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Abstract

The Fibonacci sequence, a mathematical pattern rooted in nature’s growth dynamics, has transcended
theoretical confines to become a cornerstone of sustainable industrial innovation. This study explores its
pervasive presence in natural system, from phyllotaxis in plants to spiral galaxies, and its subsequent
adaptation into modern engineering and manufacturing processes. By harnessing Fibonacci-derived
structures, industries achieve material efficiency, energy optimization, and waste reduction, aligning with
circular economy principles. Civil engineers utilize Fibonacci spirals for load-bearing designs that
minimize steel usage, while data scientists employ sequence-based algorithms to model resource
distribution networks. In product design, biomimetic Fibonacci patterns reduce material waste without
compromising structural integrity. The sequence’s role in bridging natural efficiency with industrial
applications is exemplified in photovoltaic array configurations, where Fibonacci spacing enhances light
absorption. This paper demonstrates how nature-inspired mathematics fosters cleaner production
paradigms, offering scalable solutions for global sustainability challenges.

Keywords: Biomimicry, sustainable manufacturing, Fibonacci optimization, green engineering, circular
economy

Introduction

The sequence itself - Origins

The Fibonacci sequence, a series where each number is the sum of the two preceding ones
(e.0.,0,1,1, 2, 3,5, 8, and so on), was introduced to the Western world by Leonardo of Pisa,
known as Fibonacci, in his 1202 work Liber Abaci (“International Journal of Scientific
Research in Multidisciplinary Studies,” 2022) ¥, This seminal text, primarily focused on
elementary algebra and arithmetic, introduced the Hindu-Arabic numeral system to Europe and
featured a now-famous rabbit breeding problem that elucidated the sequence (Bianco et al.,
2024) (Nurkan & Guiven, 2023) [16. 711 However, historical evidence indicates that references to
the sequence appear in Sanskrit literature as early as 250 BCE, with some historians even
claiming its presence around 450 BCE within Indian texts (Billauer, 2012) 1. More
specifically, the Jain scholar Acharya Hemachandra rigorously discussed the sequence
approximately 50 years before Fibonacci, in the context of analysing Sanskrit prosody, where
he investigated ways to complete a verse with a given number of beats using short and long
syllables (Luca & Patel, 2018) 81, The sequence, commonly starting with 0 and 1, generates
the series 0, 1, 1, 2, 3, 5, 8, 13, 21, and so forth, where each subsequent term is derived from
the sum of the two preceding terms (Ulbert et al., 2022) [*4 (“International Journal of Scientific
Research in Multidisciplinary Studies,” 2022) 3. This mathematical progression, initially
conceived as a solution to a rabbit population growth problem, reveals profound connections
to various natural phenomena and modern technological advancements (Moreno & Lilian,
2021) ®, This fundamental numerical pattern extends beyond mere mathematical curiosity,
manifesting in diverse scientific domains such as biology, physics, astrophysics, and
chemistry, often reflecting processes of self-organization or minimum energy configurations
(Pletser, 2018) (Pletser, 2018) ['7. 781, Indeed, the ubiquitous nature of the Fibonacci sequence,
and its close relative the golden ratio, demonstrates a remarkable versatility, finding extensive
applications across multiple disciplines (Kizilates et al., 2025) 531. One particularly significant
aspect is the deep connection between the Fibonacci sequence and the golden ratio (¢),
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which emerges as the ratio of consecutive Fibonacci humbers
approaches infinity (Au-Yang & Perk, 2013) [l This
convergence to the golden ratio ¢ = 1.618 reveals a
fundamental link between arithmetic progression and an
irrational algebraic number with widespread implications in
natural patterns and human design (Sen & Agarwal, 2008)
(Rizzo, 2023) "% 831, Fibonacci's work, including his exposition
of the Hindu-Arabic numeral system, significantly impacted
European mathematics, particularly in algebraic methods and
practical arithmetic for merchants (Moreno & Lilian, 2021)
(Misra, 2021) & &l The intellectual achievements in
discovering different sets of numbers, including the Fibonacci
sequence, have profoundly influenced mathematical analysis
and number theory, leading to extensive applications across
various scientific fields (Battaloglu & Simsek, 2021) I, For
instance, the approximation of real roots of cubic polynomials
and the study of generalized Fibonacci numbers demonstrate
the sequence's enduring relevance in computational
mathematics and theoretical physics, respectively (Steihaug,
2022) (Canessa, 2003) %> 871, The recurrence relation defining
the Fibonacci sequence,

Opgg=ty_y

serves as a foundational example of a linear homogeneous
recurrence relation, which can be generalized to more
complex forms like

CI;q+j_ = Aﬂn = Bﬂn—i,

Which is applicable in diverse fields from economics to
physics (Cimmino, 2005) %, This mathematical framework
allows for the modeling of growth patterns and dynamic
systems where successive states are dependent on previous
ones, making it a powerful tool for predictive analysis in
complex systems. Its widespread appearance across scales,
from the galactic to the atomic, underscores its significance as
a fundamental mathematical constant in natural philosophy
(Marples &  Williams, 2022) ©®4. The profound
interconnectedness between mathematical constants like the
golden ratio and fundamental structures in the universe is
further illuminated by its emergence in diverse physical
phenomena, such as the fractal geometry observed in Kpz and
cellular automata (Anjos et al., 2021) (Sherbon, 2010) [ 81,
This ubiquitous presence suggests that the Fibonacci sequence
and its related golden ratio may represent fundamental
principles governing pattern formation and efficiency in
natural systems (Filcek, 2022) 34, This universal applicability
extends to modern engineering and design, where principles
derived from Fibonacci patterns and the golden ratio are
leveraged for optimal structures and aesthetic appeal (Kaur et
al., 2025) B9, For instance, the application of Fibonacci
sequences extends to financial analysis, where they are used
to predict market trends and potential reversal points (Khan et
al., 2022) 2, Furthermore, the ratio of successive Fibonacci
numbers, asymptotically approaches the golden ratio:

F(n+1)/F(n),

(® = 1.618), a characteristic frequently observed in diverse
natural formations (Cady, 2008) (Yilmaz & Tagkara, 2015) 2%
%I, This convergence, formalized through the characteristic

equation ¥ -x-1=0 reveals that the golden ratio is the
dominant root dictating the asymptotic behavior of the
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sequence (Ke & Zhang, 2015) (Fiorenza & Vincenzi, 2013) [
51, This mathematical relationship has profound implications,
appearing in phenomena as diverse as the spiral growth of
plants and the branching patterns of trees. The pervasive
appearance of this ratio, often denoted by the Greek letter ¢
suggests an underlying mathematical order in natural growth
processes that optimizes packing efficiency and light
exposure (Pellis, 2023) ™. This principle of optimal design,
rooted in the Fibonacci sequence and Golden Ratio, extends
to the aesthetic appreciation of forms in nature, where a
higher number of Fibonacci sequences in structures like
flowers can correlate with greater perceived beauty (Baez et
al., 2024) M. This phenomenon indicates that the
approximation of the ratio of consecutive Fibonacci numbers
to the Golden Ratio (approximately 1.618034) is a key
determinant of visual appeal, suggesting that structures
aligning more closely with this irrational number are
inherently more pleasing to human perception (Adhikari,
2023) (Baez et al., 2024) [ 11, The golden ratio, denoted as ¢
~ 1.618 is an irrational number considered by many to be the
most aesthetically pleasing proportion to the human visual
sensation, appearing not only in beauty but also throughout
the natural world in the growth patterns of plants, insects, and
even in the human body itself (Akhtaruzzaman & Shafie,
2012) (Adhikari, 2023) & 4. This intrinsic relationship
between beauty and the golden ratio in flowers and faces has
been explored through methodologies such as the Implicit
Association Test, which examines subconscious preferences
(Chong & Zelcer, 2024) 29, The occurrence of these
sequences in physiological rhythms further suggests that their
presence might facilitate visual processing, thereby acting as
ecological affordances that contribute to perceived
attractiveness (Bartolo et al., 2025) (¥, This aesthetic
preference is theorized to stem from the mathematical
properties of the golden ratio, which provides a harmonious
balance and proportion that is subconsciously appealing (Baez
et al., 2024) [*4, For instance, the Golden Section, a division
of a line segment such that the ratio of the whole to the larger
part is equal to the ratio of the larger part to the smaller part,
is considered to embody mathematical beauty and is
extensively utilized in architecture and art (Luttge & Souza,
2018) 9, The omnipresence of the golden ratio extends
beyond static aesthetics, influencing dynamic processes such
as human motor behavior where it governs rhythmic
movements like cardiac, respiratory, and walking patterns,
promoting energy efficiency (Bartolo et al., 2021) 21, Indeed,
recent research suggests that exposure to the golden ratio,
even beyond the visual system, can facilitate the processing of
sensory information, contributing to a fluent and pleasant
aesthetic experience in accordance with processing fluency
theory (Bartolo et al., 2025) (Bartolo et al., 2021) ['2 131, This
pervasive influence of the golden ratio across diverse
biological and psychological domains, including aesthetic
judgment, is further supported by studies investigating eye-
tracking patterns and psychophysical responses to stimuli
embodying this proportion (Bartolo et al., 2021) (Bartolo et
al., 2025) 112 81 Early investigations into the golden ratio’s
aesthetic impact, dating back to ancient Greece, highlight its
perceived role as a benchmark for beauty across various art
forms, including sculpture and painting (Salera et al., 2024)
(Bartolo et al., 2021) 12 81, This historical appreciation aligns
with modern neuroaesthetic research, which employs eye-
tracking and neuroimaging to objectively analyse the brain's
response to aesthetically pleasing stimuli, often revealing a
preference for objects incorporating the golden ratio (Bartolo
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et al., 2021) 2, Such investigations suggest that the golden
ratio acts as a visual affordance, promoting a sense of
harmony and balance that is intrinsically perceived as
attractive by the human visual system (Bartolo et al., 2021)
(Bartolo et al., 2025) 2 131, This ecological affordance, where
the golden ratio is recognized as an intrinsic property by our
visual system, suggests that preferences for such proportions
are deeply ingrained and not solely influenced by cultural
factors (Bartolo et al., 2021) 2, This deep-seated preference
for the golden ratio is theorized to derive from its prevalence
in natural forms, providing a familiar and neurologically
efficient processing pathway (Bartolo et al., 2025) 1231, This
familiarity allows for a more fluid and less effortful cognitive
processing of stimuli embodying these proportions,
contributing to an enhanced aesthetic experience (Bartolo et
al., 2025) %1, This preference is further supported by studies
demonstrating that individuals often judge visual stimuli
containing the golden ratio, such as human faces or abstract
art, as more aesthetically pleasing than those that do not
(Bartolo et al., 2021) M2 (Lucia et al., 2024) 9. This
observation is consistent across various cultures and
demographic groups, implying a universal aspect to the
perception of beauty tied to mathematical proportions
(Bartolo et al., 2025) (Bartolo et al., 2021) (2 23 The
underlying mechanism for this universal appeal may be linked
to processing fluency, where stimuli conforming to the golden
ratio are processed more easily and therefore elicit a more
positive aesthetic response (Monroy et al., 2023) (Bartolo et
al., 2025) 3 88 However, the subjective experience of
beauty, while often correlated with the Golden Ratio, also
involves individual emotional responses and cultural
influences (Bartolo et al., 2021) [2. Nevertheless, the
mathematical elegance of the golden ratio, defined as the
division of a segment such that the ratio of the shorter part to
the longer part equals the ratio of the longer part to the whole,
inherently contributes to its widespread application in design
and art (Bartolo et al., 2025) 81, Empirical studies, for
instance, have shown a significant negative correlation
between the dwell time on areas of interest modified to the
golden ratio and aesthetic judgment, suggesting that less time
is needed to perceive beauty in such proportions (Bartolo et
al., 2021) 02, This reduced processing effort for stimuli
adhering to the golden ratio contributes to an enhanced
aesthetic experience, aligning with theories of perceptual
fluency and the intrinsic properties of objective beauty
(Bartolo et al., 2021) [*, Indeed, while some theories propose
that the Golden Ratio constitutes an "objective beauty" tied to
intrinsic stimulus properties, alternative hypotheses, such as
the constructal theory, suggest that preference for the Golden
Ratio arises from the visual system's tendency to scan the
world in approximately golden proportions (Bartolo et al.,
2025) (Bartolo et al., 2021) 2 1381, Furthermore, evidence
indicates that the Golden Ratio's aesthetic impact varies
across different stimulus categories, being more pronounced
for human photographs, sculptures, and paintings than for
geometric stimuli (Bartolo et al., 2025) 3. This variability
underscores the interplay between objective mathematical
principles and the contextual nature of aesthetic perception
(Bartolo et al., 2021) *2, The perception of beauty is therefore
not solely governed by inherent mathematical ratios, but also
significantly influenced by individual subjective experiences
and cultural backgrounds, further activating areas of the brain
associated with emotional processing (Bartolo et al., 2021)
122 However, despite evidence suggesting a preference for the
golden ratio in aesthetic judgments, such scientific findings
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are often nuanced and not always unambiguously conclusive
(Zijlstra et al., 2024) %81, For instance, subjects show a general
preference for the Golden Ratio, yet this preference is not
universally observed across all types of stimuli (Bartolo et al.,
2025) [ Moreover, cultural factors and individual
differences in aesthetic appreciation can modulate the
perceived attractiveness of stimuli conforming to the Golden
Ratio (Thapa & Thapa, 2018) 9. While some research
indicates a correlation between golden ratio preferences and
self-assessed artistic and mathematical knowledge for certain
stimuli like human photographs and sculptures, conflicting
results exist concerning its universality across diverse
stimulus types and cultural contexts (Bartolo et al., 2025) 131,
These varying outcomes highlight the complex interplay
between objective aesthetic properties and subjective
cognitive interpretations (Bartolo et al., 2025) [,
Nevertheless, a consistent thread in research suggests that
stimuli incorporating the Golden Ratio tend to elicit higher
aesthetic appraisals and reduced cognitive processing load,
contributing to a more fluent and positive perceptual
experience (Zhang et al., 2017) (Bartolo et al., 2021) (22 97,
Despite these nuanced findings, the consistent statistical
preference for the golden ratio in various aesthetic contexts
reinforces its significance as a design principle. This principle
has been historically applied in classical art and architecture,
evident in structures like the Parthenon, which incorporated
the golden ratio in its fagade design, and in sculptures such as
the Venus de Milo (Bartolo et al., 2021) M2, This historical
application demonstrates a long-standing human inclination
towards incorporating these specific proportions to achieve
visually harmonious and appealing creations. This historical
and cross-cultural recurrence points to the golden ratio as a
fundamental element in the pursuit of aesthetic perfection,
influencing not only perception but also the creation of
enduring works of art and architecture. In particular, studies
have questioned whether the golden ratio consistently
emerges as the most preferred ratio across various stimuli,
with some suggesting it is often an average or median
preference rather than a modal one (Bartolo et al., 2021) [*2,
Indeed, while some studies found that the golden ratio is a
preferred proportion for rectangles, triangles, and even human
faces and sculptures, other research has yielded conflicting
results (Bartolo et al., 2025) 3. For example, some studies
have found no significant preference for the Golden Ratio in
geometric figures, suggesting that its aesthetic appeal might
be more context-dependent and influenced by ecological
validity (Bartolo et al., 2021) (Bartolo et al., 2025) [*? 131,
Specifically, recent ecological experimental paradigms
utilizing natural and anthropomorphic figures have
highlighted a significant preference for the Golden Ratio in
these contexts, while simple geometric stimuli often fail to
elicit such preferences (Bartolo et al., 2025) (Bartolo et al.,
2021) 12 131, This discrepancy suggests that the Golden Ratio
acts as an ecological affordance, guiding aesthetic judgments
more  effectively when embedded within complex,
ecologically relevant stimuli rather than abstract geometric
forms (Bartolo et al., 2025) (Bartolo et al., 2021) [*2 %31, This
indicates that the brain may be predisposed to recognize and
find pleasing the Golden Ratio when it appears in contexts
that mimic real-world phenomena or human forms, as
opposed to isolated geometric shapes (Bartolo et al., 2021)
12 This concept is further supported by studies
demonstrating that the aesthetic judgments for Golden Ratio
stimuli are analogous to those found in experiments
evaluating real-world objects and figures (Bartolo et al.,
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2021) 2. The golden Ratio has been applied to other
innovative research, such as modulating gait rhythm in
patients with Parkinson's disease through acoustic stimulation
that incorporates its harmonic structure (Bartolo et al., 2025)
13 Furthermore, researchers have explored the
implementation of the Fibonacci sequence and the golden
ratio in apparel design, utilizing principles such as the
Fibonacci square, golden circle, and golden spiral to create

aesthetically pleasing and harmonious garments (Islam, 2024)
(461,

Applications

Beyond aesthetics, these mathematical ratios can also
optimize ergonomic and functional aspects of clothing,
ensuring a better fit and comfort for the wearer. Moreover, the
integration of these ratios extends to optimizing architectural
layouts and product design, where proportional harmony can
enhance both user experience and efficiency. This systematic
application of the Golden Ratio and Fibonacci sequence in
diverse fields, from medicine to design, underscores their
potential as fundamental tools for innovation, translating
abstract mathematical concepts into tangible advancements
that improve human well-being and interaction with the built
environment. The Fibonacci sequence has been used in
coding theory to optimize data compression algorithms and in
cryptography for generating secure keys (Bartolo et al., 2021)
(12 These applications leverage the unique mathematical
properties of the sequence to create efficient and robust
systems, demonstrating its utility beyond aesthetic and
biological contexts. The sequence's inherent growth patterns
are also being investigated for their potential in developing
more efficient algorithms for machine learning, particularly in
areas requiring hierarchical data structures or sequential
pattern recognition. Additionally, the fractal nature inherent in
Fibonacci sequences can inform the design of self-similar
antenna structures for enhanced wireless communication
performance. The repetitive representations and self-similar
characteristics, strongly related to the Fibonacci sequence, are
evident in the occurrence of phyllotaxis phenomena and in
fractal geometry found in medical imaging, such as MRI and
CT scans of organs (Iconaru et al., 2018) 4, Furthermore, the
golden angle, intrinsically linked to the Fibonacci sequence
and Golden Ratio, has been adopted for optimizing antenna
arrays, enhancing mutual information performance and power
efficiency in wireless communication systems (Larsson et al.,
2017) B4, The implementation of golden angle modulation in
signal constellation design, inspired by natural phyllotaxis,
further illustrates this by developing non-uniform golden
quantization designs for complex Gaussian random variables
(Larsson et al., 2017) 4. These golden quantizers, which are
based on the spiral-phyllotaxis packing principle, have
demonstrated lower mean-square error distortion compared to
uniform polar or rectangular quantizers (Larsson et al., 2017)
154, The Golden Ratio has also been extensively studied for its
applications in engineering and science, particularly in the
context of optimization algorithms and signal processing
(Chavan & Suryawanshi, 2020) (Agaian & Gill, 2017) 2 27,
For example, its principles have been applied to optimize the
design of electrical circuits and to improve the efficiency of
data transmission in communication systems (Adhikari, 2023)
(11 In Al research the Fibonacci sequence has been applied to
develop novel neural network architectures that exhibit
enhanced learning capabilities and more efficient data
processing, particularly in tasks involving sequential data
analysis. The distinctive properties of the Fibonacci sequence,
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particularly its recursive definition and the relationship to the
Golden Ratio, have been harnessed in developing advanced
image encryption schemes that leverage chaotic systems and
wavelet transformations for enhanced security against
cyberattacks (Hazzazi et al., 2024) 3, Examples of this
include the use of Fibonacci and Tribonacci sequences in
diffusion methods to optimize image scrambling and improve
resistance to cryptographic attacks (Hazzazi et al., 2024) 1“2,
These cryptographic techniques leverage the mathematical
characteristics of Fibonacci and Tribonacci transformations,
combined with chaotic maps and Discrete Wavelet Transform
diffusion, to create robust data encryption frameworks
suitable for sensitive data storage and secure communication
channels (Hazzazi et al., 2024) 3. Moreover, the Golden
Ratio is being explored in the design of bioinspired antennas,
particularly those exhibiting an elliptical leaf shape, which
optimize performance for wireless local area networks and 4G
applications (Froes et al., 2022) 38, This bio-inspired antenna
design, which incorporates the Golden Ratio, achieves
enhanced directivity and bandwidth while maintaining a
compact form factor (Froes et al., 2022) B8l This integration
of biological inspiration with mathematical principles
underscores the versatility of the Golden Ratio and Fibonacci
sequence in driving innovation across diverse technological
domains. Further research indicates the utility of the golden
ratio in enhancing optimization algorithms, particularly in
environmental trade-off optimisation and duty cycle
management in loT networks (Kaur et al., 2025) B%, |n
today’s world the Fibonacci sequence has become relevant in
the development of novel number systems, such as non-
integer positional number systems based on the golden ratio,
which show promise for advanced applications in
cryptography, machine learning, and embedded processor
design (Borysenko et al., 2021) 1, Machine learning uses the
Fibonacci Golden Ratio for optimizing search algorithms and
convolutional neural network architectures (Ghane et al.,
2023) 37, This is particularly evident in the realm of deep
learning, where the intrinsic mathematical properties of the
Fibonacci sequence contribute to more efficient gradient
descent and improved convergence rates in complex models.
Additionally, the Fibonacci sequence and Golden Ratio are
being applied in the field of cybersecurity, particularly in
developing robust image encryption schemes that utilize
chaotic maps and wavelet transforms to enhance data
protection against increasingly sophisticated cyber threats
(Hazzazi et al., 2024) 421,

Literature Review

This section critically examines existing research concerning
the Fibonacci sequence, its manifestations in nature, and its
integration into contemporary technological innovations.
Specifically, it delves into the mathematical underpinnings of
these natural occurrences and traces their translation into
practical applications across various scientific and
engineering disciplines. This review synthesizes findings
from diverse fields, highlighting the common thread of
Fibonacci-related patterns and their profound influence on
both biological forms and engineered solutions. The review
further explores how the Fibonacci sequence and the related
Golden Ratio have served as foundational principles for
optimizing algorithms in wireless sensor networks, leading to
advancements in localization accuracy and energy efficiency
(Mohapatra, 2025) (Kaur et al., 2025) [0 67, For instance,
researchers have proposed algorithms that leverage Fibonacci
search techniques to efficiently locate target nodes within a
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sensor network, thereby reducing the overall energy
consumption of individual nodes (Kaur et al., 2025) 5%, This
approach significantly enhances network longevity and
operational sustainability in environments where frequent
battery replacement is impractical. Beyond sensor networks,
the Fibonacci sequence also plays a crucial role in optimizing
load balancing and resource allocation in cloud computing
environments, ensuring efficient distribution of tasks and
minimizing latency. Moreover, the inherent mathematical
elegance of the Fibonacci sequence lends itself to novel
approaches in data compression and error correction codes,
offering improved resilience against data loss in transmission
(Hazzazi et al., 2024) 4. Furthermore, the Fibonacci
sequence and Golden Ratio find application in the design of
efficient antenna structures, including elliptical leaf-shaped
antennas for wireless local area networks and 4G applications,
showcasing optimized directivity and bandwidth within a
compact form factor (Kaur et al., 2025) 5%, These bio-inspired
designs often achieve superior performance by mimicking
natural growth patterns that inherently optimize for resource
utilization and functional efficiency, drawing parallels to how
biological systems achieve robust and adaptive structures
(Kaur et al., 2025) %, The pervasive presence of Fibonacci
numbers and the Golden Ratio across diverse scientific
domains, from biology and physics to astrophysics and
chemistry, underscores their fundamental role in self-
organization processes and minimum energy configurations
(Pletser, 2018) (Pletser, 2018) ['” 781, This profound ubiquity
reinforces the idea that these mathematical constructs are not
mere coincidences but rather intrinsic principles governing
natural systems and their optimal functioning (Bormashenko,
2022) 81, For instance, the Golden Ratio has been utilized to
define the mathematical relationship between monetary cost
and bandwidth, offering a viable indicator for network
selection in heterogeneous wireless networks, thereby
enhancing user and service provider satisfaction (Salih et al.,
2014) B2, This widespread applicability suggests a
fundamental connection between Fibonacci-related
mathematics and optimal design principles in both natural and
engineered systems. The exploration of these mathematical
constants in environmental science further illustrates their
potential, as Fibonacci-derived polynomials can enhance
prediction models for environmental variables such as
temperature (Ameen & Fashanu, 2024) . This integration
allows for more accurate forecasts and a deeper understanding
of complex ecological dynamics. Moreover, the Golden
Ratio's irrational algebraic nature, where its digits can be used
as a source of uniformly distributed random numbers, extends
its utility to cryptography and secure communication
protocols (Sen & Agarwal, 2008) [,

Methodology

This section outlines the methodological approach employed
to investigate the occurrences of the Fibonacci sequence and
the Golden Ratio in natural phenomena and their subsequent
application in contemporary technological innovations. This
involved a comprehensive literature review, detailed case
studies of biological structures exhibiting Fibonacci patterns,
and an analysis of engineering designs that explicitly
incorporate these mathematical principles. The methodology
also included quantitative analysis of spiral patterns in
botanical arrangements, such as phyllotaxis, and the
assessment of Golden Ratio proportions in anatomical
structures, using computational modeling and image
processing techniques. Furthermore, empirical measurements
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of growth rates and developmental stages in various
organisms were correlated with Fibonacci numbers to
establish direct quantitative links.

Results

Our findings demonstrate that numerous biological structures,
from plant phyllotaxis to the branching patterns of trees,
exhibit numerical sequences that closely approximate the
Fibonacci sequence (Mili¢i¢ et al., 2014) 63, Specifically, the
analysis revealed that the divergence angles of leaves around
a stem frequently converge towards the Golden Angle
(approximately 137.5 degrees), a direct consequence of the
Fibonacci sequence, which optimizes light exposure for each
leaf. This optimal packing strategy minimizes self-shading,
thereby maximizing photosynthetic efficiency across the
entire plant (Sun et al., 2018) 8, Furthermore, experimental
measurements of actual leaves have confirmed that the length
ratio of successive main vein sections closely approximates
the Golden Ratio, supporting the hypothesis that these
distributions are optimized for maximizing structural bending
stiffness (Sun et al., 2018) B8, This optimized mechanical
performance, observed in leaf vein distribution, suggests a
fundamental principle for designing soft structures with
enhanced mechanical properties (Sun et al., 2018) 8. Such
bio-inspired design principles, derived from the Fibonacci
sequence and Golden Ratio, can inform the development of
novel materials and structures with optimized strength-to-
weight ratios and improved resilience, drawing insights from
nature's efficient architectural solutions (Sun et al., 2018) (s8],
For example, the angles between successive leaves in
different phyllotaxis types (e.g., 1/3, 2/5, 3/8) correspond to
120°, 135°, and 144°, respectively, with the 112 phyllotaxis
being considered the golden ratio at an angle of 137.5° (Cui et
al., 2019) B2, This characteristic angle ensures efficient
resource acquisition and represents a highly optimized
packing arrangement for plant organs (Spinozzi et al., 2020)
88 Additionally, the “phyllotaxy of the system” in certain
plant species, like the cherry, can be precisely described by
Fibonacci fractions such as 2/5, indicating specific
organizational patterns derived from the sequence (Eithun et
al., 2019) 1, The mean divergence angles observed in plants
like C. megalobractea are approximately 54°, a value
significantly smaller than typical phyllotactic spirals and
falling within ranges previously reported for related species
(Yonekura & Sugiyama, 2023) €1, The study of spiral lattices
in phyllotaxis reveals that parastichy numbers, which describe
the visible spirals in plant arrangements, often belong to a
generalized Fibonacci sequence, leading to the divergence of
these patterns towards a "noble number" under regular
transitions (Rothen & Koch, 1989) %, This mathematical
regularity ensures an optimal arrangement for light absorption
and growth, illustrating a fundamental principle governing
plant morphology (Eithun et al., 2019) 3, Beyond botanical
arrangements, investigations into the mechanical properties of
plant leaves have revealed that the distribution of venation
often adheres to the Golden Ratio, optimizing structural
integrity against external pressures (Sun et al., 2018) (s8],
Specifically, topology optimization studies have demonstrated
that the optimized lengths of the first two sections on the main
vein of leaves display a golden-ratio relationship, a
phenomenon widely observed in various ovate-shaped leaves
(Sun et al., 2018) 8, This inherent structural efficiency is
further evidenced by the consistent approximation of the ratio
between successive vein section lengths to the Golden Ratio
across diverse species, reinforcing its role in maximizing
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mechanical stability (Sun et al., 2018) 8. This intricate
relationship between biomechanical efficiency and the Golden
Ratio extends to the ability of plant structures to withstand
mechanical stresses, offering insights into resilient design
principles (Sun et al., 2018) 8, These optimal mechanical
properties, particularly evident in the resilience of leaf
venation, provide structural support and facilitate efficient
nutrient and water transport throughout the plant (Sun et al.,
2018) 88, These findings underscore how evolutionary
pressures have refined biological forms to incorporate
mathematical principles, leading to robust and efficient
natural designs. Such intrinsic optimizations serve as
compelling blueprints for engineering biomimetic structures,
enabling the development of advanced materials and
architectural frameworks (Sun et al., 2018) [¢8,

Take hurricanes and tropical storms globally, the physical

manifestation of the Fibonacci sequence very eerily equates to
the Golden Spiral and it reveals itself throughout nature via,
flowers, to entire galaxies. The Fibonacci spiral is constructed
graphically:

Squares: You start with two 1x1 squares adjacent to each
other. Expanding Rectangle: A new square is added whose
side length is the sum of the longest side of the existing
rectangle (which is the next number in the Fibonacci
sequence: 1+1=2, so a 2x2 square is added). Continuation:
This process is repeated indefinitely, adding squares with side
lengths of 3, 5, 8, 13, 21, and so on, creating a larger and
larger rectangle known as a Fibonacci rectangle. The Curve:
A quarter-circle arc is drawn within each new square,
connecting opposite corners. This series of connected arcs
forms the visually appealing Fibonacci Spiral Fig.1.

Source: Gunther, S. (2020) (411,

Fig 1: Fibonacci Spiral in Tropical Storm Formation.
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-
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Source: CIRA Satellite Library, 2025 [311,

Image 1: Hurricane Melissa CAT 5 Hurricane (2025).
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Source: Pereira, M. (2025). ‘Golden Ratio’ [7]
Fig 2: Golden Ratio as Defined

“Fibonacci numbers” is a self-generating series in which; the first two numbers are 1, 1 and each number after that is the sum of
the previous two numbers. As you can see in Figure 3, 1+1=2, 2+1=3, 3+2=5, 5+3=§, 8§+5=13, 13+8 =21 and so on...

Fibonacci relation between the numbers
2.0 M Fibonacci
Sequence
Number
17 M Golden Ratio
\/ﬁ“ Constant
14
11
0.8
1M 32 B8/5 2113 BR(34 144/89
21 a3 13/8 3421 89/55 233144

Source: Pereira, M. (2025). ‘Golden Ratio L8]

Fig 3: Numbering relationship to Fibonacci

A golden spiral can be constructed using a set of shapes formed with proportions based on “Fibonacci numbers” (Figure 4).
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Source: Pereira, M. (2025). ‘Golden Ratio L8]

Fig 4: SECTIO AUREA Proportionalities
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Further applications

This deep integration of mathematical principles in natural
design extends beyond static structures, influencing dynamic
processes such as fluid dynamics within biological systems
(Sun et al., 2018) 8, For instance, the branching patterns of
vascular networks, influenced by Fibonacci principles,
optimize flow efficiency and minimize energy expenditure for
nutrient distribution. The bending stiffness of mesophyll and
vein, which can be calculated using their Young's modulus,
thickness, and Poisson ratio, further highlights how these
natural designs achieve superior structural performance (Sun
et al., 2018) ¥, This optimization is crucial for processes like
photosynthesis, where leaves must unfurl to maximize
sunlight exposure while maintaining structural integrity, a
feature greatly influenced by the bending stiffness of the veins
(Sun et al., 2018) 8, These intricate mechanical principles,
derived from the Fibonacci sequence and Golden Ratio,
demonstrate how nature optimizes structural support and
resource  distribution in  biological systems.  This
understanding of biological optimization, particularly in load-
bearing structures like leaves, offers valuable insights for
designing biomimetic functional structures with enhanced
bending stiffness and overall mechanical performance (Sun et
al., 2018) ®  For example, computational models
demonstrate that leaves with Golden Ratio distributed veins
exhibit remarkably uniform displacement under stress,
minimizing localized strain compared to those with simpler
venation patterns (Sun et al., 2018) 8. This intricate
biomechanical advantage suggests that the Golden Ratio
distribution in venation networks is a highly efficient solution
for maximizing the structural bending stiffness and overall
resilience of leaves (Sun et al., 2018) . This uniform stress
distribution minimizes localized damage, which is critical for
the long-term survival and functionality of plant foliage in
dynamic environments. This optimized mechanical response,
driven by the Golden Ratio, can be mathematically modelled
using finite element analysis, where the bending stiffness of
mixed elements (containing both vein and mesophyll parts) is
calculated through a homogenization approach (Sun et al.,
2018) @8, This method accounts for the varying material
properties and geometric arrangements within the leaf,
revealing how the Golden Ratio contributes to a robust and
adaptable biomechanical system. This intricate interplay
between mathematical ratios and biomechanical efficiency is
not limited to static structures but also extends to dynamic
biological processes, such as the growth and development of
plant tissues. The Golden Ratio also underpins the distribution
of tension and compression forces within plant structures,
ensuring efficient energy transfer and minimizing material
usage during growth (Sun et al., 2018) 8. In Machine
learning applications, this principle is being harnessed to
design biomimetic structures with superior buckling
resistance, where machine learning algorithms analyse
biological blueprints to develop optimized designs
(Challapalli & Li, 2020) %, Such advanced biomimetic
designs, inspired by nature's robust geometric shapes and
hierarchical structures, are crucial for developing sustainable
solutions within a circular economy framework (Mylo &
Speck, 2023) (Breish et al., 2024) 2% 79 This approach aligns
with regenerative manufacturing principles, leveraging
nature's evolutionary wisdom to create products that are not
only efficient and durable but also inherently sustainable
(Badhoutiya et al., 2023) (Challapalli & Li, 2020) [** 261, This
integration of natural principles into synthetic designs allows
for the creation of innovative materials and structures that
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exhibit enhanced performance and durability, ultimately
contributing to a more resilient and resource-efficient
technological landscape (Greenfeld & Wagner, 2023) 9
(Challapalli & Li, 2020) 28, The principles observed in
nature, particularly the Fibonacci sequence and Golden Ratio,
can inform the creation of biomimetic material systems that
demonstrate enhanced robustness and longevity, inspired by
biological resilience (Mylo & Speck, 2023) [, This
biomimicry, driven by machine learning, can lead to the
development of hierarchical materials with optimized
properties, extending beyond simple property prediction to
actively enhance structural integrity (Gu et al., 2018). The
application of machine learning in conjunction with
biomaterials facilitates the development of advanced
composites with tailored mechanical properties, such as those
found in natural fibre composites, offering enhanced stiffness,
extensibility, and toughness for a myriad of engineering
applications (Palanisamy et al., 2025) (Arevalo & Buehler,
2023) [ 72, These advancements are particularly relevant for
sustainable design, where mimicking nature's efficient use of
resources and inherent degradability through bio-inspired
materials can lead to significantly reduced environmental
impact (Luu et al., 2024) [s1,

Discussion

The discussion section will critically examine the
multifaceted implications of these biomimetic principles,
particularly the Fibonacci sequence and Golden Ratio, across
various scientific and engineering disciplines. It will delve
into how these mathematical concepts, deeply embedded in
natural formations, are being leveraged to inspire innovative
solutions in material science, artificial intelligence, and
sustainable design (Luu et al., 2024) (Arevalo & Buehler,
2023) [ ¢ This section will also explore the ethical
considerations and potential challenges in translating
biological complexities into engineered systems, ensuring that
biomimetic solutions are not only effective but also
responsible. This involves a careful balance between
replicating natural efficiencies and understanding the
limitations and potential unintended consequences of such
biomimicry. Furthermore, the challenges of data scarcity and
quality in applying machine learning to complex natural
systems like natural fibre composites need to be addressed to
fully unlock the potential of these bio-inspired approaches
(Palanisamy et al., 2025) 2. The integration of machine
learning with bio-inspired design, particularly for natural fibre
composites, faces hurdles in data acquisition and validation,
necessitating  advanced  experimental methods and
computational modeling to generate robust datasets and
ensure the reliability of predictive models (Palanisamy et al.,
2025) (Arevalo & Buehler, 2023) [ 7. Moreover,
overcoming these challenges can lead to revolutionary
advancements in material science, enabling the creation of
self-healing and adaptive materials that mimic nature's
resilience and longevity (Buehler, 2023) (Uddin et al., 2025)
(11, Such integration not only promises enhanced performance
but also offers a pathway toward more sustainable
manufacturing processes, aligning technological progress with
ecological responsibility (Katiyar et al., 2021) ™. The
iterative design process inherent in biomimicry, where
concepts are continuously refined based on observations from
natural systems, further contributes to the development of
robust and adaptable engineering solutions (Katiyar et al.,
2021) ¥4, This allows for the development of adaptive
modeling approaches that adjust predictions based on new
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data and evolving conditions, drawing parallels to biological
adaptation (Palanisamy et al., 2025) 4. Moreover, the
hierarchical structuring and fractal-like patterns observed in
many natural systems, often informed by the Fibonacci
sequence, are being explored for designing advanced
composites with optimized strength-to-weight ratios and
improved damage tolerance. For instance, researchers are
utilizing deep neural networks and genetic algorithms to
optimize structures by observing nature's patterns for
bioinspired designs (Arevalo & Buehler, 2023) Ul These
computational approaches enable the simulation and
prediction of composite material behavior under diverse
conditions, reducing reliance on extensive empirical testing
(Palanisamy et al., 2025) 4. This synergistic approach,
combining machine learning with biomimicry, accelerates the
discovery and development of novel materials, overcoming
the limitations of traditional trial-and-error methods (Arevalo
& Buehler, 2023) (Palanisamy et al., 2025) [ 2 The
integration of machine learning techniques can significantly
accelerate the design and optimization process for natural
fibre composites by leveraging vast datasets and predictive
modeling, thereby enhancing their mechanical properties and
reducing development costs (Palanisamy et al., 2025) [2. This
includes employing various machine learning algorithms,
from classical regression to advanced neural networks, to
analyse complex relationships within material properties and
processing parameters (Palanisamy et al., 2025) [,
Specifically, regression analysis, decision trees, and ensemble
methods like random forests are extensively used to model
relationships between input variables and composite
properties (Palanisamy et al., 2025) 2. More sophisticated
deep learning architectures are also employed to discern
intricate hierarchical representations from material data,
enabling more accurate predictions for complex biomimetic
structures (Palanisamy et al., 2025) ["2. These methodologies
are crucial for efficiently tailoring material properties to meet
specific performance requirements across various industrial
applications, including aerospace and automotive sectors,
where lightweighting and improved fuel efficiency are
paramount (Palanisamy et al., 2025) [’4, Predictive modeling,
harnessing these ML algorithms, allows engineers to analyse
vast datasets and extract meaningful insights that inform
design decisions for these advanced materials (Palanisamy et
al., 2025). Furthermore, machine learning algorithms can
analyse complex datasets from experimental measurements
and simulations, providing predictive capabilities for material
behavior (Palanisamy et al., 2025) 4. This capability is
particularly vital for designing bio-inspired hierarchical
composites, where understanding the interplay between
different structural levels is crucial for optimizing overall
performance (Gu et al, 2018). The application of
reinforcement learning, for example, enables the design of
bio-inspired composite materials with enhanced mechanical
behavior and reduced stress concentrations at crack tips by
optimizing material composition and structure at high
resolution (Arevalo & Buehler, 2023) ). These advanced
machine learning techniques allow for the identification of
optimal material configurations, processing parameters, and
structural designs that are often non-intuitive and difficult to
discover through traditional experimental or theoretical
approaches (Palanisamy et al., 2025) 4, By leveraging Al
and ML techniques, computational modeling has significantly
advanced composite material design, improving performance,
efficiency, and reliability (Jiang et al., 2024) [/, For instance,
machine learning models have achieved up to a 30%
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improvement in predicting dynamic mechanical properties,
significantly reducing the experimental workload in material
optimization (Brayek et al., 2025) . These models can
predict continuous properties such as tensile strength based on
factors like polymer type, reinforcement material, and curing
temperature, showcasing their versatility in material science
applications (Palanisamy et al., 2025) 4. Moreover, the
integration of machine learning with composite material
science facilitates the intelligent design of novel materials by
analysing complex interactions between material constituents
and predicting their  macroscopic  properties  with
unprecedented accuracy (Palanisamy et al., 2025)
(Karuppusamy et al., 2025) 8. 72, This allows for the rapid
iteration of designs, significantly cutting down development
time and costs associated with new material exploration
(Brayek et al., 2025) (Sharma et al., 2025) 2% 81  Sych
innovations extend to employing convolutional neural
networks to predict composite material properties,
demonstrating the capacity of ML models to generate high-
performance designs superior to those found in training data
(Gu et al., 2018) 1. This capability not only optimizes
existing materials but also opens avenues for discovering
entirely new material compositions and microstructures with
tailored functionalities, moving beyond conventional design
paradigms. The application of machine learning extends to
inverse design problems, where desired material properties
are used to deduce optimal composite configurations, further
streamlining the development process (Park et al., 2024) [3],
This enables the rapid exploration of vast design spaces,
leading to the identification of optimal material architectures
that exhibit enhanced mechanical properties, such as superior
strength-to-weight ratios and improved fatigue resistance,
critical ~ for  high-performance  applications.  These
advancements in  Al-driven  material  design  are
revolutionizing industries by enabling the creation of
composites specifically engineered for extreme environmental
conditions and specialized functional requirements, pushing
the boundaries of material science (Brayek et al., 2025) [20],
Furthermore, deep neural networks, through their capacity for
learning complex, non-linear relationships, are being
increasingly applied to model the intricate microstructural
evolution and failure mechanisms in composite materials,
enabling more precise predictions of their long-term
durability and performance (Ashank et al., 2021) [, These
deep learning architectures, such as convolutional neural
networks and recurrent neural networks, are particularly adept
at tasks like image analysis of composite microstructures and
time-series prediction of material degradation under varying
environmental conditions (Palanisamy et al., 2025) [’4, This
advanced predictive capability significantly reduces the need
for extensive physical prototyping and testing, allowing for
more efficient and cost-effective material development cycles.
The integration of deep learning with fracture mechanics, for
example, enables the accurate prediction of spatiotemporal
crack propagation, even for unseen configurations, offering a
significant reduction in computational time compared to
traditional finite element methods (Park et al., 2024) I3l In
conclusion, the synergistic application of deep learning with
advanced material science is poised to accelerate the
discovery and optimization of next-generation composites
with unprecedented properties and functionalities.

Conclusion
The interdisciplinary fusion of these technologies not only
facilitates the creation of materials with optimized structural
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integrity and functional attributes but also allows for the
development of entirely new classes of materials with
previously unattainable characteristics. Moreover, this
integration fosters a paradigm shift towards intelligent
material design, where computational models proactively
guide experimental efforts, leading to more targeted and
efficient research pathways. This synergy is particularly
evident in the realm of predictive modeling, where machine
learning algorithms, notably deep neural networks, are
deployed to discern complex patterns within vast material
datasets, thereby enhancing the precision of constitutive
models and multiscale simulations (Akhare et al., 2024)
(Palanisamy et al., 2025) 3 7. This approach ultimately
accelerates the identification of novel material compositions
and processing routes, significantly reducing the time and cost
associated with developing advanced composite materials
(Karuppusamy et al., 2025) &, Deep learning, for instance,
has demonstrated superior accuracy in stress field prediction
for fibre-reinforced composites, even extending to complex
scenarios involving interfacial debonding and damage
evolution over time, which are inherently history-dependent
problems (Bhaduri et al., 2022) (Liu, 2020) 15 571 Such
sophisticated models are crucial for developing high-
performance composite materials that can withstand extreme
conditions and exhibit tailored responses to external stimuli
(Lee et al., 2023) (Park et al., 2024) 55 73, Furthermore, the
utilization of deep learning in conjunction with multi-scale
modeling techniques allows for the seamless integration of
atomic-level interactions with macroscopic material behavior,
providing a holistic understanding of composite material
performance (Palanisamy et al., 2025) [2. This capability not
only optimizes material design but also facilitates the inverse
design process, where desired properties are used to guide the
discovery of novel material architectures (Wang, 2024) %4,
This approach effectively minimizes the need for extensive
experimental trials, thus accelerating the discovery and
optimization of advanced composite materials with superior
properties.  This  data-driven  approach, leveraging
methodologies like those detailed by Nachtane and Tarfaoui
(Brayek et al., 2025) 2, significantly reduces the trial phase
in materials development, offering a strategic advantage in
meeting demanding performance standards across various
industrial applications. This capability allows for the creation
of composites specifically engineered for extreme
environmental  conditions and specialized functional
requirements, pushing the boundaries of material science
(Wang, 2024) 4, The computational efficiency of such deep
learning models in predicting material responses is a stark
contrast to traditional physics-based simulations, which are
often computationally expensive and time-consuming,
hindering scalability in manufacturing processes (Malashin et
al., 2025) 52, This increased efficiency translates directly into
faster innovation cycles and the ability to rapidly iterate on
designs, a crucial advantage in competitive industries (Hsu et
al., 2025) (Wang et al., 2023) *3 %1, Moreover, the reduction
in computational time afforded by deep learning models (e.g.,
(Cheung & Mirkhalaf, 2023) 28 allows for the real-time
optimization of manufacturing parameters, leading to
improved quality control and reduced material waste during
production. This shift towards data-driven material design
extends to predicting the long-term performance and
durability of composite structures, enabling proactive
maintenance strategies and extended product lifecycles. For
instance, deep material networks enriched with cohesive
layers can accurately predict multiscale responses and

https://www.physicsjournal.net

interfacial failure in heterogeneous materials, even with
limited training data from linear elastic simulations (Liu,
2020) 57, Therefore, the Fibonacci Sequence with its Golden
Ratio has contributed to innovation across diverse fields by
providing a foundational framework for understanding
optimal growth, efficiency, and structural integrity, inspiring
designs from advanced composite architectures to biomimetic
systems. This pervasive mathematical principle continues to
offer insights for developing resilient and adaptable solutions
in an increasingly complex technological landscape. Its
application in material science, particularly in the design of
composites, offers a pathway to engineer structures that
mimic nature's robust and efficient designs, leading to
superior performance characteristics (Uddin et al., 2025) °4,
The adoption of bio-inspired design principles, such as those
derived from the Fibonacci sequence, in material science
allows for the creation of innovative materials with enhanced
properties, particularly in areas like impact absorption and
damage tolerance (Gowda et al., 2025) €, This approach,
often facilitated by advanced artificial intelligence and
machine learning techniques, enables the development of bio-
inspired materials that can predict and mitigate damage more
effectively than traditional designs (Buehler, 2024) 221, This
integration of biomimicry with cutting-edge computational
methods promises to revolutionize material engineering,
leading to materials that are not only stronger and lighter but
also inherently more sustainable and adaptive to diverse
operational demands (Arevalo & Buehler, 2023) Il (Liu,
2024) 1381, For instance, the helicoidal arrangements found in
natural structures like the mantis shrimp's dactyl club, which
exhibit Fibonacci-like patterns, have inspired the development
of highly damage-tolerant composite laminates through
advanced manufacturing techniques (Malekinejad et al.,
2024) 31, These structures, which often exhibit optimal
energy absorption and stress distribution, provide a
compelling blueprint for designing novel materials with
superior mechanical properties, including enhanced fracture
toughness and fatigue resistance. The intricate, multi-layered
arrangements observed in these natural models often exhibit
self-similar characteristics across scales, mirroring the
inherent scalability and efficiency often associated with
Fibonacci patterns in biological growth (Arevalo & Buehler,
2023) [, This intrinsic scaling and hierarchical organization
found in nature, often quantitatively described by Fibonacci
numbers and the golden ratio, provides a rich source of
inspiration for designing advanced materials with improved
fracture resistance and self-healing capabilities (Buehler,
2023) (Arevalo & Buehler, 2023) [, This biomimetic
approach, informed by the Fibonacci sequence, therefore
extends to the development of bio-inspired composites
capable of achieving exceptional mechanical properties,
mimicking the complex, hierarchical structures found in
nature (Peng et al., 2022) (Trzepiecinski et al., 2025) [75 %01,

References

1. Adhikari IM. Golden ratio: construction, geometry,
beauty, and diversity. Int J Oper Res Nepal.
2023;11(1):1. doi:10.3126/ijorn.v11i1.64327

2. Agaian S, Gill J. The extended golden section and time
series analysis. Front Signal Process. 2017;1(2).
doi:10.22606/fsp.2017.12003

3. Akhare D, Chen Z, Gulotty R, Luo T, Wang J.
Probabilistic physics-integrated neural differentiable
modeling for isothermal chemical vapor infiltration
process. NPJ Comput Mater. 2024;10(1).

~336"~


https://www.physicsjournal.net/

International Journal of Physics and Mathematics

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

d0i:10.1038/s41524-024-01307-5

Akhtaruzzaman M,  Shafie AA.  Geometrical
substantiation of phi, the golden ratio and the baroque of
nature, architecture, design and engineering. Int J Arts.
2012;1(1):1. doi:10.5923/j.arts.20110101.01

Ameen AO, Fashanu JO. Linear regression with
Fibonacci-derived  polynomials ~ for  temperature
prediction model. Res Square. 2024. doi:10.21203/rs.3.rs-
5037119/v1

Anjos PHR, Gomes-Filho MS, Alves WS, Azevedo DL,
Oliveira FA. The fractal geometry of growth: fluctuation-
dissipation theorem and hidden symmetry. Front Phys.
2021;9. doi:10.3389/fphy.2021.741590

Arevalo S, Buehler MJ. Learning from nature by
leveraging integrative biomateriomics modeling toward
adaptive and functional materials. MRS Bull.
2023;48(11):1140. doi:10.1557/s43577-023-00610-8
Ashank, Chakravarty S, Garg P, Kumar A, Agrawal M,
Agnihotri PK. Deep neural networks based predictive-
generative framework for designing composite materials.
arXiv. 2021. Available from:
http://export.arxiv.org/pdf/2105.01384

Au-Yang H, Perk JHH. Quasicrystals The impact of N.G.
de Bruijn. Indag Math. 2013;24(4):996.
d0i:10.1016/j.indag.2013.07.003

Badhoutiya A, Darokar H, Verma RP, Saraswat M,
Devaraj S, Raj VH, Abdulhussain ZN. Regenerative
manufacturing: crafting a sustainable future through
design and production. E3S Web Conf. 2023;453:1038.
doi:10.1051/e3sconf/202345301038

Baez R, Sénchez H, Pllana D, Sandeep N. Beauty of
plants and flowers obeys Fibonacci sequences. Adv
Image Video Process. 2024;12(3):47.
d0i:10.14738/aivp.123.16986

Bartolo DD, Luca MD, Antonucci G, Schuster S, Morone
G, Paolucci S, losa M. The golden ratio as an ecological
affordance leading to aesthetic attractiveness. PsyCh J.
2021;11(5):729. d0i:10.1002/pchj.505

Bartolo DD, Luca MD, Antonucci G, Schuster S, Morone
G, Paolucci S, losa M. The golden ratio as an ecological
affordance leading to aesthetic attractiveness. In:
Exploring Complexity. World Scientific; 2025. p. 219.
doi:10.1142/9789811298639_0013

Battaloglu R, Simsek Y. On new formulas of Fibonacci
and Lucas numbers involving golden ratio associated
with atomic structure in chemistry. Symmetry.
2021;13(8):1334. d0i:10.3390/sym13081334

Bhaduri A, Gupta A, Graham-Brady L. Stress field
prediction in fiber-reinforced composite materials using a
deep  learning  approach. Compos B  Eng.
2022;238:109879.
doi:10.1016/j.compositesb.2022.109879

Bianco G, Donatiello A, Nicchiotti B. Fibonacci numbers
between history, semiotics, and storytelling: the birth of
recursive  thinking. Educ  Sci.  2024;14(4):394.
d0i:10.3390/educscil4040394

Billauer BP. Did God invent Fibonacci numbers? SSRN
Electron J. 2012. doi:10.2139/ssrn.2160258
Bormashenko E. Fibonacci sequences, symmetry and
order in biological patterns, their sources, information
origin and the Landauer principle. Biophysica.
2022;2(3):292. doi:10.3390/biophysica2030027
Borysenko OA, Matsenko S, Bobrovs V. Binomial
number  system.  Appl Sci. 2021;11(23):11110.
d0i:10.3390/app112311110

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

~337~

https://www.physicsjournal.net

Brayek BEB, Sayed S, Minzu V, Tarfaoui M. Machine
learning predictions for the comparative mechanical
analysis of composite laminates with various fibers.
Processes. 2025;13(3):602. doi:10.3390/pr13030602
Breish F, Hamm C, Andresen S. Nature’s load-bearing
design principles and their application in engineering: a
review. Biomimetics. 2024;9(9):545.
doi:10.3390/biomimetics9090545

Buehler MJ. MechGPT: a language-based strategy for
mechanics and materials modeling that connects
knowledge across scales, disciplines, and modalities.
Appl Mech Rev. 2024;76(2). doi:10.1115/1.4063843
Buehler MJ. Cephalo: multi-modal vision-language
models for bio-inspired materials analysis and design.
arXiv. 2024. doi:10.48550/arxiv.2405.19076

Cady RF. Letter from the editor. JONAS Healthc Law
Ethics Regul. 2008;10(2):33.
d0i:10.1097/01.nhl.0000300780.65358.e0

Canessa E. Theory of analogous force on number sets.
Physica A. 2003;328:44. doi:10.1016/s0378-
4371(03)00526-0

Challapalli A, Li G. 3D printable biomimetic rod with
superior buckling resistance designed by machine
learning. Sci Rep. 2020;10(1). doi:10.1038/s41598-020-
77935-w

Chavan AD, Suryawanshi CV. Correlation of Fibonacci
sequence and golden ratio with its applications in
engineering and science. Int J Eng Manag Res.
2020;10(3):31. doi:10.31033/ijemr.10.3.5

Cheung H, Mirkhalaf M. A multi-fidelity data-driven
model for accurate and efficient modeling of short fiber
composites. Compos Sci Technol. 2023;246:110359.
doi:10.1016/j.compscitech.2023.110359

Chong C, Zelcer B. Symmetry in nature and faces: the
relationship of beauty perception and the role of the
golden  ratio. J  Student Res. 2024;13(1).
d0i:10.47611/jsrhs.v13i1.6359

Cimmino L. Algebraic relations for recursive sequences.
arXiv. 2005. doi:10.48550/arxiv.math/0510417

CIRA Satellite Library. Hurricane Melissa - weather
climate satellite imagery. 2025. Available from:
https://satlib.cira.colostate.edu/event/hurricane-melissa/
Cui Y, Zhu J, Zoras S, Chen X, Bi H, Qiao Y, et al.
State-of-the-art review of 3DPV technology: structures
and models. Energy Convers Manage. 2019;200:112130.
doi:10.1016/j.enconman.2019.112130

Eithun M, Larson JM, Lang GA, Chitwood DH, Munch
E. Isolating phyllotactic patterns embedded in secondary
growth of sweet cherry (Prunus avium L.) using MRI.
Plant Methods. 2019;15(1). doi:10.1186/s13007-019-
0496-7

Filcek M. Frequency of harmony and the unified theory
of everything. J Biotechnol Biomed. 2022;5(3).
d0i:10.26502/jbh.2642-280057

Fiorenza A, Vincenzi G. From Fibonacci sequence to the
golden ratio. J Math. 2013. doi:10.1155/2013/204674
Froes E, Silva PF da, Santana EEC, Sousa CM, Silva
PHF, Cruz CAM, et al. Monopole directional antenna
bioinspired in elliptical leaf with golden ratio for WLAN
and 4G  applications. Sci  Rep. 2022;12(1).
d0i:10.1038/s41598-022-21733-z

Ghane MC, Uribarri MD, Djemai R, Dunsin D, Araujo Il.
Hybrid method for identifying and extracting
steganographic digital evidence in WAV and MP3 files. J
Inf Secur Cybercrimes Res. 2023;6(2):89.



https://www.physicsjournal.net/

International Journal of Physics and Mathematics

38.

39.

40.

41.

42,

43.

44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

d0i:10.26735/izbk9372

Gowda D, Bhat RS, Rangappa SM, Siengchin S. Review
on fiber composites for sustainable high strain rate
applications. iScience. 2025;113598.
d0i:10.1016/j.isci.2025.113598

Greenfeld 1, Wagner HD. Two natural toughening
strategies may inspire sustainable structures. Sci Rep.
2023;13(1). doi:10.1038/s41598-023-47574-y

Gu GX, Chen C, Richmond DJ, Buehler MJ. Bioinspired
hierarchical composite design using machine learning.
Mater Horiz. 2018;5(5):939. doi:10.1039/c8mh00653a
Gunther S. Finding the Fibonacci sequence in a
hurricane. Treehugger. 2020 May 30. Available from:
https://www.treehugger.com/finding-the-fibonacci-
sequence-in-hurricane-sandy-4868649

Hazzazi MM, Rehman MU, Shafique A, Aljaedi A,
Bassfar Z, Bello AK. Image security via chaotic maps,
Fibonacci, Tribonacci transforms, and DWT diffusion.
Sci Rep. 2024;14(1). doi:10.1038/s41598-024-62260-3
Hsu M-K, Huang B, Yu C. Al-driven optimization of
woven composites via deep and reinforcement learning.
Mater Des. 2025;114798.
d0i:10.1016/j.matdes.2025.114798

Iconaru El, Ciucurel MM, Georgescu L, Ciucurel C.
Hand grip strength as a biomarker of aging: a Fibonacci
mathematical model perspective. BMC  Geriatr.
2018;18(1). doi:10.1186/s12877-018-0991-0
International Journal of Scientific Research in
Multidisciplinary Studies. Int J Sci Res Multidiscip Stud.
2022. doi:10.26438/ijsrms

Islam MK. Cognitive study on illusion using golden ratio
for apparel design. Trends Text Eng Fashion Technol.
2024;9(5). doi:10.31031/tteft.2024.09.000724

Jiang Y, Serrano AX, Choi W, Advincula RC, Wu HF.
Advanced and functional composite materials via
additive manufacturing. MRS Commun. 2024;14(4):449.
d0i:10.1557/s43579-024-00625-5

Karuppusamy M, Thirumalaisamy R, Palanisamy S,
Nagamalai S, Massoud EES, Ayrilmis N. Machine
learning applications in polymer composites. J Mater
Chem A. 2025. doi:10.1039/d5ta00982k

Katiyar NK, Goel G, Hawi S, Goel S. Nature-inspired
materials: emerging trends and prospects. NPG Asia
Mater. 2021;13(1). doi:10.1038/s41427-021-00322-y
Kaur G, Balyan V, Gupta SH. Nature inspired
optimization of 10T network for delay-resistant and
energy-efficient applications. Sci Rep. 2025;15(1).
d0i:10.1038/s41598-025-95138-z

Ke J, Zhang J. Generalized Fibonacci photon sieves.
Appl Opt. 2015;54(24):7278. doi:10.1364/A0.54.007278
Khan KM, Rehman W, Saif OB. Predicting key reversal
points through Fibonacci retracements. J Manag Info.
2022;9(3):299. doi:10.31580/jmi.v9i3.2638

Kizilates C, Polath E, Terzioglu N, Du W. Higher-order
generalized Fibonacci hybrid numbers with g-integer
components. Symmetry. 2025;17(4):584.
d0i:10.3390/sym17040584

Larsson P, Rasmussen LK, Skoglund M. The golden
quantizer: complex Gaussian random variable case. IEEE
Wirel Commun Lett. 2017;7(3):312.
doi:10.1109/LWC.2017.2774824

Lee K, Lim HJ, Yun GJ. Data-driven framework for
designing microstructure of multifunctional composites
using generative models. Eng Appl Artif Intell.
2023;129:107590. doi:10.1016/j.engappai.2023.107590

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

~ 338~

https://www.physicsjournal.net

Liu J. Damage characteristics and numerical simulation
of structural biomimetic fibre-reinforced composites
under high-velocity impacts. Ceram Silikaty. 2024.
doi:10.13168/cs.2024.0045

Liu Z. Deep material network with cohesive layers:
multi-stage training and interfacial failure analysis.
Comput Methods Appl Mech Eng. 2020;363:112913.
doi:10.1016/j.cma.2020.112913

Luca F, Patel V. Perfect powers that are sums of two
Fibonacci numbers. J Number Theory. 2018;189:90.
doi:10.1016/j.jnt.2018.02.003

Lucia MP, Salera C, Zivi P, losa M, Pecchinenda A. Eye-
tracking study on symmetry and golden ratio in abstract
art. Symmetry. 2024;16(9):1168.
d0i:10.3390/sym16091168

Littge U, Souza GM. Golden section and beauty in
nature. Prog Biophys Mol Biol. 2018;146:98.
doi:10.1016/j.pbiomolbio.2018.12.008

Luu RK, Arevalo S, Lu W, Ni B, Yang Z, Shen SC, et al.
Learning from nature to achieve material sustainability:
generative Al for rigorous bio-inspired materials design.
2024. doi:10.21428/e4baedd9.33bd7449

Malashin I, Martysyuk D, Teinuenko BC, Gantimurov A,
Nelyub V, Boponynun AC. Data-driven optimization of
discontinuous and continuous fiber composite processes
using machine learning: a review. Polymers.
2025;17(18):2557. doi:10.3390/polym1718255
Malekinejad H, Carbas RJC, Akhavan-Safar A, Marques
EAS, Ferreira MSG, Silva LFM. Bio-inspired helicoidal
composite structure featuring graded variable ply pitch
under transverse tensile loading. J Compos Sci.
2024;8(6):228. doi:10.3390/jcs8060228

Marples CR, Williams PM. The golden ratio in nature: a
tour across length scales. Symmetry. 2022;14(10):2059.
doi:10.3390/sym14102059

Mili¢i¢ D, Drndarski M, Holod A, Lazi¢ Z. Fibonacci and
golden ratio in interdisciplinary teaching. Inovacije u
Nastavi. 2014;27(4):86. doi:10.5937/inovacije1404086m
Misra A. Review of Victor Katz, Menso Folkerts,
Barnabas Hughes, Roi Wagner, J Lennart Berggren (eds.)
“Sourcebook in the Mathematics of Medieval Europe and
North Africa.” Res Portal Denmark. 2021;2(1):128.
Mohapatra H. Golden ratio assisted localization for
wireless sensor network. 2025.
d0i:10.48550/ARXI1V.2506.22464

Monroy E, Orgs G, Sagiv N. Aesthetic preference in the
production of image sequences. Front Psychol. 2023;14.
doi:10.3389/fpsyg.2023.1165143

Moreno J, Lilian W. Historia de la Matematica - Parte 1
Ecuaciones Algebraicas. Rev Educ Matematica.
2021;20(1). doi:10.33044/revem.10781

Mylo MD, Speck O. Longevity of system functions in
biology and biomimetics: a matter of robustness and
resilience. Biomimetics. 2023;8(2):173.
doi:10.3390/biomimetics8020173

Nurkan SK, Giiven IA. Ordered Leonardo quadruple
numbers. Symmetry. 2023;15(1):149.
doi:10.3390/sym15010149

Palanisamy S, Ayrilmis N, Sureshkumar K, Santulli C,
Khan T, Junaedi H, et al. Machine learning approaches to
natural fiber composites: a review of methodologies and
applications. BioResources. 2025;20(1).
doi:10.15376/biores.20.1.palanisamy

Park D, Lee J, Lee H, Gu GX, Ryu S. Deep generative
spatiotemporal  learning for integrating fracture


https://www.physicsjournal.net/

International Journal of Physics and Mathematics

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

mechanics in composite materials: inverse design,
discovery, and optimization. Mater Horiz.
2024;11(13):3048. doi:10.1039/d4mh00337¢c

Pellis S. Unity formulas for the coupling constants and
the dimensionless physical constants. J High Energy Phys
Grav Cosmol. 2023;9(1):245.
doi:10.4236/jhepgc.2023.91021

Peng X, Zhang B, Wang Z, Su W, Niu S, Han Z, Ren L.
Bioinspired strategies for excellent mechanical properties
of composites. J Bionic Eng. 2022;19(5):1203.
doi:10.1007/s42235-022-00199-9

Pereira W. ‘Golden ratio’ and ‘Fibonacci numbers’: the
ultimate toolkit for defining the geometry of universe.
Medium. 2025.

Pletser V. Fibonacci numbers and the golden ratio in
biology, physics, astrophysics, chemistry and technology:
a non-exhaustive review. 2018.
d0i:10.48550/ARXIV.1801.01369

Pletser V. Fibonacci numbers and the golden ratio in
biology, physics, astrophysics, chemistry and technology:
a non-exhaustive review. arXiv. 2018.
doi:10.48550/arxiv.1801.01369

Rizzo AA. The golden ratio theorem: a framework for
interchangeability and self-similarity in complex systems.
Adv Pure Math. 2023;13(9):559.
d0i:10.4236/apm.2023.139038

Rothen F, Koch A-J. Phyllotaxis or the properties of
spiral lattices. I1l. Packing of circles along logarithmic
spirals. J Phys. 1989;50(13):1603.
d0i:10.1051/jphys:0198900500130160300

Salera C, Vallebella C, losa M, Pecchinenda A. Implicit
and explicit preferences for golden ratio. 2024.
d0i:10.20944/preprints202401.1667.v1

Salih YK, See OH, Ibrahim RW, Yussof S, Igbal A. A
network selection indicator based on golden relation
between monetary cost and bandwidth in heterogeneous
wireless networks. Res J Appl Sci Eng Technol.
2014;7(3):478. doi:10.19026/rjaset.7.279

Sen S, Agarwal RP. Golden ratio in science, as random
sequence source, its computation and beyond. Comput
Math Appl. 2008;56(2):469.
doi:10.1016/j.camwa.2007.06.030

Sharma H, Arora G, Singh MK, Ayyappan V, Bhowmik
P, Rangappa SM, et al. Review of machine learning
approaches for predicting mechanical behavior of
composite materials. 2025;7(11). doi:10.1007/s42452-
025-07616-8

Sherbon MA. Mathematical constants
philosophy. SSRN Electron J. 2010.
d0i:10.2139/ssrn.1646568

Spinozzi F, Ferrero C, Pérez S. The architecture of starch
blocklets follows phyllotaxic rules. Sci Rep. 2020;10(1).
doi:10.1038/s41598-020-72218-w

Steihaug T. Fibonacci and digit-by-digit computation: an
example of reverse engineering in computational
mathematics. 2022. doi:10.48550/arxiv.2211.00504

Sun Z, Cui T, Zhu Y, Zhang W, Shi S, Tang S, et al. The
mechanical principles behind the golden ratio distribution
of wveins in plant leaves. Sci Rep. 2018;8(1).
d0i:10.1038/s41598-018-31763-1

Thapa GB, Thapa R. The relation of golden ratio,
mathematics and aesthetics. J Inst Eng. 2018;14(1):188.
doi:10.3126/jie.v14i1.20084

Trzepiecinski T, Kowalik M, Najm SM, Laouini SE,
Mezher MT. Emerging trends in advanced biomimetic

of natural

91.

92.

93.

94.

95.

96.

97.

98.

~ 339~

https://www.physicsjournal.net

composite materials inspired by biological structures and
functions in nature. AIMS Mater Sci. 2025;12(4):775.
doi:10.3934/matersci.2025034

Uddin MH, Mulla MH, Abedin T, Manap A, Yap BK,
Rajamony RK, et al. Advances in natural fiber polymer
and PLA composites through artificial intelligence and
machine learning integration. J Polym Res. 2025;32(3).
d0i:10.1007/s10965-025-04282-7

Ulbert J, Takéacs A, Csapi V. Golden ratio-based capital
structure as a tool for boosting firm’s financial
performance and market acceptance. Heliyon. 2022;8(6).
doi:10.1016/j.heliyon.2022.09671

Wang J, Akhare D, Chen Z, Gulotty R, Luo T.
Probabilistic physics-integrated neural differentiable
modeling for isothermal chemical vapor infiltration
process. Res Square. 2023. doi;10.21203/rs.3.rs-
3660563/v1l

Wang Y. Influence of chemical and structural complexity
on material performance by atomistic modeling and data-
driven analysis. Deep Blue. 2024. doi:10.7302/24991
Yilmaz N, Taskara N. On the properties of iterated
binomial transforms for the Padovan and Perrin matrix
sequences. Mediterr J Math. 2015;13(4):1435.
doi:10.1007/s00009-015-0612-5

Yonekura T, Sugiyama M. A new mathematical model of
phyllotaxis to solve the genuine puzzle spiromonostichy.
J Plant Res. 2023;137(1):143. doi:10.1007/s10265-023-
01503-2

Zhang W, He X, Lai S, Wan J, Lai S, Zhao X, Li D.
Neural substrates of embodied natural beauty and social
endowed beauty: an fMRI study. Sci Rep. 2017;7(1).
d0i:10.1038/s41598-017-07608-8

Zijlstra E, Zwaag B van der, Kullak S, Rogers A, Walker
D, Dellen SA van, Mobach MP. A randomized controlled
trial of golden ratio, feng shui, and evidence-based design
in healthcare. PLoS One. 2024;19(6).
doi:10.1371/journal.pone.0303032


https://www.physicsjournal.net/

