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ABSTRACT

Knowledge about the properties of materials is essential, especially in engineering and technology. By 
understanding the potential and performance of a material, the lifespan, reliability, and safety of the structure 
can be enhanced. Moreover, it can prevent undesirable engineering failures such as roof collapses or tool damage 
during manufacturing processes. Higuchi’s fractal analysis is employed in this study to investigate the fractal 
dimensions of square, rectangular, and circular specimens of stainless steel, mild steel, brass, and copper. The 
specimens were subjected with varying impact forces. The vibration data from those set of specimens was acquired 
using a piezoelectric film sensor system, where each specimen was subjected to impact forces ranging from 300 N to 
800 N through an impact hammer. Fractal dimension values were extracted from the vibration signals using 
MATLAB software to quantify the complexity of the responses across different materials. The results indicate a 
consistent increase in fractal dimension with rising impact forces for all materials. These suggest that higher 
impact forces lead to more complex vibrational patterns. These findings highlight the potential of fractal 
dimension analysis as a tool for understanding the dynamic behaviour of materials under mechanical impacts. 
Further studies could explore the real-time fractal analysis with artificial intelligent (AI) for predictive modelling of 
material failure in static and dynamic environments.
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INTRODUCTION

Metals have been used for centuries in shaping civilizations 
and wars because of their strength, versatility, and diverse 
applications (Tandon et al. 2024; Chen et al. 2024). The 
metals are primarily categorized into ferrous and nonferrous 
metals. Ferrous metals contain iron which are valued for 
its strength and magnetic properties. While, nonferrous 
metals are lack of iron content but good in corrosion 
resistant and electrical conductivity. Among a wide range 
of metals are stainless steel, mild steel, brass and copper. 
These metals are important in supporting modern industry, 
such as infrastructure and technology equipment. 
Historically, stainless steel was made to revolution 

corrosion-resistant materials. It is composed primarily iron, 
chromium and nickel. Nowadays, stainless steel production 
is dominated by China, India and Indonesia, where 
Indonesia and Philippines were the main supplies for nickel 
(one of the main components of stainless steel). Through 
research and development, the stainless steel material are 
now had enhanced its properties where it its more lighter 
yet maintaining its fatigue and other mechanical properties 
(Sultana, Nishina, and Nizami 2024; Miranda-Pérez et al. 
2024; Shahar and Sultan 2025). Such lightweight properties 
are favourable in aerospace and, automotive and medical 
industries.

On the other hand, mild steel is an iron-carbon alloy 
with low carbon content. The production of it relies on iron 
ore which is abundantly found in Australia, Brazil and 
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Russia. The mild steel had shows resistant towards 
corrosion through innovative surface treatment. This makes 
the material to have longer lifespan besides it is now can 
be used in marine environment sturctures (Pang et al. 2024). 
This eventually helps reduce cost since mild steel is cheaper 
than stainless steel, and mild steel is now more corrosion-
resistant than sinless steel (Kumari Das et al. 2024). The 
demand of mild steel shows an upward trend due to 
urbanization. On the other hand, compred to those metals, 
copper has good electrical and thermal conductivity, which 
been used widely in electrical industry such as electrical 
wiring. In the day, copper was one of the oldest metals used 
as tools. Copper was also use in the development of broze 
to create weapons. Bronze is an alloy of copper and tin, 
produced by heating these two metals with a ratio of 
roughly 88:22 (copper to tin). However, the composition 
is varied; some are made of copper and arsenic/zinc. Bronze 
was also used in making sculptures In recent years, copper 
is use new renewable energy technologies such as in 
electric vehicles and solar panels.

Since the global economies transition towards the 
electric vehicle and solar enegry harvesting technologies, 
the demand for the copper material is expected to surge in 
coming years. This makes the price of it to show a 
progessive increment. This influences international trade 
agrements and national energy strategies. In medical field, 
the copper material contains antimicrobial properties, 
meaning that the copper surface inhibits growth viruses 
and bacteria, and not only that it killed those within 2 hours. 
Such properties are benefial in public health infrastructure 
(Aillón-García, Parga-Landa, and Guillén-Grima 2023). 
In summary, stainless steel, mild steel, brass, and copper 
each have unique characteristics that make them essential 
in modern industry and everyday life. The corrosion 
resistance and strength of stainless steel are enhanced 
through innovative alloying and processing techniques. 
Mild steel serves as the cost-effective backbone of 
construction and manufacturing, with ongoing 
improvements in protective coatings. Brass offers a 
combination of aesthetic appeal and functional versatility, 
particularly in antimicrobial applications (Dauvergne, 
Lacquemant, and Mullié 2024). Copper’s unparalleled 
conductivity and antimicrobial properties ensure its vital 
role in electrical systems and public health.

The utilization of materials is increasing across 
multiple industries (Raabe 2023). Understanding materials’ 
mechanical properties is fundamental in engineering and 
materials science. Properties like strength, ductility, 
hardness, and toughness of materials determine how they 
react to external forces. Since there are many types and 
forms of material structures, understanding the performance 
to its best is important to prevent engineering failures, 
particularly those involving recurring and unwanted 

disasters (Kiakojouri et al. 2024; Mendia-Garcia et al. 
2024). In sectors where safety, reliability, and quality 
control play significant roles, technologies for measuring 
material properties are constantly evolving to ensure the 
longevity of the materials (Hao et al. 2023; Paul, Islam, 
and Elahi 2023). 

Traditional methods for evaluating mechanical 
properties, include tensile testing, hardness (e.g. Brinell 
test, Rockwell test, Vickers test, etc.) and toughness, were 
conducted during the research and development phase. 
Standard such as the American Society for Testing and 
Materials (ASTM) is an international standrad was an 
established standard of typical experimental procedures to 
examine material qualities. However, these methods have 
several drawbacks, such as high costs, complex experimental 
processes, and sophisticated and expensive machinery and 
equipment. In addition, the capacity of each machine is 
limited, often requiring multiple machines to determine 
material quality in general. In short, the conventional 
characterizing material properties is a tedious process, 
which serves as a barrier over the entire creative process.

Vibration analysis has emerged as a favourable non-
destructive evaluation in various engineering applications. 
Vibration analysis is a process that monitors vibration leves 
and investigates the aptterns in vibration signals 
(Shandookh, Farhan Ogaili, and Al-Haddad 2024). These 
vibration signals reflect the dynamic behavior with respect 
to the material properties. The vibration analysis method 
is the non-invasive nature and real-time capabilities make 
it favourable choice for material analysis. Vibration 
analysis is widely use in non-destructive testing (NDT), 
where it allows real-time mnitoring without damaging the 
components or structures. In recent years, industries have 
adopted advanced signal processing techniques to assess 
structural health,improving maintenance and safety 
strategically. In this research context, the vibration signals 
are generated from external stimuli such as impact or stress 
and subjected to the specimens. Vibration signals generated 
by mechanical impacts are inherently complex, which 
contain both linear and nonlinear components. These 
signals are often affected by noise and influenced by factors 
such as boundary conditions, geometry and material 
inhomogeneities. The frequency content, amplitude, and 
phase characteristics of these signals provide critical 
insights into a material’s dynamic behaviour. For metal 
like steel and copper which have distinct elastic and plastic 
properties have their respective vibrational responses. This 
can vary significantly even under the same loading 
conditions. Conventional Fourier-based spectral analysis 
assumes signal stationarity, which limits its applicability 
to real-world non-stationary signals  and does not capture 
transient behaviors effectively. Wavelet transforms and 
Hilbert-Huang transforms (HHT) have improved to deal 
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with nonlinear and non-stationary signals (Khan and 
Jelinek 2024). However, fractal analysis takes a 
fundamentally different approach. Fractal dimension 
quantifies the complexity of the object. Consequently, 
interpreting vibration signals through the lens of fractal 
dimension overcomes the limitation of conventional 
analysis. 

The fractal dimensions can be employed to quantify 
the complexity of the time-series data from the vibration 
signals. The signals generated from the external stimuli 
often exhibit complex and nonlinear behaviour. Fractal 
analysis enables the characterization of these signals and 
captures subtle changes in signal patterns that correspond 
to the alteration in material properties or system dynamics. 
Therefore, fractal analysis can overcome several challenges 
faced by the researchers and material engineers during 
conduction material characterization studies (Pan et al. 
2024; Bogahawaththa et al. 2024; He and Liu 2023). In 
addition, the fractal analysis operates using simulation 
methods, which save time and consumable materials. 
Studies shows the fractal concept was used in measuring 
the impact toughness of construction steel by varying the 
non-metallic content. The author found that, the impact 
toughness of the steel decreased due to high content of 
non-metallic (Volchuk et al. 2021). Also the fractal analysis 
can be used to measure the physical properties of a metal 
such as its irregularity and to measure the corrosion damage 
of metal (Startsev et al. 2015; Karolczak, Kowalski, and 
Raszka 2021). 

Studies show that Higuchi’s method is suitable for 
estimating fractal dimension. Higuchi’s method is 
advantageous due to its simplicity, computational 
efficiency, and applicability to handle short and noisy data 
sets. The Higuchi’s method was developed by T. Higuchi 
from the University of Tokyo, Japan in 1988 (Higuchi 
1988). This method calculates the fractal dimension 
directly from a time series without needing prior 
transformation into the frequency domain. This 
characteristic makes it particularly suitable for analyzing 
vibration data, which often consists of irregular, non-
periodic signals generated by transient mechanical impacts. 
The Higuchi’s algorithm creates multiple time-series 
subgroups with varying time intervals. It estimated their 
lengths and then fits it on a log-log plot to determine the 
fractal dimension. A higher fractal dimension value 
indicates greater irregularity or complexity in the signal. 
This complexity may be linked to microstructural 
anomalies, phase transitions, or progressive damage under 
increasing loads. The Higuchi’s method has been 
successfully employed in various fields, such as mechanical 
engineering, geophysics and biomedical signal processing 
(Li et al. 2024; Wanliss and Wanliss 2022; Rizal et al. 
2023). 

Previous studies have explored the use of fractal 
analysis for measuring corrosion damage of metal and 
metal properties. However, there is a lack of studies on 
metal’s mechanical properties of different types and shapes 
using fractal dimension from vibration signals (Guo et al. 
2024; Zuo et al. 2024; Lyu et al. 2024; Duan et al. 2021). 
Therefore, this study aims to bridge the identified research 
gap by investigating the fractal dimension of square, 
rectangular, and circular metal specimens of stainless steel, 
mild steel, brass, and copper using impact force. The 
specific objectives of this work are as follows:

1. To analyse the vibration responses of stainless
steel, mild steel, brass and copper specimens with 
different geometries (square, rectangular, and
circular) subjected to impact forces ranging from 
300N to 800N.

2. To compute the fractal dimensions of the acquired 
vibration signals in MATLAB software using
Higuchi’s method.

3. To examine the correlation between the fractal
dimensions and the mechanical properties of all
the tested metals.

The next section describes the methodology and
equations taken to prepare the simulation analysis of 
Higuchi’s Method using MATLAB software. The detailed 
of the work methodology is described in the next sessions.

METHODOLOGY

The study focuses on simulating the characterization of 
mechanical material properties using fractal methods 
applied through MATLAB R2021a software. The material 
characterization is based on impact force signals from the 
impact experiments, which use piezo film sensors as the 
intermediary medium to collect and record the vibration 
signal data in Excel files. The shape and dimensions of the 
materials are 300 mm length x 300 mm width x 1.5 mm 
thickness (square), 450 mm length x 200 mm width x 1.5 
mm thickness (rectangular), and 340 mm diameter x 1.5 
mm thickness (circle). The fractal analysis based on 
the  Higuchi method will be employed to assess the 
mechanical properties of the materials. The impact 
magnitude used in this study ranges between 300 and 800 
N. 

THE HIGUCHI METHOD

This current study employs the Higuchi method  to 
characterize the vibration signals and assess its mechanical 
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properties. The Higuchi method is an established 
framework for calculating the fractal dimension of 
vibration signals. The method offers insights into various 
systems’ complexity and underlying dynamics. To obtain 
the fractal dimension, the signal is first discretized into the 
form of a time series X(1),X(2),X(3)…,X(N). Next, a new 
series Xm

 are obtained

(1)

where m and k are integers, indicating initial time and 
interval time respectively. The length of the curve 
associated to each time series Xm

K is defined is:

(2)

where  represents the normalization factor. A 
sum of all the lengths  Lm(k) for each k is determine by:

(3)

Then, the fractal with dimension, D, is obtained from 
the slope of the curve, which is estimated using the best fit 
by linear least squares.

RESULTS AND DISCUSSION

The fractal dimension of each vibration signal produced 
using different impact force recorded by the piezo film 
sensor will be calculated using fractal analysis based on 
the Higuchi method. Figure 1, 2 and 3 shows the 
relationship between fractal dimension and impact forces 
for all investigated shape with different type of metal 
(stainless steel, mild steel, copper and brass). Across all 
materials, the fractal dimension tends to increase as the 
impact force increases. This suggests that greater forces 
result in more complex fractal structures or signal patterns. 
The relationship between metal’s shape and fractal 
dimension shows, the rectangular shape has the highest 
fractal dimension at 1.56 compared to the other shapes. On 
the other hand, the relationship between metal’s materials 

and fractal dimension shows that, square stainless steel has 
the highest fractal dimension at 1.56, it is higher than mild 
steel, copper and brass at 2.63%, 1.96% and 5.41% 
respectively. The same trend was seen for both rectangular 
and circular shape.

FIGURE 1. Fractal Dimensions for Square Shaped Materials: 
(a) Stainless Steel, (b) Mild Steel (c) Copper and (d) Brass

FIGURE 2. Fractal Dimensions for Rectangular Shaped 
Materials: (a) Stainless Steel, (b) Mild Steel (c) Copper and 

(d) Brass
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FIGURE 3. Fractal Dimensions for Circular Shaped Materials: 
(a) Stainless Steel (b) Mild Steel (c) Copper and (d) Brass

Materials like stainless steel, which have higher tensile 
strength, also show higher fractal dimensions. This suggest 
that stronger materials have more complex vibrational 
patterns under mechanical impacts. Meanwhile, square and 
rectangular shapes exhibit higher fractal dimensions than 
circular shapes, due to differences in their geometry and 
how they distribute and react to applied forces. This shows 
that understanding these relationships helps design 
materials with tailored properties for specific applications, 
ensuring optimal performance and durability. Future work 
should extend to other materials (e.g., polymer composites) 
and loading conditions (e.g., bending, thermal, etc.). 
Additionally, the adoption of machine learning helps in 
predictive modelling for a better accuracy of results.

FUTURE WORK

Conventional mechanical testing methods often fall short 
of meeting current demands. This leads to a need for 
innovative and data-driven alternatives. For example, 
integrating sensor technologies such as piezoelectric films, 
advanced signal processing, and computational techniques 
(e.g.fractal dimension analysis) helps fill this gap. By 
minimizing physical intervention, vibration-based fractal 
analysis can offer continuous feedback on the mechanical 
state of materials. This method holds great potential for 
predictive maintenance in high-risk industries such as 

aerospace, defense, and civil infrastructure. Where 
downtime is expensive, failures can have severe 
consequences. In addition, integrating artificial intelligence 
(AI) techniques into the analysis of vibration signals for 
modeling prediction studies allows for new areas of study. 
Traditional methods for calculating fractal dimensions, 
(e.g. Higuchi’s algorithm) provide valuable measures of 
signal complexity. The integration of AI enhances these 
analyses’ interpretability, accuracy, and predictive 
capabilities. The AI utilizes large datasets and advanced 
pattern recognition. One promising way is to develop 
machine learning models to extract and train the raw 
vibration signals, including fractal dimension metrics. 
These models can be used to classify material types, detect 
damage/defects, or predict mechanical properties (e.g., 
hardness, fatigue life, etc.). By training these machine 
learning algorithms based on the input datasets, those 
models can identify subtle nonlinear relationships that may 
not be apparent through conventional fractal dimension 
analysis. In addition, the AI can integrate multiscale fractal 
dimension by combining Higuchi’s method with other 
fractal dimension methodologies such as Katz and 
Petrosian dimensions methods (Banerjee, Easwaramoorthy, 
and Gowrisankar 2021; Djemili and Djemili 2024; 
Sharanya and Arjunan 2023). This integration allows for 
the creation of robust multidimensional representations of 
material behavior. Deep learning models such as 
convolutional networks (CNNs), recurrent neural networks 
(RNNs), and k-nearest neighbour (KNN) were able to 
capture temporal dependencies and spatial hierarchies in 
vibration data. This enables seamless learning from raw 
signals to material properties prediction without extensive 
manual pre-processing (Yessoufou and Zhu 2023; Dang 
and Pham 2023; Jaber 2024). By integrating AI technology, 
researchers are able to gain deeper insights into which 
component or parameter of the fractal dimension 
contributes significantly to material properties and the 
effects of impact forces. Thus, enhancing the interpretability 
and reliability of the models. 

A notable research gap exists in understanding how 
different boundary conditions and impact orientations 
affect fractal results in metals. Future studies should 
concentrate on hybrid models integrating fractal dimensions 
with entropy measures, wavelet coefficients, and deep 
learning techniques. This allows for enhanced accuracy 
and interpretability. To establish empirical relationships 
between fractal metrics and mechanical behavior, it will 
be crucial to conduct experimental validations across a 
broader range of metal propetries under controlled 
environments and real-world conditions. 	
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CONCLUSION

In summary, by using the Higuchi’s method, this study 
demonstrates the effectiveness of fractal dimension 
analysis in quantifying the complexity of vibration signals 
generated by metal specimens under varying impact forces. 
The experiments were conducted by analyzing the stainless 
steel, mild steel, brass, and copper, the research reveals a 
consistent increase in fractal dimension with rising impact 
forces across all materials. This method provides deeper 
insights into the mechanical properties and internal 
structural changes of materials in response to external 
forces, which can be particularly useful for material design, 
quality assessment, and predicting the durability of 
materials subjected to dynamic stress. 

The consistent increase in fractal dimension with rising 
impact forces observed in all tested metals highlights the 
sensitivity of fractal analysis to changes in material 
behavior under dynamic loading conditions. This 
sensitivity is important for detecting early signs of material 
failure, which may not be obvious through conventional 
analysis techniques. Therefore, by capturing subtle 
variations in the complexity of vibration signals, the fractal 
dimension analysis provides a more detailed and 
informative assessment of material integrity. In addition, 
the use of Higuchi’s method in this context demonstrates 
its robustness and adaptability in managing different 
geometry and material properties as shown in this work. 
The Higuchi’s algorithm effectively quantifies the fractal 
characteristics of time-series data for each metal and their 
geometries.

The implications of these findings extend beyond 
academic interest. This because, the studies offer practical 
benefits across industries, where material reliability and 
performance are crucial. In sectors like aerospace, 
automotive and civil engineering and real monitoring of 
material properties can benefited from this where they can 
significantly increase the safety, reduce maintenance cost 
and improve the overall system efficiency. Hence, 
integrating fractal dimension analysis into existing 
monitoring frameworks could enable more proactive 
maintenance strategies and early detection of potential 
failures.
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