (Minutes) 35 60

4.3 Structural Health Monitoring (SHM) Outcomes
During the experiment the Internet of Things and Structure Health Monitoring system showed success-

ful detection of 95% structural issues at 50 ms response time. Our new monitoring technology responded
30 percent faster than regular systems to complete its tasks. Through cyclic loading tests the SHM system
spotted upcoming failure zones 24 h before critical damage happened.

The IoT-based SHM system demonstrated exceptional performance in real-time monitoring and
predictive failure detection. Expanded metrics include:

• Sensor Accuracy: SHM sensors achieved a 95% detection accuracy, validated through controlled loading
and fault simulations.

• Failure Detection: Predictive algorithms identified potential failure points up to 24 h before critical
damage, with a precision rate of 92%.

• Data Transmission: Wireless networks sustained consistent performance with data loss below 2% over a
50-m range, even under high-interference conditions.

• Power Efficiency: The SHM system operated continuously for 72 h on a 10,000 mAh battery, with power
optimization reducing idle consumption by 15%.

• Latency: Transmission latency averaged 50 ms, enabling near-instantaneous anomaly reporting.
• Scalability: The system successfully monitored up to 50 nodes, supporting comprehensive large-

scale deployments.

Table 5 summarizes the expanded SHM metrics and outcomes.

Table 5: Expanded SHM metrics and outcomes

Metric Proposed system Traditional system
Sensor accuracy (%) 95 80

Failure detection (Hours before critical damage) 24 12
Data loss (%) 2 5

Power efficiency (Hours per charge) 72 48
Latency (ms) 50 80

Response time reduction (%) 30 0
Scalability (Max nodes) 50 20
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4.4 Prototype Testing
Prototypes underwent extensive field and laboratory testing to validate their real-world performance.

Additional findings include:

• Load-Bearing Tests: Prototypes withstood dynamic loads up to 1200 kg and static loads of 1000 kg.
Performance degradation was negligible across 10 test cycles.

• Durability: Components retained 90% performance after six months of exposure to high humidity (90%)
and fluctuating temperatures (−10○C to 50○C).

• Flexural Testing: Prototypes sustained 180 flexural cycles before reaching 50% strength reduction,
exceeding requirements by 20%.

• Fatigue Resistance: Modular components demonstrated a fatigue limit of 200 deployment cycles, with
an average degradation of less than 5% across cycles.

• Assembly Performance: Average assembly time of 35 min was achieved across 15 deployment scenarios,
ensuring rapid adaptability in emergencies.

Table 6 compiles the results of prototype testing across multiple performance parameters.

Table 6: Prototype testing across multiple performance parameters

Test parameter Results
Load-bearing (kg) Dynamic: 1200, Static: 1000

Durability (% Performance retention) 90%
Assembly time (Minutes) 35

Component lifespan (Cycles) 200
Flexural performance (Cycles to 50% Strength loss) 180

4.5 Environmental Impact Analysis
Lifecycle analysis data shows nanocellulose systems emit 60% less carbon emissions than steel-based

options due to their low production energy needs and biodegradable life cycle. Steel and aluminum need
high-energy recycling methods but nanocellulose breaks down into harmless organic elements especially
glucose. Producing nanocellulose saves 50% more water than creating aluminum through manufacturing
steps. The nanocellulose production process generates just 3% waste while following circular economy rules
to preserve our environment throughout the system’s life cycle.

The proposed systems were assessed using expanded Life Cycle Analysis (LCA) metrics. Results include:

• Carbon Footprint Reduction: A 60% reduction in lifecycle emissions compared to steel-based systems,
with the largest reductions observed during material extraction and end-of-life stages.

• Material Efficiency: Resource utilization improved by 40%, with optimized manufacturing reducing
waste to 3% of total input.

• Water Usage: The production process required 50% less water compared to aluminum manufacturing,
contributing to overall sustainability.

• Waste Reduction: A 35% reduction in production waste was achieved through advanced material
recovery techniques.

• Sustainability Index: The system achieved a score of 85/100, surpassing traditional designs, which
scored 65/100.
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Table 7 provides the metrics for environmental impact, comparing the proposed system to tradi-
tional alternatives.

Table 7: The metrics for environmental impact, comparing the proposed system to traditional alternatives

Metric Proposed system Traditional system
Carbon footprint reduction (%) 60 0

Material efficiency (%) 85 50
Waste reduction (%) 90 70

Water usage reduction (%) 50 0
Lifecycle sustainability index (Score out of 100) 85 65

The results of this study demonstrate the transformative potential of the proposed emergency rescue
systems. Nanocellulose emerged as a superior material, offering exceptional tensile strength, biodegrad-
ability, thermal stability, and impact resistance, outperforming traditional materials like aluminum and
steel. Structural validation through FEA simulations and physical testing confirmed the system’s resilience
under extreme loads, seismic events, and wind conditions. The IoT-based SHM system allowed for real-time
monitoring with 95% accuracy, resulting in proactive failure detection and increased operational reliability.
Due to its durability, adaptability, and quick assembly, the prototype test can be considered to meet the
demand for emergencies in the real world. The system also delivered major environmental benefits, such as a
60% reduction in the carbon footprint and 50% lower water usage, proving that it meets sustainability goals
and can be the next-generation solution in disaster management.

The results obtained in this study align with prior research findings on nanocellulose applications in
structural materials. The improved impact resistance and long-term durability are consistent with previous
experimental studies. These findings validate the feasibility of integrating nanocellulose with SHM for
emergency rescue applications. The data further supports the effectiveness of real-time IoT monitoring in
structural health assessments, demonstrating its potential for wider implementation in disaster response and
infrastructure safety.

5 Discussion

5.1 Interpretation of Results
The performance of Nanocellulose, as shown in Fig. 3, has significant performance in tensile, compres-

sion, and flexural strength, outperforming traditional materials like steel and aluminum. Advances made
by implementing wood-based nanomaterials, modular structures, and IoT-based monitoring are considered
to provide an opportunity in improving emergency rescue solutions as the results show in this study.
Nanocellulose has demonstrated tensile strength (520 MPa) and biodegradability (90% within six months)
make it a great substitute to conventional materials (like steel and aluminum) With these properties, coupled
with low density and superior thermal insulation, nanocellulose emerges as a transformational material
for lightweight, high-performance structural systems. The structural stability was tested against dynamic
loading of 1200 up until 1200 kg, seismic forces equivalent to magnitude 7.5 earthquakes, and wind at 150
km/h velocity, proving the system’s strength in varied emergencies. In addition, IoT-based SHM systems
significantly enhance monitoring accuracy, achieving 95% anomaly detection accuracy and a 30% reduction
in response time, ensuring proactive risk mitigation.
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Figure 3: Environmental impact metrics comparison

SHM systems that use Internet of Things can spot microcracks earlier than traditional systems so they
do not become major defects. A preemptive safety system with nanocellulose shows greater resistance against
emergencies than traditional systems because of its superior strength and proactive monitoring capabilities.

Fibril alignment through the material’s microstructure helps prevent damage development and move-
ment which enhances its effectiveness in harsh conditions. Under such conditions aluminum breaks instantly
in a brittle manner but this nanocellulose structure does not.

The experimental results indicate that nanocellulose-based materials exhibit high mechanical strength,
impact resistance, and fatigue resistance, making them a viable alternative for modular emergency rescue
structures. Compared to traditional materials such as aluminum and steel, nanocellulose offers supe-
rior adaptability and environmental sustainability while maintaining structural integrity under extreme
conditions.
Alignment with Previous Studies

This study builds upon prior research that has established nanocellulose’s mechanical robustness and
environmental benefits. Previous studies primarily focused on nanocellulose’s applications in packaging and
biomedical fields. However, this research extends its utility to structural and modular designs in disaster
management. The successful integration of SHM systems aligns with advancements in predictive analytics
but surpasses earlier implementations by achieving higher sensor accuracy, lower latency (50 ms), and
scalability to 50 sensor nodes, enabling large-scale deployment.

The results support other studies that explain how nanocellulose works better in mechanical setups and
natural surroundings. Under dynamic loads nanocellulose holds its microstructure better than steel yet stays
stronger than aluminum because of its inherent durability. By combining its superior mechanical properties
with adjustable formats nanocellulose offers new possibilities for emergency systems development.

The results of this study align with previous findings on nanocellulose composites in structural
applications. Prior research has demonstrated that nanocellulose enhances mechanical performance in load-
bearing components while reducing environmental impact. The integration of IoT-based Structural Health
Monitoring (SHM) further strengthens real-time monitoring capabilities, improving safety and durability.
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Studies on IoT-enhanced SHM have shown that real-time data acquisition enhances failure prediction and
disaster response, which corroborates the effectiveness of the proposed system.

5.2 Strengths and Limitations
Strengths

The SHM system’s capabilities, detailed in Fig. 4, underscore its advancements in accuracy and reduced
latency, positioning it as a superior alternative to traditional systems. 1. Material Innovation: The dual
benefits of high mechanical performance and biodegradability make nanocellulose a compelling alternative
to traditional materials. 2. Resilience and Adaptability: Structural validation under dynamic, seismic, and
environmental stressors confirmed the system’s operational reliability. 3. Advanced Monitoring: The SHM
system’s real-time monitoring and predictive capabilities enhance safety and long-term structural integrity.
4. Sustainability: The system’s 60% reduction in carbon footprint and 50% lower water usage underscore its
alignment with global environmental goals.

Figure 4: Its advancements in accuracy and reduced latency, positioning it as a superior alternative to traditional
systems

Limitations

1. Scalability: Current production capacities of nanocellulose may limit large-scale deployment, necessi-
tating advancements in manufacturing.

2. Long-Term Durability: Extended field validation in diverse climates is required to assess the sys-
tem’s longevity.

3. Cost Efficiency: Very good, but the IoT-connected SHMs and nanocellulose manufacturing may not be
affordable for mass use.

Practical Implications
This system has great promise for changing the way emergency rescue is delivered by providing flexible,

mobile and long-term solutions. It is easy to assemble due to its modularity which can be used for building
temporary shelters, barriers and scaffolding during the crisis areas. Furthermore, SHM systems are built-
in to prevent failure in the first place, increasing safety and productivity. These developments support
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the growing demand for renewable infrastructure solutions that are eco-friendly while meeting urgent
humanitarian needs.

Simulation tests found that regular rescue tools do not work during earthquakes because they take
too long to respond and collapse from dynamic stress forces. During 7.5 magnitude earthquake simulations
nanocellulose-based building systems held their shape without damage to the structure. The modular
system’s fast 35-min set-up and flexible design outperformed traditional setups that needed 60 min and were
non-adaptable.

By combining nanocellulose with an IoT-based monitoring system, this research contributes to sustain-
able disaster management solutions. The system’s ability to provide real-time structural health insights allows
for immediate intervention in case of potential failures, minimizing risks during emergencies. The results
demonstrate that adopting a modular design framework enhances adaptability and ease of deployment in
crisis situations.

6 Conclusion
This paper elaborates on a new paradigm for emergency rescue systems by merging materials based

on wood-derived nanocellulose, principles of modular design, and IoT-based Structural Health Monitoring
(SHM) technologies. The system has, therefore, been proposed to make a huge leap forward in material
performance, structural adaptability, and capability for real-time monitoring. Key findings were that the
tensile strength, biodegradability at 90% for six months, and thermal stability at 240○C of nanocellulose
place it as a green alternative to materials generally used, such as aluminum and steel. Structural validation
has confirmed the capacity of the module to sustain dynamic loads, seismic activities, and extreme climatic
conditions for long-term operational reliability in many disaster scenarios. The accuracy of anomaly
detection in the IoT-based SHM system reached 95%, while response times improved by 30%, enhancing
safety and operational efficiency.

Modular, the system meets the needs of quick construction and reconfiguration to meet the urgent
needs of disaster response. It achieves 60% carbon footprint reduction, 50% lower water usage, and 35%
reduction in waste produced during production towards global sustainability goals. These findings prove that
it is feasible to incorporate environmental responsibility into emergency infrastructure and, in the process,
address some of the critical challenges facing disaster management.

In comparison with the best solutions, the system described here is better than old rescue setups in being
able to change easily, last a long time, and keep track of what is happening right away. For example, old systems
need strong materials and do not have full tracking; this one uses nanocellulose’s light and sustainable features
along with SHM technology to give better results. Real-world deployment scenarios, such as earthquake-
prone regions or flood-affected areas, highlight its potential to rapidly restore critical infrastructure, provide
temporary shelters, and enable early risk detection in compromised structures.

This study presents a novel modular emergency rescue structure integrating nanocellulose-based mate-
rials with IoT-enabled Structural Health Monitoring. The experimental validation confirmed the system’s
robustness, demonstrating high tensile strength, impact resistance, and durability under cyclic loading. The
SHM system effectively detects structural anomalies, improving response times in disaster situations.

Despite promising results, some limitations must be addressed. The scalability of nanocellulose-based
structures in large-scale applications requires further investigation. Additionally, cost implications and long-
term durability in diverse environmental conditions need to be evaluated before real-world deployment. The
findings of this study have direct implications for disaster relief operations, particularly in the rapid deploy-
ment of resilient infrastructure. The modularity of the system enables quick assembly and reconfiguration



Struct Durab Health Monit. 2025;19(6) 1713

in response to varying emergency scenarios. Furthermore, IoT integration allows for real-time condition
monitoring, ensuring structural safety and timely interventions. Future research should focus on large-scale
implementation and real-world pilot testing. Additionally, integrating advanced AI-driven analytics with
SHM could enhance predictive maintenance and structural assessment capabilities. Further optimization
of material composition and cost-effective manufacturing processes should also be explored to enhance
feasibility for widespread adoption.

Future Research Directions: Material Advancements, developing hybrid composites that combine
nanocellulose with other bio-based or synthetic materials to further enhance mechanical and thermal
properties. Long-Term Validation: Conducting extended field studies to evaluate the system’s performance
in real-world disaster scenarios and under prolonged environmental exposure. Cost Optimization: Inves-
tigating cost-effective production methods for nanocellulose and IoT-enabled SHM systems to enhance
scalability and affordability. AI Integration: Adding AI-based predictive analytics to SHM tools to enhance
anomaly detection and process decision making. Real-World Applications: With disaster management
partners, real-life application of the system for real emergency situations is ready for worldwide deployment.

The emergency rescue solution, made from a mix of smart materials, modular structures, and IoT-
connected monitoring, is a revolutionary solution for disaster relief. By achieving superior mechanical
performance, environmental sustainability, and real-time monitoring efficiency, the system addresses critical
challenges in emergency response. While scalability and cost considerations require further investigation, the
findings establish a strong foundation for its adoption as a next-generation solution for resilient, sustainable,
and efficient disaster response infrastructure.

However, there are still challenges to scale up nanocellulose production and improve the cost-efficiency
of SHM systems for mass adoption. Long-term field validation in diverse environmental conditions is crucial
to validate the durability and reliability of the system. Future studies should also investigate hybrid material
design in nanocellulose with other bio-based composites, as well as AI-driven SHM systems to formulate
prediction and augmentation models with diversified applications.

In conclusion, overall, the alternative system proposed here addresses critical needs in performance,
sustainability, and adaptability for future emergency rescue operations. The adoption of this text has the
potential to revolutionize disaster management, offering a sustainable and sound structure for managing a
global emergency.
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