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Abstract

The commercialization of smart polymers in advanced composite structures represents a significant rise
in material science, particularly for industrial applications. These smart polymers show unique
properties such as self-healing, shape memory, & responsiveness to environmental disturbances,
making them ideal for a wide range of applications. In this paper, the researcher explores the
advancements in developing and applying smart polymers within composite structures, focusing on
their potential. Revolutionize industries like atmosphere, civil infrastructure, biomedical engineering,
& automotive manufacturing. Key challenges in the commercialization procedure with scalability, cost-
effectiveness, & continuing durability. In this paper researcher examines current market movements,
future forecasts, & the probable impact of these materials on sustainable development. Researchers do
a complete analysis to provide insights into the practical integration of smart polymers into industrial
applications, driving innovation & attractive performance in various sectors. A case study on the
integration of smart polymers in aerospace composite structures involves a detailed analysis of specific
aerospace where smart polymers were incorporated, examining the processes, challenges, outcomes,
and the impact on performance, durability, & maintenance of the aerospace components.

Keywords: Smart polymers, shape memory polymers, sustainable and smart polymers, automotive
manufacturing, performance enhancement

INTRODUCTION
The development of materials science has to the development of smart polymers, which are
revolutionized advanced composite structures. Smart polymers can /respond to external helps like
temperature, light, pH, and electrical or magnetic fields, and have a unique set of properties that can be
finely tuned for specific applications. These materials have gathered significant attention due to their
potential to enhance the performance, functionality, and durability of composite structures used in
various industrial sectors. Industrial applications integrate of smart polymers into composite structures
with new paths for innovation and efficiency [18].
. These advanced materials are particularly beneficial
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(FRP) composites, introduced years ago, are widely
used in many structural submissions. They are
popular because they are lightweight, strong,
chemically stable, multipurpose to process, and
resistant to the destruction of materials and failure
of a material [8]. The development of self-healing,
shape memory, and sensor-embedded composites,
significantly improves safety, durability, and overall
performance. The commercialization of smart
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polymers in advanced composite structures presents both opportunities and challenges [15]. It is divided
into two parts first, the potential market for these materials is vast, and the increasing demand because
of high performance. Second, the transition from laboratory-scale research to large-scale industrial
applications includes overcoming several hurdles, including material cost, processing techniques,
scalability, & integration with existing manufacturing processes. An outline of the current state of smart
polymers in advanced composite structures [6].

LITERATURE REVIEW
Our research paper is closely related to the following literature on Commercialization of Smart
polymers in Advanced composite.

Smart Polymers

From the Stone Age to aluminum and finally, to our present-day polymers, many materials have
become the subject of study by researchers who are looking for better ones to meet contemporary and
diverse needs [28]. The polymer has become a material of the century and possibly, ever since then,
there has been hardly any application it hasn’t found its way into. The concept of using layer-by-layer
fabrication in making three-dimensional (3D) structures traces back to the 1980s; it created complex
architectures with defined features and functions [29, 30]. Polymer composites are crucial for various
sectors such as transportation or aerospace due to their strength, lightness, cost-effectiveness, flexibility,
and ecological friendliness [31]. Currently, these smart polymer composite materials show excellent
characteristics that are being widely recognized. Smart polymer composites can change their
mechanical properties electrical conductivity or optical absorption due to variations in temperature,
humidity, or pressure [32]. Other potential advantages include better performance, enhanced efficiency,
and self-healing capability upon external stimulation. Smart polymer composites include shape
memory, conductive, and self-healing polymers. Shape-memory polymers recover their original shape
when subjected to deformation, while conductive polymers can conduct electricity thereby making them
suitable for devices like actuators and sensors. Self-healing polymers could rectify themselves from
external sources of disturbances like cracks or fractures, thereby increasing the life of the material [33].
Generally, state-of-the-art smart polymer composite materials remain a rapidly evolving area with huge
potential across numerous industries. Nevertheless, some challenges need to be overcome before this
promise is realized including improved processing techniques, more research and development, and a
better understanding of their properties and behaviours.

Shape Memory Polymers

Commonly referred to as “shape memory polymers”, intelligent polymer composites revert to their
original shape despite undergoing deformations. These materials are activated by changes in pressure,
humidity or temperature. This ability of these materials to return back into their initial states has been
attributed to transition temperatures/pressures where the material changes from a flexible/malleable
state to a rigid/shape-maintaining condition. Shape-memory polymers are made by typically mixing a
polymer with a shape-memory substance such as an alloy [34]. The mechanical strength needed has
been provided by the polymer while allowing the material to return to its original shape was made
possible by the shape memory agent. By giving them this feature, SMPs have become truly exceptional,
as they can take up particular shapes, remain in those shapes when subjected to high pressures or
temperatures and revert back again when these temperatures reduce or these pressures cease [24, 49].
In addition, SMPs like catheters and stents that can be flexible upon implanting into the body but
straighten back after being used are commonly employed in the medical field [35, 48]. Similarly, SMPs
played a vital role in the transportation sector in making lightweight cars that do not consume too much
fuel and aerospace ones whereby strong yet light structural components were designed. There are
several ways of controlling the transition temperature or pressure of SMPs including adding plasticizers,
using crosslinking agents as well as substituting polymers with alternate ones or changing the shape
memory agents. In conclusion, shape-memory polymers represent an exciting class of materials with
unique properties and potential uses in various industries. Returning to its original form after being
altered offers many advantages. The room to grow and get better makes SMPs a hot area for future
study and new ideas [36].
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Sustainable and Smart Polymers

Polymers have made our lives easier and brought many benefits to humanity. However, they've also
had some unexpected negative influence on the environment and climate change. We can divide
sustainable polymers into two main groups: biobased synthetic polymers and natural polymers. People
have used natural polymers like cellulose, lignin, hemicellulose, starch, protein, and modified
biopolymers to make bioplastics and composites, among other things [27, 37]. We can create synthetic
biobased polymers from various types of molecular biomass, including amino acids, terpenes, furan,
plant oils, and rosin acids [38-40]. Scientists have made big strides in turning biomass into polymers in
the area of sustainable chemistry. Molecular biomass can boost bio-based polymers more like how
we've engineered petrochemicals through molecular engineering. However, creating materials with the
same or even better sustainable and economic qualities is a big challenge. Scientists often don't pay
much attention to processing, but it can play a key role in improving material properties.

Performance Enhancement

Smart polymer composites are a type of sensible made up of a polymer matrix and smart fillers or
elements that can counter external stimuli, such as temperature, light, and PH [38]. These materials
might transform the edifice industry by presenting enhanced characteristics. Smart polymer composites
can be engineered to adjust to Fluctuating loads and conditions, contributing to amended performance
in the go-ahead and extreme settings, making them suitable for custom in high-performance and
disaster-resistant buildings [30, 39]. Smart polymer composites can be engineered to self-repair in the
event of damage, thereby reducing conservation and reparation costs and extending the life of the
structure [25].

METHODOLOGY

In this approach commercialization of smart polymers in advanced composite structures researchers
use the case study of the aerospace company Boeing [40, 19]. Boeing is the principal global aerospace
manufacturer. It is the fourth largest defence independent in the world. Revenue on 2022 is the major
exporter in the United States by dollar value. Boeing was started by William Boeing, Seattle,
Washington, on July 15, 1916. The case study based on Boeing those methods is selected to provide an
in-depth, contextual analysis of a specific instance for smart polymer commercialization [12].

Define Smart Polymer Unique Properties, Potential Advantages, and Current Status in The
Research with Industrial Use

Smart polymers are stimuli-responsive polymers [4, 46]. These polymers can change their physical,
& chemical properties according to environmental like temperature, pH, light, magnetic fields, or
electric fields, etc. Adaptive Response by light is when exposed to specific wavelengths of light,
transitions at specific temperatures, and change their solubility or swelling behaviour with pH changes,
Polymers respond to electric & magnetic fields [13]. Case Study on Smart Polymer Integration in
aerospace composite structures offers the potential for self-healing composites, which can enhance the
safety and durability of aerospace components. Shape memory polymers (SMPs) have properties of
smart materials that can return to their original shape after deformation when showing to a specific
incentive such as heat. In aerospace applications, SMPs can be used to create self-healing composites,
which can repair minor damages autonomously [42, 16].

The aerospace industry was selected due to its strict safety requirements and the high potential impact
of self-healing composites [29, 5]. The XYZ aerospace company is an inventor in adopting advanced
materials for aircraft structures. XYZ Aerospace Company is an innovation and commitment to safety.
Shape Memory Polymers (SMPs) were added to carbon fiber reinforced polymer (CFRP) materials used
in aircraft main body and wings [24,9]. These SMPs can fix small cracks(break) that form during flights,
which helps the aircraft last longer and be safer. For research and development, acrospace collaborated
with foremost universities and research institutes to develop the SMP composite. The project received
funding from government aerospace innovation grants and commercialization. Models are exposed to
difficult testing, flight conditions, and weakness tests. The self-healing ability is validated by repeated

© STM Journals 2024. All Rights Reserved 72



Commercialization of smart polymers in advanced Jain et al.

damage and repair cycles. The company operated closely with flight regulatory bodies to meet safety
standards & obtain necessary certifications. Scaling up manufacturing meant improving how SMPs
were added to the process of making CFRP. They worked with suppliers to ensure there was always
enough high-quality SMP material. The main competitors were traditional CFRP composites and other
emerging self-healing materials [44-10-1]. XYZ Aecrospace's SMP composite offered a unique
combination of lightweight, high-strength, and self-repair capabilities. The marketing strategy
emphasized the safety and maintenance cost benefits of the SMP composite. Demonstrations and pilot
projects were conducted with key customers [3,20]. Educating potential customers about the benefits
and reliability of SMP composites was crucial. XYZ Aerospace conducted workshops and provided
detailed technical documentation. The company secured additional funding through strategic
partnerships and government grants [11-23-47]. Educating potential customers about the benefits and
reliability of SMP composites was crucial conducted workshops and provided details. Financial
constraints Initial development and certification costs were high. The company secured additional
funding through strategic partnerships and government grants.

Company Overview

Imagine XYZ Aerospace, a leader in implementing advanced materials for aircraft structures. It has
focused on innovation & safety. The company combined SMPs into carbon fiber reinforced polymer
(CFRP) materials have aircraft bodies and wings. These SMPs can repair minor cracks during flights,
increasing the longevity & safety of the aircraft.

Research and Development

To develop the SMP composite, XYZ Aerospace work together in leading universities and research
institutes. The project received funding from government aerospace innovation grants. The SMP
composite was tested under tough flight conditions to prove its self-healing abilities with repeated
damage & repair cycles. The company worked closely with inflight regulatory bodies to meet safety
standards & obtain necessary certifications.

Competition and Market Strategy

The main competitors were traditional CFRP composites & other emerging self-healing materials.
XYZ Aerospace's SMP composite offered a unique combination of lightweight, high-strength, and self-
repair capabilities. The marketing strategy highlighted the safety and maintenance cost benefits of the
SMP composite [21, 22]. The company conducted demos and pilot projects with key customers and
organized workshops to educate potential customers about the benefits and reliability of SMP
composites. Detailed technical certification was provided to support these efforts [14].

Financial Considerations

Initial development and certification costs were high, but XYZ Aerospace secured additional funding
through strategic partnerships and government grants [26]. These financial strategies helped overcome
initial constraints and supported the project's success.

The Integration of Smart Polymers in Aerospace Composite Structures, Boeing

Integrating smart polymers into aerospace composite structures using reinforcement learning can be
approached to solve this case study [24]. The algorithm demonstrates that reinforcement learning will
be used to integration and performance of SMP composites in aerospace applications.

The Figure 1 presents a structured framework for the integration of smart polymers into aerospace
composite structures that align with reinforcement learning. This framework is the objective to enhance
the performance of materials by embedding smart polymers within them. The process defining the
objective integrating SMPs and evaluating their performance under varying conditions. The State Space
is defined by environmental factors like temperature and composite structures are exposed to these
states Action Space encompasses the potential adjustments or actions that can be made to optimize the
material's performance [7,2]. This critical component that measures the success of these actions, guiding

© STM Journals 2024. All Rights Reserved 73



Journal of Polymer & Composites
Volume 12, Issue 6
ISSN: 2321-2810 (Online), ISSN: 2321-8525 (Print)

the optimization process to ensure that the desired outcomes are achieved. The decision-making is
initialized, evaluated, and optimized, ensuring continuous improvement. The framework emphasizes
the importance of Implementation and Testing to validate the effectiveness of the strategies in real-
world scenarios. This comprehensive approach ensures that the integration of SMPs into aerospace
structures is both efficient and effective [17,43].

Objective

the integration
and performance
of SMP

State space

Implementation
temperature

and testing stress levels

n space

Actio

Reward function ”

Figurel. The integration of smart polymers in aerospace. composite structures. created by author.

The integration of smart
polymers in aerospace
composite structures

Initialize the
agent, evaluate

and optimize
periodically

JOIN IN SMART POLYMERS IN AEROSPACE COMPOSITE STRUCTURES
1. Define state (S), action (A), and reward (R) spaces.
2. Training Loop (For each)
3. Reset values to get the initial state

While not done
e Select action using policy derived
e Execute action
e Observe reward
e Next state
e Update
4. Evaluate and Optimize
5 Implementation and Testing
6. Continuous Improvement

In the above algorithm smart polymers into aerospace composite structures based on reinforcement
learning, start by defining the state (S), action (A), and reward (R) spaces. The state space has various
conditions and configurations of the aerospace structures, such as temperature, stress levels, & material
properties. The action space involves probable adjustments like modifying SMP attention and repair
techniques. The reward function evaluates performance based on structural integrity, self-healing
efficiency, and compliance with safety standards. The reinforcement learning agent trained a series of
initial states. The agent will select an action using a policy derived from its learning algorithm, execute
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the action, observe the reward, and transition to the next state. The agent then updates its knowledge
based on this experience. After training, evaluate & optimize the agent's performance refining the
reward function and adjusting hyperparameters. Implement the optimized policies in real-world
manufacturing & testing of SMP composites, ensuring they meet aerospace industry standards. Finally,
continuously improve the system by retraining the agent with new data to adapt to changing conditions

and requirements.

Define state (S), action
(A), and reward (R) spaces

[

Temperature (T), Stress
levels (o), damage
locations (D), SMP

distribution (p), material

\_ properties (M)

Evaluation and Optimization

Structural integrity (I), Self-healing
efficiency (H), Weight reduction (W),
Cost-effectiveness (C_eff), safety
comp liance (S_comp)

J

Figure 2. Reinforcement learning for smart polymer integration in aerospace composite structures.

created by author.

Explain Figure 2 a basic application of reinforcement learning to enhance the performance of an
adaptive small, vertical or angled delay at the tips of an aircraft's wings using a simplified environment.
The state space (S) contains variables such as airspeed, angle of attack, aircraft's wing deflection, strain
on the winglet, & temperature. The action space (A) consists of control signals for smart polymer
actuators, represented as two continuous values. The reward (R) is a simplified lift-to-drag ratio

New information to
continuously enhance the
integration process and
material properties

calculated based on the state.

Table 1. Smart Polymers in Advanced Composite Structures for Industrial Applications Different

Industries. Source https://www.avient.com/products/advanced-composites/explained.

Aspect Aerospace Automotive Construction Medical Devices Consumer
Electronics
Primary Adaptive Adaptive body Self-healing Biocompatible Flexible displays,
Applications | winglets, panels, materials, implants, drug wearable sensors
morphing suspension adaptive facades, | delivery systems
structures, components, load sensors
vibration sensors
damping
Key Benefits | Fuel Weight Increased Improved patient Enhanced user
efficiency, reduction, durability, outcomes, experience, device
improved improved safety, | energy personalized durability
performance, enhanced efficiency, treatments
reduced performance reduced
maintenance maintenance
Market Fuel cost Fuel efficiency, | Sustainability, Aging population, | Consumer demand
Drivers savings, emissions longevity, energy | advanced for innovation,
regulatory regulations, efficiency diagnostics, miniaturization
compliance, safety standards personalized
performance medicine
demands
Challenges High cost, Cost, integration | Cost, Regulatory Rapid
long with existing standardization, | hurdles, obsolescence,
certification manufacturing regulatory biocompatibility, integration with
processes processes approval long-term stability | existing
technology
Future Increased Integration into | Expansion in Growth in Expansion in loT
Prospects adoption in mass-market green building personalized devices, next-gen
next-gen vehicles, smart projects, smart medicine, consumer products
aircraft, smart | materials infrastructure advanced medical
materials devices
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Table 1 comparison table highpoints the commercialization parts of smart polymers popular
advanced composite structures for work applications across different industries. Industry news portals
& technical blogs, offer insights into the latest advancements and commercialization efforts in this
rapidly growing market. By exploring these sources, gather comprehensive and up-to-date information
on the use of smart polymers across different industrial applications.

THE IMPACT OF SMART POLYMERS IN AEROSPACE COMPOSITE STRUCTURES
import matplotlib.pyplot as plt

import numpy as np

components = ["Traditional Composite', 'Smart Polymer Composite']
lifespan =[10, 20]

mcosts = [50000, 20000]

conditions = np.arange(0, 10, 1)

tresponse = np.sin(conditions) * 50 + 50

spresponse = np.cos(conditions) * 50 + 100

plt.figure(figsize=(12, 8))

plt.subplot(2, 2, 1)

plt.bar(components, lifespan, color=['orange', 'green'])
plt.title("Lifespan of Components")

plt.ylabel("Years")

plt.ylim(0, 25)

plt.subplot(2, 2, 2)

plt.bar(components, mcosts, color=['orange', 'green'])
plt.title("Maintenance Costs Over 10 Years")

plt.ylabel("Cost ($)")

plt.ylim(0, 60000)

plt.subplot(2, 1, 2)

plt.plot(conditions, tresponse, label='Traditional Composite', marker='0")
plt.plot(conditions, spresponse, label='"Smart Polymer Composite', marker="x")
plt.title(" Adaptive Response Efficiency Under Varying Conditions")
plt.xlabel("Operational Conditions Index")

plt.ylabel("Response Efficiency (%)")

plt.legend()

plt.tight layout()

plt.show()

Figure 3 shows the impact of smart polymers in aerospace composite structures towards Traditional
and Smart Polymer Composite. The Python code generates a set of visualizations to compare two types
of composites, traditional composite and smart polymer composite. A bar chart displays the lifespan of
each composite, showing that the smart polymer composite lasts twice as long as the conventional
composite. The second subplot is a bar chart of the maintenance costs over 10 years with the traditional
composite being more expensive to maintain compared to the smart polymer composite.

WHICH OF THESE SOPHISTICATED COMPOSITES IS UTILIZED THE MOST
FREQUENTLY?

The frequency of use for sophisticated composites often depends on the specific industry and
application. Fiber-reinforced polymers (FRPs) include carbon fiber-reinforced polymers (CFRPS) and
glass fiber-reinforced polymers (GFRPs) are widely used in high strength-to-weight ratios and are found
in applications ranging from aerospace and automotive to civil engineering and sports equipment. Metal
Matrix Composites (MMCs) are used in high-temperature and high-stress applications, such as
aerospace components and high-performance automotive parts. Ceramic Matrix Composites (CMCs)
are used in high-temperature environments, like turbine engines and heat shields. These FRPs are most
frequently utilized due to their versatility and broad range of applications.

© STM Journals 2024. All Rights Reserved 76



Commercialization of smart polymers in advanced Jain et al.

Lifespan of components

25

20

15

Years

0

) Traditional composite Smart polymer composite

Maintenance costs over 10 years

60000

50000

40000

Cost ($)

30000

20000

10000

(b) Traditional composite Smart polymer composite

Figure 3. The impact of smart polymers in aerospace composite structures. created by author.

WHAT KINDS OF APPLICATIONS NEED COMPOSITES THAT ARE BASED ON
POLYMERS?

Various kinds of applications need composites that are based on polymers like aerospace aircraft
structures and components that require a combination of light weight and high strength. Automotive
parts like body panels, bumpers, and internal components where weight reduction and impact resistance
are important. Construction in concrete structures and for making durable and weather-resistant panels.
Sports and restoration are high-performance equipment like bicycles, tennis rackets, and golf clubs.
Marine as boat hulls and other components exposed to harsh marine environments. Medical devices,
equipment that requires biocompatibility and strength.

These composites are based on polymers.

WHAT EXTENTS DO COMPOSITE MATERIALS FALL INTO THE THREE PRIMARY
CATEGORIES?

Primary categories are Metal Matrix Composites (MMCs) consist of a metal matrix aluminium or
titanium, ceramic and metallic fibres. These are high strength and thermal stability. Polymer Matrix
Composites (PMCs) use a polymer such as epoxy or polyester as the matrix and are reinforced with
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fibres like glass or carbon. They are valued for their lightweight and high strength-to-weight ratio.
Ceramic Matrix Composites (CMCs) involve a ceramic matrix reinforced with ceramic fibres or
particles. They are used for their high-temperature fighting and thermal stability. This category has its
specific properties and applications, making composites highly versatile and useful across various
industries.

RESULT AND FINDINGS

The Figure 4 indicates the efficiency of the composite with the operational conditions index. The
final line plot depicts the response efficiency of each composite under varying operational conditions.
The traditional composites response efficiency pattern, the smart polymer composite pattern with higher
response efficiency. This set of visualizations effectively highlights the comparative advantages of smart
polymer composite in terms of lifespan, maintenance costs, and adaptive response efficiency. The
visualizations are based on the impact of smart polymers in aerospace composite structures. The lifespan
of components bar graph shows that components made with smart polymer composites have a longer
lifespan compared to traditional composites. Maintenance costs, the second bar graph illustrates that
over 10 years, maintenance costs are lower for smart polymer composites, indicating long-term cost
savings. The adaptive response efficiency graph compares the adaptive response efficiency of
traditional composites and smart polymer composites under varying operational conditions. Smart
polymers demonstrate a more stable and efficient adaptive response which is crucial for aerospace
applications. These graphs highlight the advantages of smart polymers in extending component lifespan,
reducing maintenance costs, and enhancing adaptability in aerospace composite structures [41].

Adaptiveresponse efficiency under varying conditions

140 B Traditional composite
~ Smart polymer composite
X
N—'
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% r \\ e \‘\\
) 80 Y N v \\\
7] P N\ ¥ 4 b
g 7 \
a 60 “u, /
3 0 2
9] N\ ;
%40 L
\\\ ,/
L ,//
20 W &
—~—~—
0 ' '
0 2 4 6 8

Operational conditions index
Figure 4. The efficiency of composite with operational conditions. created by author.

Self-healing properties allow for the autonomous repair of microscopic cracks, which extends the
lifespan of components and reduces maintenance costs. Despite challenges in scalability and long-term
reliability, ongoing research aims to advance multifunctional smart polymers that could revolutionize
aerospace engineering. Smart polymers & aerospace composite structures are showing significant
promise with their enhanced mechanical properties, adaptive capabilities, & self-healing functionalities.
These materials improve the flexibility, strength, toughness, and damage resistance of composites,
resulting in lighter and stronger aerospace components. Smart polymers enable adaptive structures that
can dynamically alter their aerodynamic profiles, boosting efficiency. The results of incorporating smart
polymers in aerospace structures can be illustrated through a comparison of traditional composites and
smart polymer-enhanced composites across several key metrics. Component Lifespan graph showing
the lifespan of components using traditional composites versus smart polymer composites. Maintenance
Costs bar graph comparing the average maintenance costs over time for components made with
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traditional composites versus those enhanced with smart polymers. Adaptive Response Efficiency line
graph representing the adaptive response efficiency of smart polymers in comparison to traditional
composites under varying operational conditions [45,28].

CONCLUSION

The commercialization of smart polymers in advanced composite structures and the sustainable
optimization of 3D printing processes can be achieved, leading to transformative advancements in both
aerospace and additive manufacturing industries. The integration of reinforcement learning with resin-
based 3D printing and the incorporation of smart polymers into aerospace composite structures both
highlight the potential for significant advancements in their respective fields. For additive
manufacturing, this combination not only enhances printing efficiency and quality but also promotes
environmental sustainability by focusing on energy efficiency, waste reduction, and sustainable
material selection. In aerospace engineering, smart polymers promise to revolutionize the industry with
their superior performance, adaptability, and self-healing properties, despite the challenges in scalability
and integration. Future research should continue to address these challenges, with a strong emphasis on
sustainability and reliability.

Limitations and Future Scope

Aerospace composite structures smart polymers have several limitations. Scalability is a key
encounter, with a need for developing cost-effective & scalable manufacturing processes. Long-term
reliability is vital to ensure the stability & consistent performance of these materials. Integrating smart
polymers into existing composite systems can be technically complex. Future research is focused on
addressing these challenges to fully unlock the potential of smart polymers for advancing aerospace
structures. Limitations in current research include restricted experimental conditions, insufficient data,
& simplifications in modelling the resin-based 3D printing process and composite structures smart
polymers. These limitations delay the ability to assess the robustness and significance of the findings
presented. Future work should focus on addressing the scalability and long-term reliability of smart
polymers, integrating them seamlessly into existing composite systems, and developing robust, data-
rich models for resin 3D printing processes. By overcoming these challenges, the commercialization of
smart polymers in advanced composite structures for industrial applications can be achieved, paving
the way for significant advancements in aerospace & other high-tech industries.
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