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Abstract
This project investigates the validity of Finite Element Analysis in modelling the structural response parameters of cantilever beams under quasistatic loading. Through the interrogation of classic beam theories, structured experimental testing, and numerical modelling, the project identifies deflection, stress, and strain of four distinct beams. Theoretical calculations provided a baseline of estimations for comparison of experimental and simulation results. Response values were obtained through precise experimental equipment and post testing analysis to ensure clarity. Numerical models, created in SolidWorks were assessed in ANSYS, where iterative mesh density studies ensured validity against analytical and experimental test data. Discrepancies arose, particularly in the aluminium and stainless steel beams, identifying the impact of non-linearities in real-world scenarios. Overall, this project confirms the effectiveness FEA provides in estimating reliable data of structural loading analysis.
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[bookmark: _Toc196473154]Introduction
In structural engineering, understanding the responsive behaviour of structural supports under load bearing conditions holds great importance during design specifications and following safety regulations. Structural analysis of supports through Finite Element Analysis (FEA) is a very common procedure due to the simplicity of the producible models, with a cantilever beam being the subject of this report. An essential component in various mechanical and civil structures, the cantilever beam offers a fundamental example for validating Finite Element Models (FEM).
FEA has become an essential tool used in the simulation and prediction of physical systems under load conditions. FEA provides a numerical approach to completing complex problems where a closed-form analytical solution may not be easily accessible. With respect to cantilever beams, FEA serves as a powerful tool in the evaluation of the structural integrity of the beam alongside identifying potential failures in its structure. Although results gained through FEA should be trusted and effectively applied in real-world design, they must be validated against industry standard data or established theoretical models. Validation of the FEM is crucial in ensuring that the simulations performed accurately represent the physical systems and predict scenarios correctly.
This report aims to embark on the exploration of cantilever beam testing through varying mediums, where the focus lays on the results of deflection, stress, and strain. By testing the cantilevers structural response parameters, the validation process aids the identification of limitations within the simulation and assesses its capability to accurately model loading scenarios. This study adopts a comprehensive strategy for validation, involving experimental procedures, theoretical analysis, numerical solutions, and case study research into similar studies. 

[bookmark: _Toc196473155]Background
A common structural element, the cantilever beam is frequently found in buildings, bridges, and mechanical systems. Such supports are consistently subjected to forces and bending moments that cause varying stress and strain distributions, and deformation along the length. Due to the simplicity of the beams design, its behaviour has been extensively studied, and it plays a vital role in both theoretical and practical applications. Analysing the physical behaviour of cantilever beams can be performed through the bending beam theory. Originally it was thought that Galileo Galilei developed the initial attempts at beam theory in roughly 1638 but was later found that Leonardo Da Vinci published work of the same methods over 100 years prior (Bailey, et al., 2013). Now, we can accredit the analysis of beam theory to the Euler-Bernoulli Beam theory (EBBT), published by Daniel Bernoulli and Leonard Euler in 1750. The principle provides a mathematical description for deflection and stresses encountered in beams under load. An assumption made by the theory states that any section of the beam, if cut at any point along its length, will remain a flat plane post deformation, as depicted in Figure 1-1-1. This assumption can be deemed correct unless the beam encounters shear or torsional stresses that are commonly found in beams with a large height-to-length ratio (Erochko, 2020). Although the equations stated in the theory provide a reliable means of estimation, real-world conditions are often complex and include nonlinearities. Computational methods such as FEA provide an advancement in the understanding of said issues.
[image: What is the Bernoulli-Euler Beam Theory? - Structural Engineering |  WeTheStudy]
[bookmark: _Toc196480779]Figure 1‑1‑1 Plane Sections Assumption (Dirige, 2024)

FEA is highly contributory for beam design and analysis, providing engineers with an insight into the structural integrity of the load-bearing beam, allowing for simulations under varying circumstances. It allows for, in this study, the analysis of deformation, stress, and strain, enabling the user to optimize the beams material, load-bearing abilities, and safety factors. Once more, FEA is capable of solving complex loading conditions and geometries, where beam theory would struggle due to its idealized assumptions.


[bookmark: _Toc196473156]Aims and Objectives
[bookmark: _Toc196473157]Aim
The primary aim of this study is to validate FEA simulations through the experimental testing of the quasistatic behaviour of a cantilever beam. The correlation process involves assessing the accuracy of the Finite Element Analysis Model (FEAM) through the comparison between its predictions with real-world and proven analytical data. To accomplish the aim of this study, the following objectives will act as a guide for success:
[bookmark: _Toc196473158]Objectives
1) Perform Analytical Calculations
a) Apply beam theories and mechanics of materials in hand calculations
b) Cross-reference theoretical models with analytical approach
2) Conduct Experimental Testing
a) Execute experimental procedures in the quasistatic loading of a cantilever beam
b) Ensure testing environments are controlled to minimise error
3) Evaluate Structural Response Parameters
a) Quantify key structural response parameters predicted by the FEAM
4) Correlate and Compare Results
a) Establish a systematic approach for comparison between FEA, experimental, and analytical results
b) Identify key trends, discrepancies, and deviations
5) Investigate Error analysis
a) Conduct error analysis to account for any uncertainties in results
b) Propose methods to improve quality of findings

[bookmark: _Toc196473159]Timing Plan
A timing plan was created through the medium of a Gantt Chart. This ensured that deadlines and milestones were met, delays were minimized, improvement in workflow, and a successful project was completed in the given timeframe. Table 1-1 displays the projects timing plan


[bookmark: _Toc196473240]Table 1‑1Timing Plan GANTT Chart
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[bookmark: _Toc196473160]1.4 Report Structure
This independent project is structured in the following format:
Chapter 2 conducts an in-depth review into the analysis of theoretical, experimental, and simulation based modelling of mechanical response parameters. It starts by discussing the classic beam theories applied in the mechanics of materials. Analysis of formulas and their origins aim to improve understanding of material behaviours. Discussion of experimental processes used in gaining deflection, stress, and strain follows, providing further understanding for experimental methodology. Computational modelling analysis completes the chapter, where studies on mesh density and element type are presented, aiming to influence later decisions.
Chapter 3 presents the methodology used to perform successful data collection. This chapter explains the methodology used in analytical modelling, experimental testing, and FEA. This provides a stepping stone in the understanding of how each dataset is acquired, taking influence from studies analysed in the literature review. 
Chapter 4 uses the methodology of the previous chapter to gain data used in its analysis. It starts by applying material properties to classic beam theories, gaining baseline results used in later correlation. Experimental data analysis follows, where adequate figures aid in visualisation. Final data analysis ends with FEA result scrutinization. Next, analysis of all data collected from the three methods aims to correlate and validate the application of FEA in structural analysis. Error analysis brings the chapter to close, where suggestions for deviations in accuracy are presented.
Chapter 5 contains the conclusions, and the further work suggested as a result of the findings of this project. 

[bookmark: _Toc196473161]Literature Review
[bookmark: _Toc196473162]Introduction
This section of the report details brief analysis of previous theoretical, experimental, and simulation-based studies related to FEA and structural analysis. An investigation into error analysis will also contribute to the success of this report, aiding in the accuracy of obtainable results. Exploration of the theory will require deep study into a wide range of literature to apply the method correctly. Moreover, this research aims to address the effectiveness of utilizing FEA when performing structural analysis. 
[bookmark: _Theoretical_Investigation][bookmark: _Mechanics_of_Materials][bookmark: _Toc196473163]Mechanics of Materials
It is acknowledged that analysing the structural response parameters of a beam under load can be accomplished by applying beam theories. The theories can be classified into two categories, in the case of small deflections. The first method ignores shear deformation whereas the second takes these into consideration (M. Ahmed & M.Rifai, 2021). 
[bookmark: _Toc196473164]Euler-Bernoulli Theory
The basic principle of the initial method, Euler-Bernoulli, applies various assumptions when analysing homogenous isotropic beams. The first assumption being made is that the behaviour of the material coincides with the constitutive law that it is isotropic elastic during loading. It is known that an elastic material will return to its original state upon de-loading (Yang, 2017).  When determining whether a material abides this law, a second rule can be utilized by the application of Hooke’s Law. The law dictates that elastic deformation can only occur within the materials elastic limit, illustrated in Figure 2-2-1. Above the yield strength, a material cannot restore to its original shape upon stress removal, therefore for the majority of materials considered to be crystalline, there is a constant ratio between stress and strain (University of Cambridge, 2025). This relationship can be defined as the Youngs Modulus, displayed in Equation 2-2-1, where  denotes Youngs modulus,  represents the stress, and  signifies strain.


[bookmark: _Toc196473250][bookmark: _Toc190440122]Equation 2‑2‑1 Hooke's Law
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[bookmark: _Toc196480780]Figure 2‑2‑1 Stress and Strain Curve (University of Cambridge, 2025)
The second assumption hypothesised by the theory is that during deformation, the cross-section planes remain perpendicular to the deformed beam. (Sideris & Tsakmakis, 2022). This suggests that there is no distortion or warping of the beams cross-sections during deformation. It also states that the axis which passes through the centroid, the neutral axis, does not vary in length following deformation (Chen & Liu, 2015). The previous statement is displayed by Figure 2-2-2, although the beam shown is simply supported, the principle continues to apply to cantilever beams.
When a beam experiences bending, the Euler-Bernoulli theory states that no transverse shear deformation occurs. For homogenous beams with a length 10-20 times greater than any cross-sectional value, the shear fractions are considered negligible and disregarded (Ochsner, 2021). This statement by Ochsner applies to the beams used in this report, however a secondary theory can be used to inspect the transverse loads applied to a beam.
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[bookmark: _Toc196480781]Figure 2‑2‑2 Plane Sections Remain Plane Assumption (Erochko, 2020)
[bookmark: _Toc196473165]Timoshenko Beam theory
Along a beam’s member, the vertical shear forces produced on the rectangular cross section plane cause an average shear stress considered to be constant throughout. The actual shear stress follows the parabolic law, and the maximum values occur on the beam’s neutral axis. Such members that account for shearing effect are known as the Timoshenko Beam (TB) and are governed by the Timoshenko Beam theory (TBT) (M. Ahmed & M.Rifai, 2021) .
In the book ‘strength of materials – part1’ Timoshenko states that the shear stresses in beams cause once plane cross sectional areas to become warped. Although these forces cause the layers of the material to slide over another during bending, it remains orthogonal to both upper and lower surfaces. It was also outlined in Timoshenko’s work that if the shearing forces applied to a member remain constant, the warpage also remains constant (Timoshenko, 1930). 
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[bookmark: _Toc196480782]Figure 2‑2‑3 Deformation modes of bending beams: a.) Shear-Rigid; b.) Shear-Flexible (Ochsner, 2021)
Previously mentioned in the EBBT, it is assumed that the cross-sectional area of a member remains perpendicular during bending and remains unwarped, as displayed in Figure 2-2-3 (a). In the case of shear-flexible beams and the TBT, the shear deformation can be considered and included alongside bending deformation, and the cross-section planes are rotated by an angle (γ) correlated to the perpendicular line, see Figure 2-3 (b) (Ochsner, 2021).
Specific to this study and thus due to the nature of the beams under investigation, the TBT will prove invalid. Although described as an improved version of the Euler-Bernoulli theory, the measurements of shear bending etc will be ineffective. Ultimately, the decision was made to continue forward with the EBBT due to its applicability to this study.


[bookmark: _Toc196473166]Experimental Investigation
To accurately measure the response parameters mentioned in the Mechanics of Materials section (stress, strain, deflection etc) in real-time, the experimental methods require evaluation. This section will exhibit the analysis of industry-approved methods of response parameter investigation.
[bookmark: _Toc196473167]Deflection
The term deflection refers to the displacement of a point on the beam’s neutral axis from its original unloaded position, caused by the application of an external load. In terms of cantilever beams, the external load is compressive force along its top-face in either a Uniformly Distributed load (UDL) or point load. Mathematically, the deflection  at any position  along the members length experiencing a point load can be determined by applying the EBBT. The already-mentioned theory provides an equation which relates the external force (load), beam geometry, and material properties to the maximum deflection, see Equation 2-2-2. The applied load is denoted by ,  represents the length of the beam,  is the stiffness of the specific material, and  characterises the second moment of area.


[bookmark: _Toc196473251]Equation 2‑2‑2 Max deflection

Absolutely critical to structural assessment, beam deflection measurements are commonly obtained through the use of contact instrument measurements. Dial gauges and linear-variable-differential transformers (LVDT) are the subject of a report by (Whiteman, et al., 2002). They state that an LVDT in short, “yields an induced voltage signal proportional to the displacement experienced by its iron core that resides within a set of coils”. It was found that however very precise, the sensors only had the capability to provide one-dimensional results that are best found in laboratories. Once outside a stable environment, it was discovered that electromagnetic fields affected results. A study conducted by (Doebelin, 1990) provides a more in-depth valuation of LVDT operation and applications. It should be noted that contact instruments such as dial gages and LVDT’s are primarily used for baseline results of deflection and act as validation references for new techniques. Despite their reliability for static or slowly varying loads due to the requirement of manual reading, high-speed or long-duration loading proves to be an issue. 
An alternative approach to measuring deflection involves using the non-contact optical methods, commonly known as Laser Displacement Sensors. These methods include Laser Triangulation Sensors and Laser Doppler Vibrometers (LDV). The former measures distance by the reflections of lasers off the beam whereas the latter measures velocity and displacement by the application of a laser interface. (Nassif, et al., 2005) conducted a study on the comparison of deflection results gained from a bridge girder using non-contact LDV system and a contact displacement transducer LVDT. Findings from the study showed that there was correlation in results between the two measuring systems. In an additional study published by (Szewczyk & Kudyba, 2022), several measurement techniques were applied to a steel beam to measure deflection. It was found that laser-based equipment showed similar results to contact sensors, within a 0.1mm tolerance, validating the results found by Nassif, et al. The authors also highlighted that laser sensors are susceptible to noise (vibration) negatively affecting results. 
Another widely used technique for measuring deflection can be achieved through the use of strain gages. While strain gages cannot measure deflection directly, the EBBT can be applied, linking the beams curvature to its deflection, being proportional. An investigation by (Kliewer & Glisic, 2019) included several methods for calculating deflection using strain gages. They measured the deflection simultaneously during static and dynamic loadings. Results showed the data derived from the strain gages were comparable with that from actual deflection measuring devices. (Szewczyk & Kudyba, 2022) also found that displacement-converted strain gage data showed similar results to direct displacement results.
[bookmark: _Toc196473168]Strain
Strain is a measurement of deformation in a material when subjected to an external force and is defined as the ratio of change in length to the original length. In the application of cantilever beams, strain can be classified by three primary types: Tensile, Compressive, and Shear. The two initial types mentioned exhibit opposite effects, see Figure 2-2-4. Tensile strain occurs when the material of the beam is stretched thus increasing its length, primarily found on the top-surface of a beam. Materials that undergo compressive strain decrease in length due to compression under bending. This specific variant of strain can be found parallel to the face at which the load is applied. Shear strain however occurs when transverse shear forces (loads) are applied to a beam, causing angular deformation. As previously mentioned in this report, shear stresses, strains, and forces etc will be ignored due to the inapplicability of the TBT. 
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[bookmark: _Toc196480783]Figure 2‑2‑4 Compression and Tension of Cantilever Beam (Tacuna Systems, 2024). 
Various techniques can be utilised to accurately measure strain within cantilever beams, with each offering unique advantages and setbacks. Traditionally, strain gage sensors are used due to their overall accuracy and reliability. Research by (Abuye, et al., 2024) analysed the flexural behaviour of cantilever beams under varying loads using analytical, experimental, and computational techniques. The investigation employed strain gage sensors configured in a Wheatstone bridge configuration, see Figure 2-2-5. The study concluded that the experimental data showed close correlation to that found using FEA and analytical methods, highlighting the effectiveness of using strain gages. 

[image: A diagram of a circuit
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[bookmark: _Toc196480784]Figure 2‑2‑5 Wheatstone Bridge Circuit (National Instruments, 2023)

Additionally, in the book ‘An Introduction to Measurements using Strain Gages’ by Karl Hoffman, it is described that the workings of metal strain gages are based on the strain/resistance relationship, discovered by Wheatstone and Thompson. It is said that changes in the electrical conductor’s resistance can be accredited to the mechanical stresses caused by compressive/tensile forces. The resistance change is also due to the change in resistivity () in the material as a result of microstructural movements. The process is described by the following relationship, where  is the electrical resistance, strain is , and poisons ratio is shown as :

[bookmark: _Toc196473252]Equation 2‑2‑3 Strain/Resistance Relationship
Alternatively, advancements in strain measurement techniques have seen the introduction of Fiber Bragg Grating (FBG) sensors, which have gained prominence due to their sensitivity and electromagnetic interference immunity. A study by (Nandi, et al., 2023) presented a measurement model containing FBG sensors for beam structures. It was found that the effectiveness of FBG sensors reinforced applicability in structural integrity monitoring by providing accurate strain values and variations. 

[bookmark: _Strain_Gage_Placement][bookmark: _Toc196473169]Strain Gage Placement
Strain gage placement for cantilever beams is a limiting factor in the accuracy of output results due to non-uniformed distributions. Studies have been conducted to identify optimal position for strain gages to ensure accurate strain measurements, with (Kumar, et al., 2012) being one. FEA modelling was implemented to simulate a beam subjected to loading conditions, where strain values were analysed along its length. Key findings show that placing gages near the support display the highest resulting strain. Due to the characteristics of a cantilever beam, the bending moment in this area is at maximum as it must counteract the applied load at its free end (Gregory & Gladwell, 1982). A similar study by (Zubin, 2008) evaluated strain measurement accuracy in bending beams. Comparable to the initial reviewed study, maximum strain values were found near the fixed end of the beam. However, this study also reviewed uncertainties in the methodology. Primary errors included misalignment, variations in adhesive application, and surface finish irregularities. 

[bookmark: _Stress][bookmark: _Toc196473170]Stress
In terms of cantilever beams, stress refers to the internal forces that develop within the material when subjected to external loads, a point load in this case. Two primary types of stress occur in cantilever beams, being bending and shear stress. However, as previously mentioned, shear stresses will be excluded from this report. When beams are subjected to a point load at the free end, bending moments occur that induce normal stresses, spanning across the cross-section plane. Because of the external load, beams experience compression and tension on opposite surfaces relative to the neutral axis, which remains unstressed, previously shown in Figure 2-2-4. The Maximum bending stress (σ) at any given point is calculated using Equation 2-2-4, where M is the bending moment,  shows the distance from the neutral axis, and  signifies the moment of inertia of the beams cross-sectional area (Young & Budynas, 2002).

[bookmark: _Toc196473253]Equation 2-2‑4 Flexure Formula

Mathematically, analysing the stress encountered by a beam during loading can be performed by the application of Hooke’s Law, or more so its transposition. Originally, the relationship between stress and strain is directly proportional and can be given as a materials Youngs Modulus, see equation 2-2-1. This relationship implies that for materials behaving elastically, the stress-strain ratio remains a constant. However, through transposition, stress is given as:

[bookmark: _Toc196473254]Equation 2-2‑5 Stress-Strain Relationship
Experimentally, stress-analysis differs to deflection and strain data collection in terms of accessibility. Where strain and deflection measurements are conducted using specialist equipment (LVDT’s and Strain gauges etc.), stress is primarily measured analytically. Through the application of the aforementioned measuring techniques, data is manipulated using equations such as the stress-strain relationship above, to derive stress values. Studies that apply this methodology are (Hunt, et al., 2015) and (Pabari & Mavani, 2016). The initial study mentioned aimed to analyse the bending stress of cantilever beams that were displaced at the free end and held for a specified duration. It should be noted that the specimens used as cantilever beams were wood composites, although materials differ drastically in structure, the methodology of stress-analysis applies. The results recorded for strain and deflection were examined and manipulated to gain accurate stress values. The latter study employed strain gages at varying positions to a cantilever beam experiencing a point load. The primary aim of the study was developing stress measurement accuracy by optimizing strain gage placement. It was found that this methodology provided accurate stress data that coincided with theoretical analysis, validating its application.

[bookmark: _Toc196473171]Computational Modelling Analysis
Among the various parameters that influence the accuracy of computational simulations, mesh types and densities are crucially important to overall performance. This body of the report will investigate how mesh characteristics affect simulation accuracy and computational efficiency. 

[bookmark: _Mesh_Density][bookmark: _Toc196473172]Mesh Density
In a study conducted by (Dutt, 2015), the relationship between mesh size and computational accuracy was emphasized through the analysis of a cantilever beam under load. It was demonstrated that finer mesh densities significantly improve the accuracy of equivalent strain and deflection results. Coarser meshes, although computationally efficient, essentially led to greater deviations from analytical solutions. Similarly, a study published in the European Journal of Engineering and Technology Research presented a finite-element based model to investigate deflection in two cantilever beams of varying material. Comparison of results from a course 4-element mesh and a finer 10-element mesh displayed that finer meshing produced results of similar alignment to theoretical solutions (Oladejo, et al., 2018). 
Despite findings by (Dutt, 2015) and (Oladejo, et al., 2018) showing improvements in accuracy with finer meshes, over refinement can lead to inaccuracies. Research conducted by (Gukop, et al., 2021) found that a decrease in element size caused an increase in peak stress values. This outcome is likely attributed to the relationship between stress, force, and area, demonstrated in equation 2-6. Assuming the force remains constant, as the area it is applied decreases (mesh size reduction), a resulting increase in stress will be observed. Physically, this implies that the intensity of the force over the material increases, commonly known as a stress singularity.

[bookmark: _Ref196246161][bookmark: _Toc196473255]Equation 2‑6 Normal Stress

[bookmark: _Element_Type][bookmark: _Toc196473173]Element Type
In the analysis of structures, the two most commonly employed element types are hexahedral (brick) and tetrahedral (Tet) meshes, Figure 2-6. Numerous studies have aimed to analyse the performance of mesh types in terms of their computational efficiency, accuracy, and applicability to various loadings and boundary conditions. One study by (Osuji & Adegbemileke, 2015) compared linear hexahedral elements with triangular elements in the modelling of a cantilever beam. It was discovered that hexahedral elements achieved faster convergence in fewer elements to determine accurate stress predictions. Whereas the triangular mesh required a finer density to produce similar accuracy. Correspondingly, a study by (Słota & Wosatko, 2025) compared both element types in their accuracy in terms of bending benchmarks. The research conducted that in particularly course mesh, the brick elements produced displacement results of greater accuracy compared to triangular mesh types. Additionally, in a study comparing tetrahedral and hexahedral elements for FEA, the authors concluded that for analysis of bending problems, hexahedral mesh consistently achieved convergence compared to tetrahedral mesh types. For simulations with structured domains, brick elements demonstrated the ability to align with component geometry and loading conditions due to their simplified shape. Moreover, analysis revealed that tetrahedral elements were less efficient in terms of computational cost due to the increase in degrees of freedom (Shneider, et al., 2022).
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[bookmark: _Toc196480785]Figure 2‑6 Types of Mesh: hexahedral - left, tetrahedral - right (Sosnowski, et al., 2017)



[bookmark: _Toc196473174]Methodology
This report employed the integration of numerical solutions, experimental procedures, and the analysis of the FEAM to validate the simulations accuracy. The methodology of this study focusses on comprehensive evaluation of the structural response parameters (deflection, stress, and strain) of a cantilever beam. The procedures executed, being analytical modelling, experimental testing and simulation, are followed by extensive comparison and error analysis. 
[bookmark: _Analytical_Modelling][bookmark: _Toc196473175]Analytical Modelling
Theoretical analysis served as a stepping stone in predicting the beams behaviour under quasistatic loading. Application of the EBBT aided in calculating expected values for the response parameters under investigation. Idealised assumptions of the beam were made, being a homogenous and isotropic structure, rigidly supported at one end, subjected to a point load at the other. To establish a baseline for expected values, equations for deflection, stress, and strain are presented below. With regards to maximum deflection, it was originally stated in the report that equation 2-2-2 would be applied. However, the previously mentioned equation can only be utilized if a point load is applied to its maximum distance from the support. Due to the loading conditions of the experiment being applied at a defined distance, an alternative equation is required to accurately model maximum deflection, see equation 3-1. 

[bookmark: _Ref195891404][bookmark: _Toc196473256]Equation 3‑1 Maximum Beam Deflection
In terms of strain, assuming pure bending and linear elastic behaviour, maximum values occur at the members outmost fibers and is related to its bending moment and geometry. For cantilever beams with a point load, its bending moment can be sourced using equation 3-3. Ultimately, the maximum strain within a cantilever beam is displayed in equation 3-4. 

[bookmark: _Toc196473257]Equation 3‑2 Maximum Strain with Regards to its Bending Moment


[bookmark: _Toc196473258]Equation 3‑3 Bending Moment of a Cantilever Beam

[bookmark: _Ref195953157][bookmark: _Toc196473259]Equation 3‑4 Maximum Strain
Given the relationship between stress, strain, and a materials young’s modulus, the following equation is utilized to calculate maximum bending stress:

[bookmark: _Ref195955642][bookmark: _Toc196473260]Equation 3‑5 Maximum Bending Stress
[bookmark: _Toc196473176]Experimental Setup
To obtain real-world data for correlation, controlled quasistatic load testing was performed on 4 beams of varying material, with known geometries and material properties shown in Table 3-1. Material properties were gained through the university’s metal supplier aalco, (aalco metals Ltd, 2025). 
[bookmark: _Toc196473241]Table 3‑1Material Properties and Geometries of Materials Used a.) Aluminium b.) Brass c.) Low Carbon Steel d.) Stainless Steel
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[bookmark: _Toc196473177]Compression Testing
To mimic a real-world example, each beam was secured in a rigid support fixture using a bolted clamp system, Figure 3-1. A Gradual increasing point load was applied using a Denison Mayes Group Universal Testing Machine (UTM) with an integrated load cell for precise force output (Denison Mayes Group, 2025). The load was applied in 0.15kN increments, ranging from 0-0.6kN, the minimum increment achievable with the UTM, with a machine speed of 0.002KN/s and 0.5mm/min tighten speed remaining constant. A final increment of 0.1kN was applied to reach maximum point load of 0.7kN. A maximum load value was set to remain withing the material’s elastic limit and avoid surpassing its yield strength.
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[bookmark: _Toc196480786]Figure 3‑1 Deformed Aluminium Beam in Bolted Clamp System
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[bookmark: _Toc196480787]Figure 3‑2 Demonstration of Vernier Height Gage Measuring Deflection of Dummy Run Aluminium
The decision to select the described equipment was based on its accuracy and availability to the university. Additionally, UTM’s include Rubicon Control Interface software, which aid the user in analysing data in real time alongside graph plotting and raw data extraction. In addition to data collected by the UTM, the use of a vernier height gage was also applied to verify the accuracy of the machines data collection, see Figure 3-2. All loading controls can also be managed using the equipment’s interface. Other available methods were investigated such as the Deflection of Beams Kit ES4, provided by TecQuipment (TecQuipment, 2025). However, it was concluded that the ES4 would not be suitable due to the simplicity of the experiment and scarcity of data producible in the time frame. 
[bookmark: _Toc196473178]Strain and Stress Data Collection
To capture strain within the beam, strain gages were mounted to its surface using general adhesive. The predetermined locations of the strain gages were influenced by strategies found in the Strain Gage Placement section of this report. They were located at the base of the support in both compression and tension (Figure 3-3 b.), with an additional gage mounted at the free end of the beam: 45mm, 45mm, and 105mm from the base respectively. To further secure the strain gages to each test beam, masking tape was applied. All gages were integrated to the NI cDAq-9178 (NI compactDAQ) chassis, supplied by National Instruments, with Flexlogger being the software of choice for strain data collection. The chassis contained the NI-9235 input module which measures strain on multiple channels simultaneously (National Instruments, 2025), see Figure 3-3 a.). A standout characteristic of the NI-9235 module is the built-in circuit which negates the necessity for a dummy gage. Additional methods of strain data recording were considered, such as the built-in measuring software of the UTM. However, it was decided that using multiple measuring techniques ensured accuracy and decreased error likelihood.
Data collection for stress varied compared to the other measured parameters, with no physical measurement technique available. Analytical methods were alternately used in conjunction with acquired strain data, with equation 2-2-5 from Stress chapter being utilised. The equation required knowledge of the materials Young’s Modulus and corresponding strain value at specific locations. Figure 3-4 presents the complete experimental setup, detailing measuring instrument attachment and UTM load application.
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[bookmark: _Toc196480788]Figure 3‑3a.) NI-compactDAQ with NI-9235 b.) Strain Gage Secured at Support Base Location on Brass Test Piece
[image: A machine with wires connected to a table

AI-generated content may be incorrect.]
[bookmark: _Toc196480789]Figure 3‑4Complete Experimental Setup

[bookmark: _Toc196473179]Simulation Setup
In advance of conducting FEA, four distinct beam models were developed in SolidWorks to accommodate the varying cross-sectional geometries, shown in Appendix A. Prior to result correlation, a mesh study was conducted to determine optimal mesh density that balances computational efficiency with accuracy. Taking influence from studies in the literature review, hexahedral elements were chosen as the most fitting element type due to their alignment with geometry and computational efficiency. The aforementioned experiments were modelled in ANSYS Workbench 2023 R2 using 3D solid Elements (SOLID186). Boundary conditions were set to mimic the experimental procedure: 40mm long fixed support on all sides to replicate the bolted clamp system, and a 0.7kN load applied 20mm from its free end resembling the load applied by the UTM (both displayed in Figure 3‑4 Boundary Conditions Applied in ANSYS Mechanical). Solver type determination found that static structural analysis under linear elastic conditions best resembled the experimental process. Utilizing the static structural solver allowed for post-processing and the extraction of maximum deflection, stress distribution and strain development across the beam’s member. 
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[bookmark: _Ref195713071][bookmark: _Toc196480790]Figure 3‑5 Boundary Conditions Applied in ANSYS Mechanical

[bookmark: _Toc196473180]Data Analysis and Correlation
To accurately establish correlation, a comparative analysis of the three approaches was conducted. Statistical analysis included calculating error percentages and standard deviation of experimental and FEA data against theoretical results. Graphical plots were used in aiding the visualisation of trends and discrepancies in the reports results. 
Where discrepancies were identified, an investigation into potential sources of error was conducted. The following contributing factors were analysed, in terms of theoretical, experimental and numerical domains. Theoretically, classic beam theories such as the EBBT assume idealised conditions, where shear deformation is neglected. However, in practical applications, such assumptions can lead to underestimation of response parameter measurement. Additionally, imperfections in experimental setup lead to potential sources of error. Such errors include measurement noise caused by the UTM, strain gage sensitivity, and variability in adhesion bonding quality. Physical testing discrepancies can also be attributed to slippage of load point, fixture movement, and sensor misalignment. Maximum care was taken to idealise the experimental procedure; however, errors and discrepancies were anticipated. 


[bookmark: _Toc196473181][bookmark: OLE_LINK1]Results and Analysis
[bookmark: _Toc196473182]Quantitative Analysis
Serving as a benchmark for comparison of experimental and simulation results, initial idealised results of response parameters must be acquired. Utilizing the analytical modelling methodology of this report, the following calculations will aid in the attempt for correlation.
[bookmark: _Toc196473183]Analytical Maximum Deflection
The employment of  Equation 3‑1 Maximum Beam Deflection, and material properties gained through aalco allow for the deflection calculation of each respective beam (aalco metals Ltd, 2025).
For Aluminium:

[bookmark: _Toc196473261]Equation 4‑1Maximum Deflection Equation for Aluminium

[bookmark: _Toc196473262]Equation 4‑2Aluminium Deflection Result
For Brass:

[bookmark: _Toc196473263]Equation 4‑3Maximum Deflection Equation for Brass

[bookmark: _Toc196473264]Equation 4‑4Brass Deflection Result
For Mild Steel:

[bookmark: _Toc196473265]Equation 4‑5 Maximum Deflection Equation for Mild Steel

[bookmark: _Toc196473266]Equation 4‑6 Mild Steel Deflection Result

For Stainless Steel:

[bookmark: _Toc196473267]Equation 4‑7 Maximum Deflection Equation for Stainless Steel

[bookmark: _Toc196473268]Equation 4‑8 Stainless Steel Deflection Result
[bookmark: _Toc196473184]Analytical Maximum Strain
The application of Equation 3‑4 Maximum Strain and aforementioned material properties allow for the determination of the maximum strain experienced by each beam.
For Aluminium:

[bookmark: _Toc196473269]Equation 4‑9Maximum Strain Equation for Aluminium

[bookmark: _Toc196473270]Equation 4‑10Aluminium Strain Result
For Brass:

[bookmark: _Toc196473271]Equation 4‑11Maximum Strain Equation for Brass

[bookmark: _Toc196473272]Equation 4‑12Brass Strain Result
For Mild Steel:

[bookmark: _Toc196473273]Equation 4‑13Maximum Strain Equation for Mild Steel

[bookmark: _Toc196473274]Equation 4‑14Mild Steel Strain Result
For Stainless Steel:

[bookmark: _Toc196473275]Equation 4‑15Maximum Strain Equation for Stainless Steel

[bookmark: _Toc196473276]Equation 4‑16Stainless Steel Result
[bookmark: _Toc196473185]Analytical Equivalent Stress
Through the application of Equation 3‑5 Maximum Bending Stress, the utilization of strain values for each beam in conjunction with their respective stiffness allow for the following stress calculations.
For Aluminium:

[bookmark: _Toc196473277]Equation 4‑17Bending Stress Equation for Aluminium

[bookmark: _Toc196473278]Equation 4‑18Aluminium Result
For Brass:

[bookmark: _Toc196473279]Equation 4‑19Bending Stress Equation for Brass

[bookmark: _Toc196473280]Equation 4‑20Brass Result
For Mild Steel:

[bookmark: _Toc196473281]Equation 4‑21Bending Stress Equation for Mild Steel

[bookmark: _Toc196473282]Equation 4‑22Mild Steel Result
For Stainless Steel:

[bookmark: _Toc196473283]Equation 4‑23Bending Stress Equation for Stainless Steel

[bookmark: _Toc196473284]Equation 4‑24Stainless Steel Result
To enhance clarity, Table 4-1 was created, where analytical values for deflection, strain, and stress for each beam under investigation are displayed. Interpretation of the table shows that Aluminium is the most ductile and encompasses the highest flexibility, primarily due to its low stiffness property. Brass displays a mid-range performance between the aluminium and steels, being stiffer than the former but more flexible than the latter. Mild and stainless-steel show similar values in terms of stress and strain due to identical geometries and comparable stiffness values.
[bookmark: _Toc196473242]Table 4‑1Analytical Response Parameter Results
	 
	Response Parameters 

	
	Deflection
	Strain
	Stress

	Material:
	mm
	N/A
	MPa

	Aluminium Alloy 1050A H14
	 10.87
	 0.006470
	 459.37

	Copper and Copper Alloys CW606N Brass
	 8.022
	 0.004056
	 425.88

	Mild Low Carbon Steel S275JR
	 5.1908
	 0.002470
	 518.70

	Stainless Steel 1.4948 (304H)
	 6.58
	 0.002680
	 517.24


 
[bookmark: _Toc196473186]Experimental Findings
This section of the report presents the results obtained from the experimental testing of the cantilever beam’s deflection, strain, and corresponding stress. The recorded data provides means of comparison for later finite element exploration. 
[bookmark: _Experimental_Deflection][bookmark: _Toc196473187]Experimental Deflection
As mentioned previously, measurements of deflection were recorded using the UTM’s built in Rubicon Control Interface software. The digital package allows for the continuous measurement of deflection at its corresponding load. Moreover, plotting of load displacement graphs was done automatically. Figure 4-1 displays an example of a load displacement graph for an aluminium test piece plotted by the software. It is evident from the figure that the y axis has been set to a constant maximum load value producible by the UTM, rather than an axis fitting to its specific test load. To counter this issue, separate load displacement graphs were created in MATLAB utilizing raw data extracted from the machine’s software. Respective load displacement graphs plotted by the software can be found in Appendix B.
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[bookmark: _Toc196480791]Figure 4‑1Aluminium Load Displacement Graph Plotted by Rubicon Control Interface Software 
As a comparison to the load displacement graph presented in Figure 4-1, the MATLAB generated graph for aluminium test piece is illustrated in Figure 4-2. Initial analysis of the figure suggests elastic behaviour within the 0-20mm displacement slope, where deformation is behaving proportionally to the applied load. In the 20mm-50mm region the curve reduces in steepness, indicating plastic deformation. The curve continues to rise beyond 50mm and approaching maximum load, where a sharp spike in load suggest that the material has yielded and approached its mechanical limit. The maximum deflection result is especially significant as theoretically the aluminium test piece should show a deflection result in the region of 10.87mm. Whereas, experimentally the beam has experienced a deflection result 457% larger than its expected value. Further analysis of this case study will follow in latter sections of the report
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[bookmark: _Toc196480792]Figure 4‑2 MATLAB Generated Load Displacement Graph for Aluminium Test Piece
Unlike aluminium, the brass test beam displays a near linear curve, indicating a proportional relationship between load applied and displacement. Consistent stepping nature of the curve portrays the load application of 0.15kN and a final 0.1kn increment clearly. The linearity of the graph supports the conclusion that the brass beam remained elastic throughout testing with no plastic deformation occurring. Analytically, the test piece should show a maximum deflection in the region of 8.022mm. However, according to figure 4-3’s legend, the maximum displacement was recorded at 10.59mm, a 13% increase. Many variables could cause this deviation, with likelihood of component slippage in the clamp and measurement errors due to the resolution of the measuring equipment having an effect on accuracy.
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[bookmark: _Toc196480793]Figure 4‑3MATLAB Generated Load Displacement Graph for Brass Test Piece
[image: ]
[bookmark: _Toc196480794]Figure 4‑4MATLAB Generated Load Displacement Graph for Mild Steel Test Piece
Comparable to brass, the mild steel specimen produced a load displacement graph demonstrating a linear mechanical response. The absence of non-linearities and sudden shifting in Figure 4-4 indicates that during loading, the mild steel specimen remained within its elastic limit. At a final load of 0.7kN, mild steel achieved a maximum deflection of 6.46mm, a 24% increase from its maximum theoretical value. In contrast, the stainless steel beam displays a distinct load displacement curve in Figure 4-5. An initial steepness in the graphs curve indicates a stiffer response in the initial phase of loading, suggesting material softening or viscoelastic behaviour. Comparison of stainless steel’s experimental deflection to previous analytical calculations show a 63% increase, implying a slight yield in the material.
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[bookmark: _Toc196480795]Figure 4‑5MATLAB Generated Load Displacement Graph for Stainless Steel Test Piece
Following a similar methodology to Table 4-1, an updated table containing experimental data and corresponding response parameter accuracy to analytical results is presented in Table 4-2. A comparison of deflection values shows mixed variation of accuracy, with aluminium exhibiting especially substantial deviation, followed by brass. Both steel beams display the closest alignment, however there is a lack of consistency in accuracy. 
[bookmark: _Toc196473243]Table 4‑2Experimental vs Analytical Deflection with % Difference
	Material:
	Experimental Deflection
	Analytical deflection
	% Difference to analytical result

	
	
	
	

	Aluminium Alloy 1050A H14
	60.59
	10.87
	457.41

	Copper and Copper Alloys CW606N Brass
	10.59
	9.35
	13.26

	Mild Low Carbon Steel S275JR
	6.46
	5.1908
	24.45

	Stainless Steel 1.4948 (304H)
	9.22
	5.648
	63.24


[bookmark: _Toc196473188]
Experimental Strain
Utilization of strain gages, NI compactDAQ, NI-9235 input, and Flexlogger software allowed for the simultaneous measurement of strain on the beam’s member during loading. Placement of the gages provided strain recordings at areas of maximum compression and tension, with an additional located at the free end as a control point. Post loading, extraction of raw data was performed and sorted into adequate spreadsheets. An issue that arose with the extraction was the time variable, being in a dd/mm/yy 00:00:00 format. To rectify this issue, a relative time step of 0.01s was applied. This allowed for a common time step for all testing results and the generation of time dependant strain graphs.
An example of a time dependant strain graph lays in Figure 4-6, where the aluminium beams tension, compression, and free end strain behaviour are captured. Initially, all strain profiles demonstrate a stable response up to 400s, with negligible recorded fluctuations. Sudden increases in strain followed by plateaus were expected, where load application and intermission are displayed clearly prior to 600s. Post peak values, data recorded for both tension and compression regions start to decay, stabilizing toward initial steady-state values, suggesting material relaxation. Such observations support findings in Experimental Deflection, where material yielding is evident. Notably, minor fluctuations continue through the duration of the test, indicating microstructural movement within the material. With regards to results, the aluminium beam experienced maximum strain of 0.01003813, 55% greater than anticipated analytical analysis. However as previously mentioned regarding deflection results, the aluminium beam shows an overall inaccuracy in experimental results with a strong likelihood of error propagation.
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[bookmark: _Toc196480796]Figure 4‑6Time Dependant Aluminium Strain Response Under Tension, Compression, and Free-End Behaviour
[image: ]
[bookmark: _Toc196480797]Figure 4‑7Time Dependant Brass Strain Response Under Tension, Compression, and Free-End Behaviour

Originally, the brass beam was subjected to a maximum load of 1kN, rather than the standard 0.7kN applied to other test pieces, with the aim of experiencing material yield as observed in aluminium. Conversely, the outcome was not evident in the brass beam due to its superior yield strength of 125MPa, according to Granta EduPack 2022 R2 (Granta EduPack, 2022). The decision was made to exclude strain results post 0.7kN load to maintain a fair comparison across all materials. This decision led to the absence of observable stabilization in results in Figure 4-7, however maximum strain values were obtainable through data analysis. To aid in comparison, the original graph plotting strain values at a maximum load of 1kN has been included in Appendix C. Similar to the strain curve of aluminium prior to material yield, brass displays clear loading and intermission plateaus. Notably, the compression curve identically mirrors the tension curve, indicating balanced strain distribution throughout loading. Theoretically, it is expected that maximum strain for the aluminium experiment should be anticipated in the region of 0.004056. Comparably, experimental findings demonstrate a 10% overachievement of 0.004481. These findings suggest that the strain measurement equipment displayed a 15% improvement in measuring strain in brass compared to aluminium. 
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[bookmark: _Toc196480798]Figure 4‑8Time Dependant Mild Steel Strain Response Under Tension, Compression, and Free-End Behaviour
Much like the behaviour observed in brass, the illustrated strain response of mild steel in Figure 4-8 exhibits alignment in curve profiles. Corresponding behaviour was also observed in the respective load displacement graphs, indicating both materials remained elastic throughout testing. Notably, a distinct stabilization is apparent post 80s, indicating maximum load value completion and constant. Among the materials tested thus far, mild steel exhibited the most accurate strain measurements, 5% difference to analytical results respectively.
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[bookmark: _Toc196480799]Figure 4‑9Time Dependant Stainless Steel Strain Response Under Tension, Compression, and Free-End Behaviour

Stainless steel presents varying curve profiles to previous strain plots analysed in this report. The exemption of spikes and plateaus in Figure 4-9’s strain curve suggests that the material experienced constant strain throughout loading. Additionally, a study presented in the Journal of Materials Science and Technology supports these findings. Where work hardened metals such as stainless steel exhibit gradual and continuous strain responses, contributing to its smooth strain curve (Llewellyn, 1997). Maximum experimental strain values in the case of stainless steel occur in compression, aligning with the findings of (Song, et al., 2017). The journal article indicates that under load, stainless steel encounters varying strain responses in tension and compression. Due to its microstructural properties, the material can withstand higher strains in compression before ultimately yielding. Evident to the findings, the experimental compressive strain value for stainless steel peaked at 0.00591644, a 120% increase to the analytical estimations. Error analysis of these results will prove essential in the understanding of such deviation.
To aid in the identification of steady-state behaviour within material testing, standard deviation plots were created aimed at visualizing and identifying regions of low variability within the tension strain signals. The rationale for the presentation of such figures is the assistance of time interval detection withing stable strain responses, indicating system equilibrium and steady-state material behaviour. Upper subplots in Figures 4-10 through 4-13 display raw strain data aquired from the tension strain gage against relevant elapsed time. Shaded regions indiate segments where local standard deviation falls below a predefined threshold of 0.4, for a minimum of 75 data samples. Minimal fluctuation occurs in these regions, where time intervals of signal stability are represented. Additionally, illustrated in the respective figures’s subplots, a 7-sample sliding window filter has been applied, serving as a basis of validation to the sability conditions defined in the upper subplots.
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[bookmark: _Toc196480800]Figure 4‑10 Visualization of Aluminium Signal Stability in Strain Data
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[bookmark: _Toc196480801]Figure 4‑11Visualization of Brass Signal Stability in Strain Data
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[bookmark: _Toc196480802]Figure 4‑12Visualization of Mild Steel Signal Stability in Strain Data
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[bookmark: _Toc196480803]Figure 4‑13Visualization of Stainless-Steel Signal Stability in Strain Data
Maximum recorded strain gage data for each respective material beam was analysed and correlated against analytical values. Analysis of Table 4-3 demonstrates that mild steel displayed the most accurate experimental strain value in conjunction with analytical estimations. Demonstrating a deviation from standards set in deflection measuring, aluminium exhibits a much smaller accuracy to analytical accuracy compared to prior response parameter values. Underperforming relative to projections, stainless steel exhibited the worst percentage accuracy to analytical values, 120% respectively.
[bookmark: _Toc196473244]Table 4‑3Experimental vs Analytical Strain with % Difference
	Material:
	Maximum Experimental Strain
	Analytical Strain
	% Difference to analytical result

	
	
	
	

	Aluminium Alloy 1050A H14
	0.010003813
	0.00647
	55.15

	Copper and Copper Alloys CW606N Brass
	0.004481
	0.004056
	10.48

	Mild Low Carbon Steel S275JR
	0.0026051
	0.00247
	5.47

	Stainless Steel 1.4948 (304H)
	0.00591644
	0.00268
	120.76





[bookmark: _Toc196473189]Experimental Stress
To determine the maximum stress experienced by each beam during loading, the application of Equation 3‑5 Maximum Bending Stress was utilized. Maximum strain values from Table 4-3 and material stiffness values gained through aalco allowed for the following calculations (aalco metals Ltd, 2025).
For Aluminium:

[bookmark: _Toc196473285]Equation 4‑25 Aluminium Experimental Stress Equation

[bookmark: _Toc196473286]Equation 4‑26 Aluminium Experimental Stress Result
For Brass:

[bookmark: _Toc196473287]Equation 4‑27Brass Experimental Stress Equation

[bookmark: _Toc196473288]Equation 4‑28Brass Experimental Stress Result
For Mild Steel:

[bookmark: _Toc196473289]Equation 4‑29Mild Steel Experimental Stress Equation

[bookmark: _Toc196473290]Equation 4‑30Mild Steel Experimental Stress Result
For Stainless Steel:

[bookmark: _Toc196473291]Equation 4‑31Stainless Steel Experimental Stress Equation

[bookmark: _Toc196473292]Equation 4‑32Stainless Steel Experimental Stress Result



To aid in the comparison of experimental and theoretical strain values, Table 4-4 displays the corresponding response parameter accuracy of each beam. Due to the relationship of stress and strain in Equation 3‑5 Maximum Bending Stress, the percentage difference between analytical and experimental will mirror values of Table 4-3.
[bookmark: _Toc196473245]Table 4‑4Experimental vs Analytical Stress with % Difference
	Material:
	Maximum Experimental Stress (Mpa)
	Analytical Stress (Mpa)
	% Difference to analytical result

	
	
	
	

	Aluminium Alloy 1050A H14
	712.707
	459.37
	55.15

	Copper and Copper Alloys CW606N Brass
	470.505
	425.88
	10.48

	Mild Low Carbon Steel S275JR
	547.071
	518.70
	5.47

	Stainless Steel 1.4948 (304H)
	1141.873
	517.24
	120.76



[bookmark: _Toc196473190]Finite Element Modelling
To replicate the structural response parameters of the cantilever beams, a series of FEA simulations were performed. Utilizing boundary conditions set in the  Analytical Modelling chapter of this report, and hexahedral element types suggested in the Element Type review, independent mesh studies were carried out. Mesh densities ranging from 10mm to 1mm, in 1mm increments, were evaluated and compared to analytical results in terms of their percentage accuracy. Due to three parameters being investigated, it was decided that a mesh density best resembling an overall accuracy for each beam would be applied. 
[bookmark: _Mesh_Density_Studies][bookmark: _Toc196473191]Mesh Density Studies
The following study aims to identify the optimal mesh size for each of the 4 beams in terms of their response parameters. As mentioned, an initial size of 10mm was applied and further reduced following each iteration. However, it should be noted that a mesh density of 1mm displayed significant stress and strain values for all beams, verifying the findings of Mesh Density review. These findings led to the exclusion of said mesh density.
Through the application of percentage difference to analytical results, comparative graphs were produced. The aim of Figures 4-14, 4-15, 4-16, and 4-17 set to display at which mesh density saw the greatest correlation between deflection, stress, and strain accuracy. 

[bookmark: _Toc196480804]Figure 4‑14Mesh Density Study for Aluminium Beam


[bookmark: _Toc196480805]Figure 4‑15Mesh Density Study for Brass Beam

[bookmark: _Toc196480806]Figure 4‑16Mesh Density Study for Mild Steel Beam

[bookmark: _Toc196480807]Figure 4‑17Mesh Density Study for Stainless Steel Beam
Analysis of Figure 4-14 suggests that at lower mesh densities, the aluminium model exhibits improved correlation, with the response parameters showing grouping at 2mm. However, the model suggests overestimation compared to the analytical results. Initial coarse meshes introduce over prediction of stress and strain with no visible stabilization. Dissimilarly, the brass model exhibits a grouping of accuracy at a much coarser mesh, 9mm respectively. At low mesh densities, deviations from the analytical result are significant, with an increase of 42% strain being the most prominent. Poor convergence from brass suggests that possible non-linear effects have been captured by the model. Mild steel displays a similar deviation at finer meshes to the previous models, however deviations narrow close to 0% at a mesh size of 3mm. With the majority of response parameter deviations being negative, it is implied that there is slight underestimation within the model. Comparably, stainless steel displays similar oscillation to its mild steel counterpart, with both demonstrating improved accuracy at a finer mesh of 3mm. Both steel models achieved the most consistent agreement with the analytical results. To aid in the identification of at which mesh density each material displays highest correlation, Table 4-5 provides results gained from analysis. 

[bookmark: _Toc196473246]Table 4‑5Mesh Densities Showing Greatest Accuracy Correlation to Analytical Values
	Material:
	Mesh Density

	
	

	Aluminium Alloy 1050A H14
	 2mm

	Copper and Copper Alloys CW606N Brass
	 9mm

	Mild Low Carbon Steel S275JR
	 3mm

	Stainless Steel 1.4948 (304H)
	 3mm




[bookmark: _Toc196473192]FEA Results
From the completed mesh density study, the corresponding ANSYS simulation models can be seen in Figures 4-18, 4-19, 4-20, and 4-21, at their most accurate mesh sizes in terms of overall accuracy. To enhance visibility, deflection, stress, and strain ANSYS models for each material have been displayed in corresponding groups. The objective of these visualizations is to aid in comparing areas of interest during loading. To maintain clarity, the figures are organized using the following format: Top-left – Aluminium (2mm mesh size), Top-right – Brass (9mm mesh size), Bottom-left – Mild Steel (4mm mesh size), Bottom-right – Stainless Steel (4mm mesh size). Appropriate legends are visable, where maximum values are disaplyed at the top (red) and minimum (blue), with varying values in between represented by corrosponding legend colour contours.
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[bookmark: _Toc196480808]Figure 4‑18FEA Deflection Models at Most Accurate Mesh Densities
Analysis of deflection models depicted in Figure 4-18 show all beams experienced identical deformation behaviours. Maximum deflection values occur at the free end, due to the loading conditions, aligning with experimental observations. Mesh density does not seem to affect the visualization of deformation; however, the opposite is evident in Figure 4-19. It is apparent that a reduction in mesh size localizes maximum strain, giving the impression of a smaller more intense strain location. Moreover, a reduction of mesh size provides an additional area of strain located at the point of load, not visible at coarse meshes. Despite the presence of a further strain location, through utilization of the figures legends, it is apparent that the recorded strain values in this area are negligible and do not affect overall results. 
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[bookmark: _Toc196480809]Figure 4‑19FEA Strain Models at Most Accurate Mesh Densities
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[bookmark: _Toc196480810]Figure 4‑20FEA Stress Models at Most Accurate Mesh Densities
Similar to the strain models of Figure 4-19, stress is simulated in almost identical areas. Higher stress gradients located at the supports base indicate a more concentrated load, prominent in both steel models and aluminium especially. These observations support the findings of (Gukop, et al., 2021), where peak stress values are observed as intense stress concentrated areas, rather than a smooth strain gradient seen in Brass. As mentioned in Mesh Density chapter of this report, these findings are witnessed due to the proportional relationship between stress, force and area: Equation 2‑6 Normal Stress.
[bookmark: _Toc196473193]Correlation
Following the methodology of analysing the accuracy of experimental data against analytical values, similar mesh density graphs were generated with the aim of displaying at which mesh size displays the closest correlation between experimental and FEA results. A notable difference between the two studies is the inclusion of 1mm mesh size. The rationale for this decision was due to the model’s ability to simulate non-linearity behaviours at lower mesh densities, often apparent in real-world scenarios. This is the case in Figure 4-21, where it can be seen that at a mesh size of 1mm, the model accurately produces results comparable to stress and strain values gained in experimental testing. Oscillation at this mesh density suggests that the simulations modelled overestimation accurately, not witnessed in idealised analytical calculations. Aluminium deflection however does not follow this trend. With experimental values succeeding FEA results by 440%-505%, it is apparent that deflection testing experienced massive deviations. Overall, a 1mm mesh density provides the most accurate correlation between FEA and experimental results, validating the findings of (Dutt, 2015) (Oladejo, et al., 2018).

[bookmark: _Toc196480811]Figure 4‑21Mesh Density Correlation for Aluminium Test Piece
Correlation curves for brass show an opposite behaviour to that of aluminium. It is apparent that a more uniform convergence of all response parameters is met at maximum coarse mesh (10mm), with percentage differences of deflection, stress, and strain being -4%, -0.06, and -0.8% respectively. Supporting the findings of (Gukop, et al., 2021), stress and strain values were recorded at over 70% deviation at a 1mm mesh. Reasoning for this resides in the overrefinement of area at which the load is applied, causing a spike in values. The accuracy of this case study supports the use of FEA in modelling cantilever beam analysis, showing accurate correlation between experimental and simulation results.

[bookmark: _Toc196480812]Figure 4‑22Mesh Density Correlation for Brass Test Piece


[bookmark: _Toc196480813]Figure 4‑23Mesh Density Correlation for Mild Steel Test Piece
Analysis of Figure 4-23 shows consistent deviation in deflection modelling of the mild steel beam, oscillating at roughly 30% accuracy error. Despite these findings, comparison in Mesh Density Studies between analytical and FEA results presented a minimum of -0.03% deviation. This suggests that the model has been unsuccessful in accounting for non-linear behaviours in deflection that occurred during loading. Stress and strain values show improvement in correlation at 3mm mesh size, with both achieving accuracy of 5% and 4% respectively. It is evident that for mild steel, the model has portrayed a more idealised situation in comparison to experimental findings.

[bookmark: _Toc196480814]Figure 4‑24Mesh Density Correlation for Stainless Steel Test Piece
With regards to correlation between experimental and FEA results, stainless steel demonstrates the greatest overall deviation. All response parameters display an overestimation of 20% and above at the most accurate mesh size (1mm). These findings imply that, similarly to mild steel, the model was unsuccessful in representing the exact behaviour experienced in experimental testing. Investigation of the stress and strain correlation curves suggest that reductions in mesh density improve accuracy, coinciding with studies examined in this report. From this conclusion, an additional mesh refinement was performed aiming to verify the previous statement. Mesh sizing was reduced to 0.9mm with identical boundary conditions in place. Table 4-6 displays the values from this additional case, where overall improvements were seen in stress similarity. Despite the improvement, deflection results saw a negligible 0.95% increase in deviation to the original 1mm mesh. The most notable discovery was the increase in strain values, showing a 20% increase in deviation at 0.9mm compared to -25.65% seen in 1mm mesh. These findings did not improve the accuracy to a standard where justification for increases in computational cost and time were deemed reasonable. This led to the termination of further mesh refinement.
[bookmark: _Toc196473247]Table 4‑6Response Parameter Accuracy at 0.9mm Mesh
	Response Parameters 
	Stainless Steel 1.4948 (304H)
	% Difference to Experimental result
	% Deviation to 1mm mesh 

	Deflection (mm)
	5.5582 
	-65.88 
	0.95

	Strain
	0.0073957
	 20
	45.65

	Stress (Mpa)
	 1298.9
	12.08 
	43.32


 
Taking the most accurate mesh in terms of experimental value resemblance, Table 4-7 was generated with the aim of displaying the model’s ability to accurately simulate real-world loading scenarios. From the table, we can see that the model was most accurate in simulating stress and strain behaviours for all beams. Bar stainless steel, the simulation value accuracy did not deviate greater than 4.51% for strain and 5.51% for stress. The same cannot be said for deflection however, with values ranging from 0.8% for brass to 450.82% for aluminium. It seems that compression loading in ANSYS simulation testing largely deviates from occurrences witnessed in experimental testing.




[bookmark: _Toc196473248]Table 4‑7Correlation Analysis of Experimental and Simulated Response Parameters for Varying Material Beam
	Aluminium Alloy 10500A H14 @ 1mm Mesh

	Experimental Deflection (mm)
	ANSYS Deflection (mm)
	Correlation %

	60.59
	11.00
	450.82

	Experimental Strain
	ANSYS Strain
	Correlation %

	0.01003831
	0.010116
	0.7

	Experimental Stress (MPa)
	ANSYS Stress (MPa)
	Correlation %

	712.707
	692.46
	2.92

	Copper and Copper Alloys CW606N Brass @ 10mm Mesh

	Experimental Deflection (mm)
	ANSYS Deflection (mm)
	Correlation %

	10.59
	10.675
	0.8

	Experimental Strain
	ANSYS Strain
	Correlation %

	0.004481
	0.0046904
	4.46

	Experimental Stress (MPa)
	ANSYS Stress (MPa)
	Correlation %

	470.505
	470.8
	0.06

	Mild Low Carbon Steel S275JR @ 3mm Mesh

	Experimental Deflection (mm)
	ANSYS Deflection (mm)
	Correlation %

	6.46
	5.005
	29.07

	Experimental Strain
	ANSYS Strain
	Correlation %

	0.0026051
	0.0024925
	4.51

	Experimental Stress (MPa)
	ANSYS Stress (MPa)
	Correlation %

	547.071
	518.48
	5.51

	Stainless Steel 1.4948(304H) @ 1mm Mesh

	Experimental Deflection (mm)
	ANSYS Deflection (mm)
	Correlation %

	9.22
	5.5901
	65.88

	Experimental Strain
	ANSYS Strain
	Correlation %

	0.00591644
	0.0047087
	25.65

	Experimental Stress (MPa)
	ANSYS Stress (MPa)
	Correlation %

	1141.879
	870.06
	31.24






To show comparison of the model’s accuracy to simulate real-world loadings and theoretical values, findings from both correlation studies are presented in Table 4-8, with regards to their percentage accuracy. Evaluating each material in vertical order of the table, we can see that with the exception of deflection, simulation of the aluminium test more accurately represents the experimental data than analytical values. This suggest that material behaviours not evident in idealised equations have been captured by the FEA model. Similarly, brass simulation values encompass a great accuracy to observations made in experimental testing. With no deviations surpassing 5%, it can be concluded that the model provides accurate estimations in the compression loading of a brass beam. Despite this, mild steel appears to more closely resemble the findings of the theoretical values. Possible errors in experimental setup and material specifications provide reasoning for the inaccuracies. The same can be said for stainless steel, showing large deviations from experimental data, but closely resembling analytical calculations.
[bookmark: _Toc196473249]Table 4‑8Percentage Deviation of FEA results from Analytical and Experimental Values
	Deviation %
	Deflection
	Strain
	Stress

	Aluminium Alloy 10500A H14

	Analytical
	2.11%
	4.81%
	8.7%

	Experimental
	450.82%
	0.7%
	2.92%

	Copper and Copper Alloys CW606N Brass

	Analytical
	9.62%
	9.64%
	6.25%

	Experimental
	0.8%
	4.46%
	0.06%

	Mild Low Carbon Steel S275JR

	Analytical
	3.58%
	0.91%
	0.04%

	Experimental
	29.07%
	4.51%
	5.51%

	Stainless Steel 1.4948(304H)

	Analytical
	4.51%
	0.76%
	0.41%

	Experimental
	65.88%
	25.65%
	31.24%



[bookmark: _Toc196473194]Error Analysis
This section presents a comprehensive review of response parameter values gained through theoretical predictions, experimental testing, and FEA simulations. The aim is to assess the areas of identified errors and to reflect on the reliability of the methodology applied in this report. Analytical calculations utilized in this report were derived from classic beam theories and mechanics of materials, EBBT and hook’s law etc. Such equations assume linear elasticity during loading, uniform loading, and idealised boundary conditions. While these equations provide estimations for material behaviour, experimental values saw notable deviations, with deflection raising the highest concern. Aluminium demonstrated the highest deviation regarding deflection, with values 457.41% greater than anticipated in the calculations. To further verify the discrepancies observed in experimental testing, the FEA model predicted a lesser deflection value of 450.82%. These findings support that the material yielded under the 0.7kN load, ultimately entering its plastic region. This behaviour is not captured in linear elastic models due to their idealised assumptions. Other sources for experimental deflection error reside in the beams fixed support, with slippage within the bolted clamp system being possible due to varying factors. Such factors include insufficient clamp force allowing components to slip under load or vibration, improper surface contact reducing friction between beam and clamp, exclusion of knurling or other anti-slip features. 
Overall, strain measurement techniques performed reliably, producing experimental results of acceptable similarity to analytical and numerical solutions. Brass and mild steel displayed the most promising results comparable to analytical values, with 10.48% and 5.47% deviation respectively. Aluminium recorded a maximum strain value 55.15% greater than anticipated, suggesting error in data recording. However, the greatest deviation analytically was observed in stainless steel, where strain values were measured 120.76% greater. Improvements in data accuracy was seen when comparing the experimental and simulation strain values. Despite this, error analysis was performed with the aim of establishing a rationale for observed discrepancies. Research into three studies show that strain gage discrepancies are commonly experienced due to misalignments with principal strain axis. It is stated that strain gages orientated at angles approaching 45 to principal axis cause significant errors in measurement accuracy (James, 1988). Other factors include transverse sensitivity in strain measurement equipment, where gages respond to strain recordings perpendicular to strain directions. Such inaccuracies lead to states of complex strain, diminishing equipment accuracy (Measurements Group, Inc., 1983). Comparably, an additional article in the ‘Experimental Techniques’ journal suggest that human error impacts the accuracy of producible results (Pople, 1984). Such errors that have a likelihood of affecting results seen in this report include adhesion application. Evidence of this lies in the results of stainless steel. Due to the sleek surface finish of the material, likelihood of poor adhesion is high, where it is expected that the adhesive used caused a layer to dry between the surfaces of the material and strain gage. To negate poor surface adhesion, it is suggested that the substrate is correctly prepared for strain gage application.
Moreover, material specification errors present a critical source of deviation in the analysis of response parameters. When assumed mechanical properties of beams used in analytical and numerical modelling differ from correct properties of the investigated material, accuracy can drastically decrease. Misidentification of properties such as young’s modulus cause large inaccuracies in estimated response parameter values, significantly deviating from true values. Additional errors in specified yield strength and poisons ratio can propagate through FEA models, resulting in inaccurate stress distributions. 
[bookmark: _Toc196473195]Conclusions
The primary aim of this independent project was the validation of the effectiveness of FEAM’s ability to accurately predict the structural behaviour of cantilever beams, through the application of analytical and experimental comparison. The classic beam theories applied in the analytical component served as a benchmark for comparison, where assessment against experimental and numerical results was performed. While the predictions aided in further data expectations, their idealised assumptions were unsuccessful in accommodating non linearities observed during physical testing.
Mesh density studies performed on each individual beam revealed that overly fine mesh sizes began to introduce areas of intense stress concentration. Despite these findings, the stainless steel model exhibited a higher stress-strain accuracy at finer mesh sizes. Aiming to improve correlation, further refinement was applied. Conversely, values of stress drastically rose, verifying conclusions made in the respective mesh densities.
Findings demonstrate that the numerical models provide appropriate approximations in the response values of stress and strain, with majority of analysed materials displaying reasonable deviation. It was found that the brass model simulations presented the most accurate estimations in regard to response parameters. Achieving a correlation of 0.8%, 4.46%, and 0.06% to experimental deflection, stress, and strain values respectively. Comparably, mild steel demonstrated agreement in experimental and simulated stress and strain results, showing deviations of 5.51% and 4.51% respectively. These findings provide a justification for utilizing tools such as FEA in the analysis of structures. However, substantial deviations were observed in deflection values, predominantly in the aluminium beam. Discrepancies were measured exceeding 450%, suggesting such factors as yielding of material, bolted clamp slippage, and human errors in strain gage adhesion were to blame. These variations do not attribute to the accuracy of the model, but rather the accuracy of experimental testing.
In summary, the findings of this project demonstrate that FEA is an extremely effective tool in modelling structural behaviour of materials. The integration of theoretical and experimental methods provided valuable awareness of the model’s strengths and limitations. Despite its clear accuracy, it should be understood that its efficiency is dependent on the quality of input and set boundary conditions. Model assumptions of nonlinearities should be anticipated, giving the user a clear understanding of observable deviations.  

[bookmark: _Toc196473196]Further Work
Although this report may be considered successful, the following further work is suggested to further validate the performance of FEA models:
· Whilst this study utilized linear elastic models in simulation testing, it would be advised that future FEA simulations incorporate non-linear plastic models. This would be beneficial for materials such as aluminium and stainless steel, which exhibit post yield behaviour.
· This study applied material properties from data specification sheets supplied by aalco metals. Although data sheets should be trusted, it is suggested that tensile testing of materials be carried out prior to experimental data collection, to verify properties provided by the supplier.
· Whilst careful care was taken when bonding strain gages to test beams, additional methods of adhesion should be investigated. Material preparation should also be revised to further understanding of substrate adhesion.
· The bolted clamp system applied in experimental testing performed well, however methods of improvement are suggested. Such suggestions include introducing textured interfaces like knurling, hoping to improve material friction. Additional constraints may also be introduced to enhance fixture security.
· The application of load in this study was applied in short increments leading to a final load value, causing the beams to be held under force during the next load setup. It would be a matter of interest to see if applying one large load simultaneously would affect observable results. Additionally, results may vary by using a different load point. The load interface used in experimental testing was cylindrical and spanned the width of the beam. A possible suggestion would be to apply varying load interfaces on each material and compare findings.
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Aluminium Beam Engineering Drawing
[image: A drawing of a rectangular object

AI-generated content may be incorrect.]
Brass Beam Engineering Drawing
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Mild Steel Beam Engineering Drawing
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Stainless Steel Engineering Drawing
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Aluminium load displacement graph plotted by UTM:
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Brass load displacement graph plotted by the UTM:
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Mild steel load displacement graph plotted by UTM:
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Stainless steel load displacement graph plotted by UTM:
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Time dependant strain graph plotting strain values to a maximum load of 1kN
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Mesh Density Study for Aluminium Beam
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Mesh Density Study for Brass Beam
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Mesh Density Study for Mild Steel Beam

Deflection	10	9	8	7	6	5	4	3	2	1	-1.3446867534869344	-9.8289281035678577	0.56253371349308523	-4.2864298374046372	-4.2132233952377307	-0.73206442166910968	-3.0823765122922619E-2	-3.5794097248979084	-0.24851660630346162	Stress	10	9	8	7	6	5	4	3	2	1	-10.142664353190678	-13.283208020050131	-9.1999228841334162	-10.682475419317527	-9.2654713707345344	-7.0387507229612627	-2.5853094274146948	-4.2413726624257464E-2	14.090996722575655	Strain	10	9	8	7	6	5	4	3	2	1	-10.012145748987844	-13.165991902834007	-9.0769230769230713	-10.170040485829956	-8.8259109311740858	-5.9757085020242906	-1.8461538461538418	0.9109311740890691	17.18218623481782	Mesh Density (mm)


% Difference to Analytical Result




Mesh Density Study for Stainless Steel Beam

Deflection	10	9	8	7	6	5	4	3	2	1	-2.2857648725212343	-10.6869688385269	-0.39837110481586446	-5.2018413597733737	-5.1310198300283272	-1.68732294617564	-0.99504249291784141	-4.5113314447591923	-1.2163597733711007	Stress	10	9	8	7	6	5	4	3	2	1	-10.275694068517527	-13.405769082050888	-9.3070914855772902	-11.248163328435545	-9.8696929858479656	-7.3505529348078191	-3.0933415822442245	-0.40986775964736433	14.215837908901086	Strain	10	9	8	7	6	5	4	3	2	1	-11.134328358208956	-14.242537313432834	-10.179104477611943	-11.805970149253731	-10.503731343283585	-7.6417910447761255	-3.5783582089552235	-0.76492537313432862	18.895522388059693	Mesh Density (mm)


% Difference to Analytical Result




Mesh Density Correlation for Aluminium Test Piece

Deflection	10	9	8	7	6	5	4	3	2	1	452.62677854797522	504.56994611853918	442.04687779567007	469.45488721804514	467.21587717655871	448.87218045112786	478.09369334987127	457.7135493372607	445.90503648977392	450.81818181818187	Stress	10	9	8	7	6	5	4	3	2	1	93.823184030893913	101.28992289660235	90.736827597280922	92.545516682426054	91.954329499851852	83.748995797561037	83.692164746514081	72.409702936765214	48.033488420396722	2.9239566184328325	Strain	10	9	8	7	6	5	4	3	2	1	93.962282379765412	101.09239152209622	89.771060193587402	91.728359691343854	89.814121473413479	82.067871005187357	81.259118815456816	69.847041505219877	42.735080410084315	-0.76977066034006336	Mesh Density (mm)


FEA/Experimental % Difference




Mesh Density Correlation for Brass Test Piece

Deflection	10	9	8	7	6	5	4	3	2	1	-0.79625292740047593	10.083160083160081	-1.3047530288909703	3.691373739351822	3.6102142647490343	-2.8320589068253632E-2	-0.74046302371356676	1.6412323639504622	-0.53536207382361978	-2.1166466401700834	Stress	10	9	8	7	6	5	4	3	2	1	-6.265930331351699E-2	3.9790055248618783	-1.1024697845507081	-6.9027037359559174E-2	-1.689337428696791	-3.8942337153011874	-8.2120561841591879	-11.072785348428438	-17.910356619443078	-70.826822916666671	Strain	10	9	8	7	6	5	4	3	2	1	-4.4644380010233746	0.76456037778276364	-4.8215802888700203	-3.7420518989517149	-5.1901064257453005	-7.9725622278813741	-11.832992287108457	-14.819602326730797	-22.093953197259985	-73.26372315035799	Mesh Density (mm)


FEA/Experimental % Difference




Mesh Density Correlation for Mild Steel Test Piece

Deflection	10	9	8	7	6	5	4	3	2	1	26.147236867799251	38.016493611930088	23.754789272030653	30.024354406940002	29.924981396190731	25.368731563421832	24.48932398057504	29.070929070929076	24.761003495625644	24.513318684707606	Stress	10	9	8	7	6	5	4	3	2	1	17.374541397584164	21.625389061805244	16.155887723470208	18.083921517839798	16.239801121876596	13.455484352641079	8.2687169744107401	5.5143882116957199	-7.5565656736342195	-36.243269701419479	Strain	10	9	8	7	6	5	4	3	2	1	17.204301075268802	21.461208504289431	15.998753228248287	17.410311880295648	15.67939609236233	12.172752325180847	7.4533905296155556	4.5175526579739333	-9.9951630735212849	-39.144552420108404	Mesh Density (mm)


 FEA/Experimental % Difference




Mesh Density Correlation for Stainless Steel Test Piece

Deflection	10	9	8	7	6	5	4	3	2	1	67.062276903006037	82.776940765997935	63.896542529552946	72.201262560233118	72.072710985032302	66.045347308516583	64.88429486033121	70.95601869020247	65.253705662000613	64.934437666589176	Stress	10	9	8	7	6	5	4	3	2	1	146.0455773664591	154.93925429783437	143.41780430611811	148.74154141070886	144.93724018104209	138.27739242936437	127.80961615194317	121.67124553502097	93.285529055300714	31.240709836103274	Strain	10	9	8	7	6	5	4	3	2	1	148.42290896876048	157.42679371709522	145.7809903622466	150.31477407344732	146.67250364811341	139.02876535229481	128.95553577647925	122.46437300244408	85.67788099422549	25.649117590842497	Mesh Density (mm)


FEA/Experimental % Difference
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