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[bookmark: _Toc153527310]Introduction
[bookmark: _Toc153527311]Sarcar et al. (2008, p.114) and Dukkipati et al. (2006, p.6) describe Computer Aided Engineering (CAE) as optimizing CAD designs by analysing stresses and strains to meet objectives like cost reduction or strength enhancement. CAE, a revolutionary tool in engineering design, offers advanced modelling, simulation, and analysis capabilities. This report examines CAE's role in design, particularly its pros and cons.
Aims
The aim of this report is to explore the uses, benefits, and limitations of Computer Aided Engineering (CAE) and apply it to enhance a piston's design, targeting a reduction in its mass from approximately 255g to below 250g, while also managing deformation and stress.
[bookmark: _Toc153527312]Objectives
Research will assess the advantages and challenges of Computer Aided Engineering (CAE). A structural analysis involving a crankshaft, connecting rod, gudgeon pin, and piston will focus on dynamics, thermal effects, and in-cylinder pressure. The goal is to optimize the piston's design for stress reduction and potential weight decrease, using Ansys for analysis and Solidworks for design modifications.

[bookmark: _Toc153527313]Literature Review
The evolution and impact of Computer Aided Engineering (CAE) have been significant in various engineering fields. Before CAE, physical scale models were essential, often incurring high costs. However, as Raphael and Smith (2003, p. 227) note, geometric modelling has largely supplanted the need for these physical models. Ramakrishnan (2012, p.29) emphasizes CAE's role in saving time and money by eliminating the need to physically build products. This sentiment is echoed by Brockmöller et al. (2020, p.2), who point out that CAE reduces design iterations, thereby saving time and costs.
Rothman and Ecker (1986) discuss CAE's application in structural analysis through finite-element methods, particularly in the aerospace industry, highlighting its value in ensuring safety, where risks are present in flight testing components, and optimizing designs. CAE also contributes to environmental sustainability by reducing material waste, as shown in studies by Studer and Ehrig (2015) and Gashlin and Watts (1992, p.2), who demonstrate its effectiveness in optimizing material usage.
However, CAE is not without limitations. Kagan et al. (1999) identify a significant drawback where design and analysis are treated as separate phases, leading to inefficiencies in iterative design processes. Top et al. (2021, p.3737) discuss CAE's limitations in simulating natural bone loads in bone scaffold geometries. Similarly, Liu, Duke, and Ma (2015) point out the challenges in analysing heterogeneous objects with unpredictable material properties using standard CAE methods.
Salzman (1989, p.254-255) addresses the limitations of automation in design, including software bugs and potential job losses, though these concerns may have diminished with advancements in CAE/CAD software. Salzman (1989, p.259) also acknowledges CAD's contribution to precision, and therefore a reduction in size, in printed circuit board design.
Jagota et al. (2013, p.4) and Srirekha and Bashetty (2010) both discuss the applications and limitations of Finite Element Analysis (FEA) and Modelling (FEM) in various fields. Jagota et al. (2013, p.4) define FEA as a technique for breaking down complex problems into smaller, more manageable elements, but they caution (2013, p.8) that its effectiveness hinges on the quality of input data, like material properties. Roylance (2001, p.1) also acknowledges the widespread use of FEA in CAE, noting its limitations in accurately representing material properties and geometric features. Similarly, Srirekha and Bashetty (2010) observe that while FEM is effective in visualizing stress and displacement in dental structures, particularly when integrated with CAD and CAE tools, it struggles with accurately simulating the complex biological dynamics and material properties. They emphasize that FEM, despite reducing the need for laboratory testing, cannot entirely replace it and warn against making oversimplified assumptions in FEM studies.
A mesh analysis is deemed essential by Nogué et al. (2020, p.119) for identifying the optimal solution using the coarsest feasible mesh, thereby balancing accuracy with computational efficiency. In a 2021 study, Abdulsalam conducts a detailed mesh analysis, demonstrating the substantial impact that mesh refinement can have on the results, indicating a significant degree of variation.


[bookmark: _Toc153527314]Methodology
[bookmark: _Toc153527315]Linked System Study
Material properties of 6061 T6 aluminium from Granta Edupack (Ansys, 2022) were used in Ansys Workbench to analyse an engine assembly, focusing on the piston under kinematic and thermal loads, as shown in Figure 1. [image: A screenshot of a computer
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Figure 1 - Ansys Workbench flow diagram
[image: A computer screen shot of a computer program

Description automatically generated]The assembly was modelled with appropriate joints to simulate realistic motion constraints: revolute joints allowed Z-axis rotation at key connections (small end, big end, and crankshaft main journals). A general joint restricted the piston to vertical movement, mimicking its motion in a cylinder.Figure 2 - Image showing assembly geometry used.

A rotational velocity of 4000rpm was applied to the crankshaft, and a joint probe at the gudgeon pin/piston joint helped identify motion loads. The maximum load from this dynamic analysis was then used in a subsequent static structural study on the piston. 
A steady-state thermal analysis was conducted between the dynamic and static studies. This involved applying temperatures and convection coefficients to areas of the piston (with other components suppressed), allowing for thermal distribution analysis. The piston was set as a flexible body to account for deformation and stress, with a mesh size of 4mm.
The static structural study incorporated the thermal study's output and the dynamic study's motion loads. The same mesh size was maintained, with a smaller mesh size utilised for the piston crown, and the piston was again set as a flexible body. Initially, weak springs were used for constraints, but due to inadequacies, a fixed support was employed instead, introducing inaccuracies in the process. A pressure of 105 bar was applied to the piston's crown to simulate cylinder pressures. The analysis concluded with assessments of von Mises stress, deformation and a fatigue study, providing fatigue safety factors and cycle life distributions over the piston. 
Three piston design iterations were generated, all focusing on reducing mass while limiting deformation and stress. The above process was repeated for each piston, with mass, motion loads, deformation and stress all being considered as a comparison between designs. 

[bookmark: _Toc153527316]Validation 
[bookmark: _Toc153527317]Validating complex studies like the piston analysis is difficult, but can be done by simulating simpler cases and comparing Ansys results with theoretical calculations to assess accuracy. Two basic cases were analysed for this purpose, likely providing more accurate results than the complex piston study.
Bi-metallic Strip
A Bi-metallic strip of copper and invar is considered. Copper and Invar exhibit varying thermal expansion rates; therefore, under thermal conditions, copper is expected to expand more than Invar, leading to a deflection in the strip. (Čepon et al., 2017, p.392)
This deflection can be calculated mathematically, as shown by the following equation, and hence an Ansys study of this case can be validated. 

(Dlubal software, 2018, p.2)
Where:









 is a constant that we can calculate using the following equation. 

(Dlubal software, 2018, p.2)
Where:
 


Hence using the values listed in Appendix B, deflection is found.



A model of the bi-metallic strip was created in SolidWorks, by mating two strips together, matching the dimensions in Appendix B. Once imported into Ansys workbench, material properties set for both Invar and Copper were applied to each strip under a static structural study. A fixed support constrained one end and a thermal condition of 122°C applied (100°C over reference temperature). The total deformation was then evaluated and can be seen below in figure 3. 
[image: A long shot of a rainbow colored stick
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Figure 3 - Bimetallic strip deformation in Ansys.
Mesh Study
A mesh study is carried out for the bimetallic strip, with the results shown in table 1 below. A maximum mesh size of 4.999mm is used due to the width of the strips being 5mm. 
As the mesh size decreases from 4.999 mm to 0.1 mm, the deformation values in Ansys initially show a decrease in percentage error, with the lowest error observed at the largest mesh size of 4.999 mm. This suggests that a coarser mesh, in this case, surprisingly offers a closer approximation to the expected results. However, as the mesh becomes finer, the percentage error generally reduces, indicating improved accuracy, but with some fluctuations. This pattern highlights the complex interplay between mesh size and result accuracy in finite element analysis, underscoring the importance of selecting an appropriate mesh size for reliable and efficient simulations.



Table 1 - Mesh Refinement Study Results showing percentage error against mesh size.
	Mesh
Size
(mm)
	Ansys
Deformation
(mm)
	Percentage
error 
(%)

	4.999
	7.1189
	0.99163002

	4
	7.1198
	1.00439779

	3
	7.1213
	1.0256774

	2
	7.1224
	1.04128245

	1.9
	7.1227
	1.04553837

	1.8
	7.1229
	1.04837566

	1.7
	7.123
	1.0497943

	1.6
	7.1226
	1.04411973

	1.5
	7.1228
	1.04695702

	1.4
	7.123
	1.0497943

	1.3
	7.1232
	1.05263158

	1.2
	7.123
	1.0497943

	1.1
	7.1231
	1.05121294

	1
	7.1233
	1.05405022

	0.9
	7.1239
	1.06256207

	0.8
	7.1237
	1.05972478

	0.7
	7.1235
	1.0568875

	0.6
	7.1233
	1.05405022

	0.5
	7.123
	1.0497943

	0.4
	7.1221
	1.03702653

	0.3
	7.1215
	1.02851468

	0.2
	7.121
	1.02142148

	0.1
	7.1203
	1.01149099



[bookmark: _Toc153527318]Cantilever Beam
A second validation case of a Cantilever Beam is considered, fixed at one end, with a uniformly distributed load of pressure applied to the top surface. The deformation is calculated mathematically  using the equations below and compared to deformation seen in Ansys.

(Dlubal Software, 2016, p.2)
Where p = pressure, w = width, L = length, E = Modulus of Elasticity and  = quadratic moment of a cross section with respect to y-axis. 
 is defined using the equation below:

(Dlubal Software, 2016, p.2)
Where t = thickness
[image: A long straight line of rainbow colored objects

Description automatically generated with medium confidence]Hence, the values expressed in Appendix C are used to calculate the deformation, resulting in:


Figure 4 - Image showing cantilever beam deformation in Ansys.

A model of the cantilever beam was created in SolidWorks, using the same dimensions and material properties as defined in Appendix C. Using a static structural study in Ansys, a pressure load was applied to the top surface of the beam which was fixed at one end. The resulting deformation was then found and is shown in figure 4. 
Mesh Study
Table 2 reveals that in this simple model, changes in mesh element size, ranging from a maximum of 5mm (aligned with the beam's thickness) to a minimum of 0.5mm, do not affect deformation results. The decision to limit the minimum size to 0.5mm was driven by the excessively long solving times encountered at smaller mesh sizes, which were deemed unreasonable for such a straightforward case. This observation suggests that, for this particular model, the mesh element size does not critically influence the results, indicating independence between mesh size and outcome.

Table 2 - Table showing effect on mesh element size on percentage error for the Cantilever beam case.
	Mesh Size
(mm)
	Ansys Deflection
(mm)
	Percentage Error
(%)

	5
	157.15
	0.004454541

	4
	157.15
	0.004454541

	3
	157.15
	0.004454541

	2
	157.15
	0.004454541

	1
	157.15
	0.004454541

	0.5
	157.15
	0.004454541



















[bookmark: _Toc153527319]Results and Analysis
[bookmark: _Toc153527320]Standard Piston
The standard piston was first analysed below, as described in the methodology. 
Piston Mass = 255.77g
Standard Piston Motion Load Peak = 2381.2N
Motion load minimum = 57.42 N
[image: A graph of a car

Description automatically generated with medium confidence]
Figure 5 - Graph of motions loads over time from the rigid dynamics study for standard piston design.
[image: A rainbow colored object with text

Description automatically generated]The thermal study was conducted for each iteration of the piston design; however, it is only presented for the standard piston design, as the variations between the designs were minimal.
Figure 6 - Thermal Study showing temperature distribution throughout the piston.
[image: A multicolored stool with a hole

Description automatically generated]The static structural analysis of the piston, incorporating motion loads and thermal loading, revealed deformation and stress patterns as depicted in figures 7 and 8. The results were skewed due to inadequate constraint from weak springs, necessitating the use of a fixed constraint on the gudgeon pin hole faces, which resulted in no deformation in these areas. In the analysed piston geometry, the maximum deformation observed was approximately 0.3mm around the edge of the piston crown. 
Figure 7 - Deformation from applied loads on standard piston design
[image: A model of a cylinder

Description automatically generated]In figure 8, it is observed that the crown and the sides of the crown undergo relatively lower stress levels compared to the underside and the skirt of the piston. The area experiencing the highest stress is the bottom lip of the oil ring groove, where the maximum stress reaches 360MPa, 50MPa greater than the ultimate tensile strength of 6061 T6 aluminium. (Syaifudin, 2021, p.3)
Figure 8 - Stresses shown for the standard piston design.
[image: ][image: ]In the fatigue study conducted for the standard piston design, both minimum and maximum motion loads were considered. The inaccurately high stress levels identified earlier resulted in a low minimum safety factor of 0.29. Additionally, the study indicated a cycle life value of 0, reflecting the piston's inability to withstand the applied loads over repeated cycles, as detailed below.Figure 9 - Fatigue Study showing fatigue safety factor for the standard piston design
Figure 10 - Fatigue Study showing life in number of cycles of the standard piston design

[bookmark: _Toc153527321]Piston Design Iteration 1
The piston was redesigned to reduce its mass by cutting two holes in the underside and slices in the skirts. As a result of these modifications, the mass of the piston was reduced by approximately 2 grams. This reduction in mass consequently led to a decrease in the motion loads by 5.2N, as observed in the kinematics study. Figure 11 - First piston design iteration, holes in underside and slits in piston skirts.

Piston Mass = 253.24g 
Peak Motion load = 2376N	
[image: A graph of a line
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Figure 12 - Motion loads result from 1st piston design iteration
From the figures below, the maximum deformation and stress shows a very marginal increase compared to the standard piston provided. 
[image: A blue and yellow object with text
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Description automatically generated]Figure 14 - Stresses of the 1st piston design iteration
Figure 13 - Deformation of the 1st piston design iteration




[bookmark: _Toc153527322]Piston Design Iteration 2
Following the first design iteration, where neither deformation nor stress increased significantly, further modifications were made to the piston design. More material was removed from the underside, and the cutouts in the skirt were slightly enlarged. These changes resulted in an additional reduction of approximately one gram in the piston's mass and a decrease of about 28N in the maximum motion load.Figure 15 - Second piston design iteration, more holes in underside and slits in piston skirts enlarged.

Piston Mass = 252.16 g
[image: ]Peak Motion Load = 2347.7NFigure 16 - Motion loads graph for second piston design iteration

In this design iteration, there was a notable reduction in both maximum deformation and stress compared to the standard piston and the first design iteration. This improvement can be attributed to the relatively significant decrease in maximum motion loading, achieved without compromising the structural integrity of the piston.
[image: ][image: ]Figure 18  - Stresses of second piston design iteration
Figure 17 - Deformation of second piston design iteration




[bookmark: _Toc153527323]Piston Design Iteration 3
Encouraged by the decrease in maximum stress and deformation observed in the previous design iteration, further material was removed from the same areas of the piston. This action led to an additional reduction in mass, which consequently resulted in a further decrease in the motion load.Figure 19 – Third piston design iteration, more material removed from same places due to success of previous iterations

Piston mass = 249.37g
Peak Motion Load = 2322.5N
[image: ]
Figure 20 - Motion loads graph of third piston design iteration

As a result of the additional mass reduction and the consequent decrease in forces, there was a further decline in the maximum deformation and stress values. This iterative design process effectively met the goal of developing a piston design with a weight under 250g, and it also managed to achieve lower levels of deformation and stress compared to the standard model.


[image: ][image: ]Figure 22  - Stresses of the third piston design iteration
Figure 21 - Deformations of the third piston design iteration


The results from each piston are shown below in table 3. 
Table 3 - Table of results for each piston design
	Piston Design
	Mass (g)
	Max Motion Load (N)
	Max Deformation (mm)
	Max Stress (MPa)

	Standard
	255.77
	2381.2
	0.2927
	361.53

	Iteration 1
	253.24
	2376
	0.2935
	361.56

	Iteration 2
	252.16
	2347.7
	0.2918
	361.38

	Iteration 3
	249.37
	2322.5
	0.2898
	360.76






















[bookmark: _Toc153527324]Discussion
In the piston design case study, CAE tools like Ansys and Solidworks were pivotal in optimizing the piston design, achieving weight reduction while controlling deformation and stress, as highlighted by Sarcar et al. (2008) and Dukkipati et al. (2006). This optimization, underscored by Ramakrishnan (2012) and Brockmöller et al. (2020), also led to significant time and cost savings by negating the need for physical prototypes. The case study further demonstrated CAE's capability in handling complex analyses such as thermal effects and dynamic loads, aligning with Rothman and Ecker's (1986) observations.
However, the study also encountered limitations. Kagan et al. (1999) noted the inefficiency of separating design and analysis phases, a challenge evident in the study's iterative design process. The accuracy of CAE simulations, as discussed by Jagota et al. (2013) and Roylance (2001), was dependent on precise input data, with any inaccuracies potentially compromising results. The study's mesh refinement analysis, reflecting Nogué et al. (2020) and Abdulsalam's (2021) findings, highlighted the delicate balance between mesh size, accuracy, and computational efficiency. Finally, the concerns raised by Salzman (1989), emphasized the limitations of CAE in replicating real-world conditions, therefore resulting in inaccurate results in the deformation and stress of the piston. Although proper method was followed, the piston had to be constrained, hence throwing off the initial results, but still allowing an effective comparison between design iterations. 


[bookmark: _Toc153527325]Conclusions
The piston design case study effectively demonstrates the integration of CAE's capabilities and limitations. The iterative design process, guided by CAE analysis, showcases the tool's power in optimizing design for specific objectives like weight reduction. However, the study also highlights the critical importance of accurate input data, efficient mesh analysis, and the need for continuous validation of the CAE models against simpler theoretical cases to ensure reliability.
In conclusion, while CAE tools offer significant advantages in engineering design, particularly in complex applications like piston design, their limitations must be carefully managed. This involves a thorough understanding of the tools' capabilities, meticulous validation processes, and an iterative approach that integrates design and analysis phases seamlessly. The piston design case study serves as a practical example of how these aspects can be balanced to achieve a successful engineering design outcome.
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[bookmark: _Toc153527329]Appendix B – Bimetallic Strip case values
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Figure 1: Problem Sketch
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Small deformations are considered and the self-weight is neglected in this example. Determine
the maximum deflection u, ..,,.. The aim of this example is to show that a surface of the surface
stiffness type Without Tension behaves linearly under bending.
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Figure 1: Problem sketch




