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Abstract: This paper presents a novel method for determining the modulus of elasticity of materials
using a non-destructive testing method based on the Genetic Algorithm method. Conventional
methods for determining material properties, such as tensile tests, often require specialized,
expensive equipment and are inherently destructive. In contrast, the proposed method uses
optimization techniques to minimize the error between the experimental curvature of a beam and its
analytical model. The method is validated against preliminary results that show a high degree of
accuracy in estimating the elastic modulus, with values closely matching real material properties.
This approach provides a cost-effective and efficient alternative for characterizing material properties
without the need for destructive testing or specialized equipment.
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1. Introduction

When developing new materials, the preliminary tests to determine some of their properties are
usually destructive (e.g. tensile tests). To perform such tests, suitable machines and instruments are
required, as well as a data acquisition system that provides the stress-strain curve for the tested
sample. These tensile testing machines are usually specially designed for this type of test and are
expensive.

Most structures in the field of engineering consist of components such as beams, slabs and shells.
The beam in particular has the characteristic of having a large ratio between its length and its lateral
dimensions and is subjected to longitudinal and transverse forces along its length. In addition, the
generated moment tends to rotate the element about an axis perpendicular to its length [1].

The unknown variables depend only on the position of the beam axis and its structural behavior
is defined by the well-known beam theories described in textbooks on mechanical structures, which
form the basis for more modern analyses of beams and many other structural members. In the case
of small deflections, beam theories are divided into two main groups. The first ignores shear
deformations, while the second takes this effect into account [1].

In [2,3], the authors found that the stress—strain relationship of linear viscoelastic materials is
characterized by a complex-valued, frequency-dependent elastic modulus E(jw) (Young's modulus),
and they used system identification techniques to show how E(jw) can be accurately measured in a
wide frequency band from forced bending (transverse) and longitudinal vibration experiments on a
beam under free— boundary conditions. According to the authors, the advantage of the proposed
method is that it includes the disturbing noises and the nonlinear distortions

In [4] the authors show a numerical method to identify the elastic modulus of linear elastic
coated materials. The identification is based on an inverse analysis where the minimization of a cost
functional is performed by a gradient degression algorithm. The main result is the calculation of the
gradient of the cost function using a direct differentiation technique. The validity and clarity of this
approach is demonstrated by the authors using several numerical examples.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Some material properties can be determined by their identification without the need for
destructive test or a special device for this purpose.

Image processing using a genetic algorithm is not only used in engineering [5]-[8] but also in
various fields of knowledge to determine the elastic modulus. In medicine, [9] determines the
relationship between the EI (emissivity and moment of inertia) and the elastic modulus of muscle
after ankle fracture surgery, [10] simulates the microenvironment of cancer cells to determine their
mechanical properties. In agriculture, [11] analyzes RGB images with Image]J to investigate the effect
of compression on the quality degradation of spinach leaves during storage, [12] uses the same
method to verify the composition of natural date palm fibers for use as reinforcement in composite
materials, and [13] proposes a method to determine Poisson's ratio and elastic modulus by combining
image processing and mechanical compression. In the field of biology, [14] investigates the basic
micromechanical properties of porous coral reef limestone using image processing and transport
modeling.

In this paper, a methodology to determine the elastic modulus of materials using the Genetic
Algorithm method is proposed, which optimizes the error between the experimental curvature of a
beam and its analytical model. Preliminary results showed that the comparison between the
analytical and the experimental model leads to a value that is very close to the real modulus of
elasticity of the material.

2. Deflections in Cantilevered Beams

The deflections of a cantilever beam with a concentrated vertical force at the free end are a well-
known problem in the theory of elasticity [15,16] and in the elementary mechanics of material [17].

The Feynmann Lectures on Physics [18] deals with the problem of deflection of a beam that is
built up at one end and loaded with a concentrated vertical force at the other end, taking into account
small deflections. In this literature, a formula for the vertical deflection of the free end of the cantilever
beam is presented, showing a proportionality relationship between this deflection and the applied
external force [19,20].

Landau's book on elasticity [21], deals with large deflections in cantilever beams of elastic
material and Bisshopp and Drucke [22] discuss solutions in terms of elliptic integrals.

This study deal with a cantilever beam with a vertical force concentrated at the free end. This
system is often studied to approximate small deflections as it is possible to find a simple analytical
solution to the problem [19]. When large deflections are considered, the solution of the elastic
equation is given in terms of elliptic integrals [23].

Simply supported beams can be accurately modeled by the Euler-Bernoulli theory if linear
conditions are guaranteed and shear effects are negligible. However, the Timoshenko-Ehrenfest
theory is excellent for capturing shear effects in beams with a relevant vertical dimension, as it takes
into account the rotation of the cross-section with respect to the neutral plane [24].

For a fixed beam, as shown in the figure below, we can write the equation for the bending
moment as a function of the length of the beam as follows:

M(x)=P(x—1L) (1)
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Figure 1. - Cantilever beam.
Using the relationship [1]:
a?y() _
El——— = M(x) (2)

The equation for the curvature of the beam is obtained by double integration of the previous
equation as follows:

y(x) = %((x — L)% =3L%x + L?)

®)

Equation (3) is the analytical equation of the elastic line of a cantilever beam with a known force
(P) acting on its end.

3. Genetic Algorithms (GA)

The genetic algorithm method (GAM) is a modern computer technique widely used in various
fields of engineering and science. This method was originally based on some ideas from the biological
theory of evolution. GA starts with a large population of possible solutions, which are then selected
as parents and used to produce offspring for the next generation. The best solutions are retained and
recombined, with crosses and mutations creating new solutions in each generation. By iterating over
many generations, the population of solutions evolves towards an optimal result [25] .

Genetic algorithms are more stable in the sense that they can always converge to a solution, even
if it is not optimal. Constraints are imposed on the solutions with the help of penalty functions, which
correspond to regulatory stabilizers or preconditioners in the deterministic framework, i.e. situations
in which a good solution is sufficient but not necessarily the best one [26].

Even with this approach, where the answer is not necessarily optimal, it is important to have a
procedure for assessing the quality of a solution. This process is necessary to eliminate some solutions
and accept others. In recent years, GAM has been used with increasing success in various fields of
science, for example in sociology, civil engineering, artificial intelligence and many other areas [27].

The Genetic Algorithm has a number of advantages: It can find solutions in cases where there
are multiple local optima or where the data used for the fit is in a very large parameter range, and it
will still converge to a fit with the minimum global error. If the global minimum is not included in
the specified initial values, GA will find a local minimum given the imposed constraints. Therefore,
it is still necessary to choose the initial parameters and the boundaries of the search space carefully
[25].
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In practice, GA models are often tested individually until a satisfactory fit is achieved. This
process is time-consuming, costly and difficult to repeat as it depends on the subjective decisions of
the engineer [25].

For the actual reconstruction of the stiffness of realistic beam and frame structures with tens or
even hundreds of degrees of freedom, the minimization problem can be a very difficult numerical
task to solve with classical optimization methods. GA has evolved significantly and coincided with
the considerable increase in computer power, so the best answer is chosen for the final solution [28].

3. Image Processing

In recent years, techniques have been developed in the field of industrial automation that make
use of computer vision [29,30]. Computer vision technology is based on the theory of image
processing to replace the human eye and to identify and recognise objects without contact. The
principle of this technology is based on segmenting the target image, extracting the important
features for analysis and then comparing the results with the standard requirements in a set of criteria
so that it can be verified whether the measured target meets the specified standard [31].

This technique has been developed for various applications, but its use must be verified for each
analytical application. In order to detect product marks with non-fixed patterns, the operating
parameters must be adjusted according to the different working conditions using image processing
algorithms [32].

For monitoring the structural health of a project, the integration of image processing techniques
represents a significant development in the way the integrity of a project can be perceived, assessed
and maintained [33].

The template matching algorithm is achieved by calculating the similarity between the template
and the image. This technique is often used in industrial image analysis applications [34,35]. As long
as the model is accurate enough, i.e. has a high resolution, the results of the analysis are accurate and
reliable enough to be used [32].

The image processor used in this study is Image]. Image] is a public domain Java image
processing and analysis program based on NIH Image for Macintosh. The source code is freely
available. It can calculate area and pixel value statistics of user-defined selections as well as measure
distances and angles, create density histograms and line profile graphs. Image] also supports
standard image processing functions such as contrast manipulation, sharpening, smoothing, edge
detection and median filtering [36] .

Because it is open source software, an Image] user has the four essential freedoms defined by
Richard Stallman in 1986: 1) The freedom to run the program for any purpose; 2) The freedom to
study how the program works and modify it to do what you want; 3) The freedom to share copies so
you can help your neighbor; 4) The freedom to improve the program and publish your improvements
so that the entire community benefits [36].

4. Materials and Methods

4.1-. Image Processing

In this work, digital image processing was used as a tool to experimentally determine the elastic
curve of a cantilever beam with a known load at its free end, as shown in Figure 2. The properties
and parameters of the beam are listed in Table 1.

Table 1. - Beam and load parameters.

Description value unit

Young's Modulus of Aluminum E 71 GPa
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Beam width eb 30.6E-3 m
Beam height hb 3.3E-3 m
Beam length Lb 0.5 m
Cross-sectional area A 10.46 E-5 m2
Moment of Inertia I 9.1639 E-11 m4
Load at free end P 1.2 kg

The Image] program was used for data reduction. Image] is a widely used open source image
processing program that is particularly useful in engineering for the analysis and quantification of
image-based data. It supports various file formats and provides tools for tasks such as edge detection,
particle analysis and intensity measurements, making it ideal for processing visual data from
experiments. In the context of data acquisition, Image] can be used to extract precise measurements
from images or video frames, such as object dimensions, motion tracking or surface feature analysis,
which are crucial for validating engineering models or evaluating material properties. Its extensibility
through macros and plugins also enables customization for specific engineering applications and
ensures efficiency and repeatability when processing large data sets. It is also free of charge and
available on the Internet.

Figure 2. - Experiment set up in the laboratory.

2.2. Identification of the beam’s Young’s modulus

The determination of the modulus of elasticity of a material requires a destructive test (tensile
test) to obtain it. In this paper, it is proposed to determine the modulus of elasticity of a simply
clamped beam by comparing the experimental model of the elastic line of the beam with the analytical
model. For this purpose, the experimental data obtained in the previous section and the analytical
model of the beam given by equation (3) were used. For the identification process, an optimization
function (equation 4) was created that calculates the inverse of the difference between the models,
experimental and analytic. This function was optimized using the genetic algorithm technique.

1

Y0 = 55 @
2.3. Genetic Algorithms

Genetic algorithms are a popular form of evolutionary computation. Optimization problems can
be divided into three main phases: Problem encoding, determination of the objective function to be
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optimized, and the associated solution space. An optimization problem can be understood as a black
box with multiple buttons, where each button represents a parameter of the problem and an output,
which is the value of the objective function that indicates whether a particular set of parameters gives
a good result for solving the problem.

In this work, a binary representation was used for the elastic modulus of the beam. In addition,
the population size was set to 400 individuals, the population mutation rate to 0.01, the population
crossover rate to 0.25 and 10 generations. The parameters used in the genetic algorithm have the
values shown in Table 2.

Table 2. — Genetic Algorithm Parameters.

Population size 400
Number of generations 10
Initial mutation 0.25
Mutation decrement ratio 0.01
Selection operator Russian roulette
Crossover random
Precision adopted 4 digits
Range of values [GPa] [65.90]

The inverse square error was used to evaluate the performance of each phenotype and is defined
in equation (4). The genetic algorithms were implemented using Octave® software. They were
applied using subroutines that implement each task involved in the solution separately.

4. Results

Using the image processing program, the image was calibrated using the sphere, which is
located on the bar in the upper left corner of the image in Figure 2 and has a diameter of 26.4 mm, as
a reference. Then points (Fig. 3) were marked along the bar (selecting the tool points in Image]J) and
the data obtained from ImageJ] was exported to a file in ASCII format.

ImageQ02.jpg
BEY.A3x427.15 mm (320x240); RGE; 300K

Figure 3. - Marking points in the image to obtain experimental data.

After this procedure, the graph of the experimental elastic line was obtained, which was already
calibrated with the sizes in millimeters. Figure 4 shows a comparison between the analytical and
experimental curves.
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Figure 4. - Analytical and experimental curves.
After the program was developed, it was run several times. The last ten results obtained are
listed in Table 3. According to [17], the tabulated value of the Young's modulus of aluminum is 71

GPa, which leads to an error of 3.056%. Figure 5 shows the spectrum of the cost function to be
optimized.

Table 3. — Program Output.

Young's Modulus[GPa]
76,937
73,496
72,220
72,637
72,433
72,696
75.004
72.193
71,649
72,432

average 73.170
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Figure 5. - Function to be optimized.

5. Conclusion and further work

In this work, a methodology was proposed to determine the elastic modulus of materials
through a non-destructive test and the use of the genetic algorithm method to optimize the error
between the experimental curvature of a beam and its analytical model.

The method proved to be very efficient in obtaining experimental data from the elastic line of
the beam. The comparison between the analytical and the experimental model leads to the
determination of a value that is very close to the real modulus of elasticity of the material. To reduce
the errors, it is proposed as an improvement of this work to use a more precise calibration object for
the image processing system (instead of the sphere) and to improve the parallelism between the
camera plane and the beam plane. The work is in progress and it is intended to develop a plug-in in
Java for the Image] ® package that implements data reduction to eliminate manual data acquisition.
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