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[bookmark: UNITS]Units
TABLE 1
	Unit System
	Metric (m, kg, N, s, V, A) Degrees rad/s Celsius

	Angle
	Degrees

	Rotational Velocity
	rad/s

	Temperature
	Celsius


[bookmark: 12]Model (B4)
Geometry
[bookmark: 13]TABLE 2
Model (B4) > Geometry
	Object Name
	Geometry

	State
	Fully Defined

	Definition

	Source
	U:\New folder\Piston. STEP

	Type
	Step

	Length Unit
	Millimetres

	Element Control
	Program Controlled

	Display Style
	Body Colour

	Bounding Box

	Length X
	7.0749e-002 m

	Length Y
	4.9502e-002 m

	Length Z
	7.074e-002 m

	Properties

	Volume
	9.4381e-005 m³

	Mass
	0.26144 kg

	Scale Factor Value
	1.

	Statistics

	Bodies
	1

	Active Bodies
	1

	Nodes
	438271

	Elements
	302177

	Mesh Metric
	None

	Update Options

	Assign Default Material
	No

	Basic Geometry Options

	Solid Bodies
	Yes

	Surface Bodies
	Yes

	Line Bodies
	No

	Parameters
	Independent

	Parameter Key
	ANS; DS

	Attributes
	No

	Named Selections
	No

	Material Properties
	No

	Advanced Geometry Options

	Use Associativity
	Yes

	Coordinate Systems
	No

	Reader Mode Saves Updated File
	No

	Use Instances
	Yes

	Smart CAD Update
	Yes

	Compare Parts on Update
	No

	Analysis Type
	3-D

	Mixed Import Resolution
	None

	Import Facet Quality
	Source

	Clean Bodies on Import
	No

	Stitch Surfaces on Import
	Program Tolerance

	Decompose Disjoint Geometry
	Yes

	Enclosure and Symmetry Processing
	Yes


[bookmark: 19]TABLE 3
Model (B4) > Geometry > Parts
	Object Name
	Piston-FreeParts|Fillet26

	State
	Meshed

	Graphics Properties

	Visible
	Yes

	Transparency
	1

	Definition

	Suppressed
	No

	Stiffness Behaviour
	Flexible

	Coordinate System
	Default Coordinate System

	Reference Temperature
	By Environment

	Treatment
	None

	Material

	Assignment
	Aluminium Alloy NL

	Nonlinear Effects
	Yes

	Thermal Strain Effects
	Yes

	Bounding Box

	Length X
	7.0749e-002 m

	Length Y
	4.9502e-002 m

	Length Z
	7.074e-002 m

	Properties

	Volume
	9.4381e-005 m³

	Mass
	0.26144 kg

	Centroid X
	1.5865e-007 m

	Centroid Y
	1.7258e-002 m

	Centroid Z
	-4.4836e-005 m

	Moment of Inertia Ip1
	1.2571e-004 kg·m²

	Moment of Inertia Ip2
	1.717e-004 kg·m²

	Moment of Inertia Ip3
	1.0722e-004 kg·m²

	Statistics

	Nodes
	438271

	Elements
	302177

	Mesh Metric
	None


[bookmark: 46]FIGURE 1
Model (B4) > Geometry > piston head
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[bookmark: 16]TABLE 4
Model (B4) > Materials
	Object Name
	Materials

	State
	Fully Defined

	Statistics

	Materials
	2

	Material Assignments
	0


[bookmark: 21]Coordinate Systems
[bookmark: 22]TABLE 5
Model (B4) > Coordinate Systems > Coordinate System
	Object Name
	Global Coordinate System

	State
	Fully Defined

	Definition

	Type
	Cartesian

	Coordinate System ID
	0. 

	Origin

	Origin X
	0. m

	Origin Y
	0. m

	Origin Z
	0. m

	Directional Vectors

	X Axis Data
	[ 1. 0. 0. ]

	Y Axis Data
	[ 0. 1. 0. ]

	Z Axis Data
	[ 0. 0. 1. ]


Mesh
[bookmark: 14]TABLE 6
Model (B4) > Mesh
	Object Name
	Mesh

	State
	Solved

	Display

	Display Style
	Use Geometry Setting

	Defaults

	Physics Preference
	Mechanical

	Element Order
	Program Controlled

	Element Size
	Default

	Sizing

	Use Adaptive Sizing
	Yes

	Resolution
	Default (2)

	Mesh Defeaturing
	Yes

	Defeature Size
	Default

	Transition
	Slow

	Span Angle Centre
	Fine

	Initial Size Seed
	Assembly

	Bounding Box Diagonal
	0.11162 m

	Average Surface Area
	1.4155e-004 m²

	Minimum Edge Length
	5.1318e-005 m

	Quality

	Check Mesh Quality
	Yes, Errors

	Error Limits
	Aggressive Mechanical

	Target Quality
	Default (0.050000)

	Smoothing
	Medium

	Mesh Metric
	None

	Inflation

	Use Automatic Inflation
	None

	Inflation Option
	Smooth Transition

	Transition Ratio
	0.272

	Maximum Layers
	5

	Growth Rate
	1.2

	Inflation Algorithm
	Pre

	View Advanced Options
	No

	Advanced

	Number of CPUs for Parallel Part Meshing
	Program Controlled

	Straight Sided Elements
	No

	Rigid Body Behaviour
	Dimensionally Reduced

	Triangle Surface Mesher
	Program Controlled

	Topology Checking
	Yes

	Pinch Tolerance
	Please Define

	Generate Pinch on Refresh
	No

	Statistics

	Nodes
	438271

	Elements
	302177


Static Structural (B5)
[bookmark: 23]TABLE 7
Model (B4) > Analysis
	Object Name
	Static Structural (B5)

	State
	Solved

	Definition

	Physics Type
	Structural

	Analysis Type
	Static Structural

	Solver Target
	Mechanical APDL

	Options

	Environment Temperature
	22. °C

	Generate Input Only
	No


[bookmark: 26]TABLE 8
Model (B4) > Static Structural (B5) > Analysis Settings
	Object Name
	Analysis Settings

	State
	Fully Defined

	Step Controls

	Number Of Steps
	1.

	Current Step Number
	1.

	Step End Time
	1. s

	Auto Time Stepping
	Program Controlled

	Solver Controls

	Solver Type
	Program Controlled

	Weak Springs
	Off

	Solver Pivot Checking
	Program Controlled

	Large Deflection
	Off

	Inertia Relief
	Off

	Quasi-Static Solution
	Off

	Rotor dynamics Controls

	Coriolis Effect
	Off

	Restart Controls

	Generate Restart Points
	Program Controlled

	Retain Files After Full Solve
	No

	Combine Restart Files
	Program Controlled

	Nonlinear Controls

	Newton-Raphson Option
	Program Controlled

	Force Convergence
	Program Controlled

	Moment Convergence
	Program Controlled

	Displacement Convergence
	Program Controlled

	Rotation Convergence
	Program Controlled

	Line Search
	Program Controlled

	Stabilization
	Program Controlled

	Advanced

	Inverse Option
	No

	Contact Split (DMP)
	Off

	Output Controls

	Stress
	Yes

	Surface Stress
	No

	Back Stress
	No

	Strain
	Yes

	Contact Data
	Yes

	Nonlinear Data
	No

	Nodal Forces
	No

	Volume and Energy
	Yes

	Euler Angles
	Yes

	General Miscellaneous
	No

	Contact Miscellaneous
	No

	Store Results At
	All Time Points

	Result File Compression
	Program Controlled

	Analysis Data Management

	Solver Files Directory
	C:\Users\2004500\AppData\Local\Temp\WB_2004500_10384_2\wbnew_files\dp0\SYS\MECH\

	Future Analysis
	None

	Scratch Solver Files Directory
	

	Save MAPDL db.
	No

	Contact Summary
	Program Controlled

	Delete Unneeded Files
	Yes

	Nonlinear Solution
	Yes

	Solver Units
	Active System

	Solver Unit System
	mis


[bookmark: 28]TABLE 9
Model (B4) > Static Structural (B5) > Loads
	Object Name
	Fixed Support
	Pressure

	State
	Fully Defined

	Scope

	Scoping Method
	Geometry Selection

	Geometry
	4 Faces
	17 Faces

	Definition

	Type
	Fixed Support
	Pressure

	Suppressed
	No

	Define By
	 
	Normal To

	Applied By
	 
	Surface Effect

	Loaded Area
	 
	Deformed

	Magnitude
	 
	25000 Pa (ramped)


[bookmark: 30]FIGURE 2
Model (B4) > Static Structural (B5) > Pressure
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Solution (B6)
[bookmark: 24]TABLE 10
Model (B4) > Static Structural (B5) > Solution
	Object Name
	Solution (B6)

	State
	Solved

	Adaptive Mesh Refinement

	Max Refinement Loops
	1.

	Refinement Depth
	2.

	Information

	Status
	Done

	MAPDL Elapsed Time
	4 m 34 s

	MAPDL Memory Used
	2.4414 GB

	MAPDL Result File Size
	526.63 MB

	Post Processing

	Beam Section Results
	No

	On Demand Stress/Strain
	No


[bookmark: 25]TABLE 11
Model (B4) > Static Structural (B5) > Solution (B6) > Solution Information
	Object Name
	Solution Information

	State
	Solved

	Solution Information

	Solution Output
	Solver Output

	Newton-Raphson Residuals
	0

	Identify Element Violations
	0

	Update Interval
	2.5 s

	Display Points
	All

	FE Connection Visibility

	Activate Visibility
	Yes

	Display
	All FE Connectors

	Draw Connections Attached To
	All Nodes

	Line Colour
	Connection Type

	Visible on Results
	No

	Line Thickness
	Single

	Display Type
	Lines


TABLE 12
Model (B4) > Static Structural (B5) > Solution (B6) > Results
	Object Name
	Total Deformation
	Directional Deformation
	Equivalent Elastic Strain
	Equivalent Stress

	State
	Solved

	Scope

	Scoping Method
	Geometry Selection

	Geometry
	All Bodies

	Definition

	Type
	Total Deformation
	Directional Deformation
	Equivalent Elastic Strain
	Equivalent (von-Mises) Stress

	By
	Time

	Display Time
	Last
	1. s
	Last

	Calculate Time History
	Yes

	Identifier
	

	Suppressed
	No

	Orientation
	 
	X Axis
	 

	Coordinate System
	 
	Global Coordinate System
	 

	Results

	Minimum
	0. m
	-1.0862e-008 m
	1.8991e-009 m/m
	73.563 Pa

	Maximum
	6.207e-008 m
	1.096e-008 m
	2.2396e-005 m/m
	1.5847e+006 Pa

	Average
	1.1805e-008 m
	-1.3229e-011 m
	6.6865e-007 m/m
	45884 Pa

	Minimum Occurs On
	Piston-FreeParts|Fillet26

	Maximum Occurs On
	Piston-FreeParts|Fillet26

	Minimum Value Over Time

	Minimum
	0. m
	-1.0862e-008 m
	3.7981e-010 m/m
	14.713 Pa

	Maximum
	0. m
	-2.1725e-009 m
	1.8991e-009 m/m
	73.563 Pa

	Maximum Value Over Time

	Minimum
	1.2414e-008 m
	2.192e-009 m
	4.4793e-006 m/m
	3.1693e+005 Pa

	Maximum
	6.207e-008 m
	1.096e-008 m
	2.2396e-005 m/m
	1.5847e+006 Pa

	Information

	Time
	1. s

	Load Step
	1

	Sub step
	4

	Iteration Number
	5

	Integration Point Results

	Display Option
	 
	Averaged

	Average Across Bodies
	 
	No


FIGURE 3
Model (B4) > Static Structural (B5) > Solution (B6) > Total Deformation
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[bookmark: 40]TABLE 13
Model (B4) > Static Structural (B5) > Solution (B6) > Total Deformation
	Time [s]
	Minimum [m]
	Maximum [m]
	Average [m]

	0.2
	0.
	1.2414e-008
	2.3611e-009

	0.4
	
	2.4828e-008
	4.7222e-009

	0.7
	
	4.3449e-008
	8.2638e-009

	1.
	
	6.207e-008
	1.1805e-008


[bookmark: 47]FIGURE 4
Model (B4) > Static Structural (B5) > Solution (B6) > Total Deformation > To Defamation
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FIGURE 5
Model (B4) > Static S[image: A graph with different colored lines

Description automatically generated]structural (B5) > Solution (B6) > Directional Deformation
The total deformation results from the simulation, as detailed in the document and shown in the graph, indicate that the piston head experiences a maximum deformation of 6.207e-8 meters (or 62.07 micrometres) at the end of the 1-second simulation period, occurring on the piston. This peak value suggests that the material responds elastically to the applied loads. The average deformation across the entire component is 11.805 micrometres, suggesting that while there are localised areas of higher deformation, the overall structural deformation of the piston head is relatively low. The results show that the deformation develops predictably without sudden increases that might indicate a structural failure or instability under the applied load conditions. The piston head would perform well under the simulated operational conditions. The minimal deformation observed in some curves (flat lines) suggests areas subject to very low loads or more structural rigidity, perhaps due to geometry or simulation constraints. With deformation within acceptable limits for the material used, assuming that the maximum deformation of 62.07 micrometres is within the acceptable range for the specific engineering application and does not exceed the material's elastic limit."
[bookmark: 41]TABLE 14
Model (B4) > Static Structural (B5) > Solution (B6) > Directional Deformation
	Time [s]
	Minimum [m]
	Maximum [m]
	Average [m]

	0.2
	-2.1725e-009
	2.192e-009
	-2.6459e-012

	0.4
	-4.3449e-009
	4.384e-009
	-5.2917e-012

	0.7
	-7.6037e-009
	7.6721e-009
	-9.2606e-012

	1.
	-1.0862e-008
	1.096e-008
	-1.3229e-011


[bookmark: 48]FIGURE 6
Model (B4) > Static Structural (B5) > Solution (B6) > Directional Deformation > Directional Deformation

[image: A computer generated model of a mechanical engineering project
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The minimum directional deformation observed in the piston head is −1.0862×10^−8 meters, and the maximum is 1.096×10^−8 meters, indicating nearly equal and opposite maximum deformation in the analysed direction (presumably the X-axis). The average directional deformation is minimal, approximately −1.3229×10^−11 meters, which is close to zero, suggesting minimal deformation in this direction across the entire piston head. Over time, deformation changes from a minimum of −2.1725×10^−9 meters at 0.2 seconds to −1.0862×10^−8 meters at 1 second and from a maximum of 2.192×10^−9 meters at 0.2 seconds to 1.096×10^−8 meters at 1 second. This linear increase in deformation over time suggests a stable application of load and a consistent material response, demonstrating a symmetrical deformation profile about the zero-deformation mark. The extremes of deformation are very close in magnitude but opposite in direction, indicating that the piston head is well-balanced in the analysis and analysed direction under the given loading conditions. There are no signs of excessive deformation that could lead to failure, assuming the material's yield point is not exceeded.

FIGURE 7
Model (B4) > Static Structural (B5) > Solution (B6) > Equivalent Elastic Strain
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[bookmark: 42]TABLE 15
Model (B4) > Static Structural (B5) > Solution (B6) > Equivalent Elastic Strain
	Time [s]
	Minimum [m/m]
	Maximum [m/m]
	Average [m/m]

	0.2
	3.7981e-010
	4.4793e-006
	1.3373e-007

	0.4
	7.5962e-010
	8.9585e-006
	2.6746e-007

	0.7
	1.3293e-009
	1.5677e-005
	4.6805e-007

	1.
	1.8991e-009
	2.2396e-005
	6.6865e-007


[bookmark: 49][bookmark: _Hlk153443461]FIGURE 8
Model (B4) > Static Structural (B5) > Solution (B6) > Equivalent Elastic Strain.
[image: A blue meshed underwear with a diagram
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The scale on the left indicates the magnitude of equivalent elastic strain throughout the structure, ranging from a minimum of 1.8991×10^−9 to a maximum of 2.2396×10^−5 at the end of a 1-second simulation period. The maximum strain value is low, suggesting the piston head is likely operating within the material's elastic limits.
The colour gradient in the model varies from red to blue, with red areas indicating regions of maximum equivalent elastic strain and blue showing minimal strain. This gradient helps identify regions requiring reinforcement or design changes to ensure safe operation.
The strain values recorded at different times from 0.2-1s increase over time, consistent with a load applied progressively.
These values suggest that the component experiences varying levels of elastic strain throughout its volume, with the maximum strain well below typical yield strain values for most engineering materials. This indicates that the piston head remains within the elastic limit and behaves as expected under the simulated load conditions. The even distribution of average strain and the fact that the maximum strain occurs at expected areas of load application without reaching a critical level suggest an effective piston head design in handling the applied loads without yielding.

FIGURE 9
Model (B4) > Static Structural (B5) > Solution (B6) > Equivalent Stress
[image: A graph with a green line
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[bookmark: 50]TABLE 16
Model (B4) > Static Structural (B5) > Solution (B6) > Equivalent Stress
	Time [s]
	Minimum [Pa]
	Maximum [Pa]
	Average [Pa]

	0.2
	14.713
	3.1693e+005
	9176.9

	0.4
	29.425
	6.3386e+005
	18354

	0.7
	51.494
	1.1093e+006
	32119

	1.
	73.563
	1.5847e+006
	45884


Equivalent Stress
Minimum Stress: The minimum equivalent stress values over the simulation period are relatively low, starting at 14.713 Pascals at 0.2 seconds and increasing to 73.563 Pascals at 1 second. These low values indicate areas of the piston head under minimal stress.
Maximum Stress: The maximum equivalent stress values increase significantly over time, from 316,930 Pascals at 0.2 seconds to 1,584,700 Pascals at 1 second. This increase indicates the stress accumulation in the most stressed areas of the piston head under the applied loads.
Average Stress: The average stress across the piston head also increases, from 9,176.9 Pascals at 0.2 seconds to 45,884 Pascals at 1 second. This suggests a general increase in stress levels throughout the component as the load is applied.
These results indicate that while some regions of the piston head experience relatively high stress levels, the average stress across the component remains within reasonable limits throughout the simulation. However, comparing these maximum stress values with the yield strength of the material used for the piston head is crucial. If the maximum stress approaches or exceeds the yield strength, it could lead to plastic deformation or failure of the component under similar real-world operating conditions. The increasing trend in stress values over time also underscores the importance of considering dynamic and cyclic loading conditions in further analyses, as these conditions are more representative of actual engine operation.
TABLE 17
Model (B4) > Static Structural (B5) > Solution (B6) > Probes
	Object Name
	Energy Probe

	State
	Solved

	Definition

	Type
	Energy

	Geometry
	System Energy

	Suppressed
	No

	Options

	Result Selection
	All

	Display Time
	End Time

	Results

	Kinetic
	0. J

	Strain
	1.8435e-006 J

	Maximum Value Over Time

	Kinetic
	0. J

	Strain
	1.8435e-006 J

	Minimum Value Over Time

	Kinetic
	0. J

	Strain
	7.3741e-008 J

	Information

	Time
	1. s

	Load Step
	1

	Sub step
	4

	Iteration Number
	5


[bookmark: _Hlk153444350]FIGURE 10
Model (B4) > Static Structural (B5) > Solution (B6) > Energy Probe
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Description automatically generated]

[bookmark: 63]TABLE 18
Model (B4) > Static Structural (B5) > Solution (B6) > Energy Probe
	Time [s]
	Energy Probe (Kinetic) [J]
	Energy Probe (Strain) [J]

	0.2
	0.
	7.3741e-008

	0.4
	
	2.9497e-007

	0.7
	
	9.0333e-007

	1.
	
	1.8435e-006


[bookmark: 64]FIGURE 11
Model (B4) > Static Structural (B5) > Solution (B6) > Energy Probe > Energy Probe
[image: A computer generated model of an object
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Energy Probe
Energy Probe Results:
Kinetic Energy: Remains at 0 Joules, consistent with a static structural analysis that does not consider dynamic effects. Strain Energy: Ranges from a minimum of 7.3741×10^−8 Joules to a maximum of 1.8435×10^−6 Joules, reflecting energy stored in the component due to deformation.
Areas of Potential Failure or Concern:
While the results suggest that the piston head is performing well within safe limits, it is essential to consider the effects of repeated loading cycles over time, which can lead to material fatigue. Even when the material remains within the elastic range, cyclic loading can cause fatigue failure, which should be examined through a fatigue life prediction analysis.
Based on the current simulation results, the piston head design is reliable for the simulated static conditions. However, for a comprehensive assessment, considerations are recommended.

[bookmark: Materials]Material Data 
[bookmark: EngineeringData1]Aluminium Alloy NL
TABLE 19
Aluminium Alloy NL > Constants
	Density
	2770 kg m^-3

	Specific Heat
	875 J kg^-1 C^-1


TABLE 20
Aluminium Alloy NL > Isotropic Elasticity
	Young's Modulus Pa
	Poisson's Ratio 
	Bulk Modulus Pa
	Shear Modulus Pa
	Temperature C

	7.1e+010
	0.33
	6.9608e+010
	2.6692e+010
	


TABLE 21
Aluminium Alloy NL > Bilinear Isotropic Hardening
	Yield Strength Pa
	Tangent Modulus Pa
	Temperature C

	2.8e+008
	5.e+008
	


TABLE 22
Aluminium Alloy NL > Colour
	Red 
	Green 
	Blue 

	103
	192
	205


validation
The validation can reference the document's methodology, which includes comparing the performance of a topology-optimised piston and the original design. The validation confirms that the new design meets all specified thermal and mechanical load requirements while significantly reducing weight. This comparison underscores the optimised piston's potential efficiency gains and manufacturability, supporting its suitability for use in a real-world application. Such validation is critical in demonstrating the practical benefits of utilising advanced design and manufacturing techniques in engineering components.
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Assumptions and limitations inherent in FEA:
The assumption of uniform material properties could mean the piston head might behave differently under real-world conditions due to material variations or in-service degradation, potentially leading to unexpected failures.
The simplified geometry may overlook critical stress points, underestimating stress concentrations and deformation.
If the boundary conditions in the simulation do not accurately represent those in the actual engine environment, the piston head might experience unforeseen stresses or movements.
Static load simplifications do not account for the dynamic loads experienced in an engine, possibly leading to an inaccurate assessment of the piston head's performance under actual operating conditions.
Ignoring manufacturing effects like residual stresses might mean the piston head is more prone to fatigue or failure than predicted.
conclusion
In conclusion, the simulation results suggest that the piston head design, as analysed and analysed, demonstrates good structural integrity and reliability under the simulated static conditions. The deformation and strain levels are within acceptable limits, indicating that the design modifications effectively balance performance with material constraints. However, it is essential to note the limitations of the FEA, including assumptions about material uniformity, simplified geometry, boundary conditions, and static loading. These factors and the absence of a fatigue analysis underline the need for further testing under dynamic and real-world conditions to validate the piston head's performance and durability fully.
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