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[bookmark: _Toc31568214]Introduction
This report will explain a brief history of finite element analysis hereafter FEA, explain the procedure and finally analyse the results.  The FEA shall be performed within the Solidworks computer aided design software environment.  An assembly should be selected based upon personal interest or specific engineering pathway.  Once the assembly is complete, a motion study should be performed with realistic loads applied.  Lastly those loads calculated in the motion study should be used to perform the FEA, so that the FEA has a real-world context.

[bookmark: _Toc31568215]Background Research
FEA has its history firmly rooted within the development of the Finite Element Method (FEM) in the 1950’s.  Though the initial mathematical work that relates to FEM was done by Euler in the 16th century and the earliest FEM papers were published in 1851 by Schellback.  FEM refers to the mathematical methods and theories that will be used for engineering or structural problems.  FEA is the application of those theories to real world problems including simulation.  FEM was developed to solve the phenomena that are inherent within engineering problems, these phenomena are usually described with a partial differential equation (PDE).  PDE’s can’t be solved linearly by a computer, therefore FEA will use a discretisation method to approximate the differentials involved in a PDE to a reasonable degree.  The PDE can then be solved linearly within a reasonable amount of error.  In the case of FEA, the PDE is an elliptic equation that is solved using a variational or energy method.  Variational approaches are based on the energy minimisation philosophy.  The principals of energy minimisation state that when boundary conditions are applied, like force or displacement, when numerous configurations are possible, the one with the minimum energy is chosen.  This means that even though several outcomes are possible, FEM will only select one result no matter how many times run. (Harish, 2019)
The main early driving force for the development of FEM came when NASA commissioned an FEM software tool in 1964, that came in the form of NASTRAN which implemented FEM for the solving of structural problems.  NASTRAN was released to NASA in 1967 by CSC.  Later NASTRAN was commercialised by MSC and released as the first FEA software package, known as MSC/NASTRAN. (ERSD, 2019)
In 1993, Stress check was developed and released for windows operating system.  This is the first FEA software available to the masses and available on a platform that most people could use.   
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· First, model all parts needed for the assembly.
· Create the assembly.
· Mate the parts, mechanical mates are imperative as standard mates can cause redundant mates that will throw up errors later in the process.
· Within the motion study tab, create a new motion study.
· In the case of the UR3, rotary motors were added to the three joints to simulate the realistic movement of the robot.
· A cylindrical weight consisting of cast iron was added to the end effector to simulate the work involved for the robot.
· Gravity was also added to the robot for realistic results.
· Click calculate to run the motion simulation and its respective loads.
· Under the simulation drop down, click import motion loads.
· Click the part you’d like to study and send it to the right selection box, next click multiple frame study and the frames desired and then click ok.
· Open the part in question from the design tree, there should be two extra tabs, one for dynamic loads and one for static loads.  These have been imported from the motion study.
· On the dynamic tab, click run to run to simulation loads from each frame.
· Click the static tab and from here you need to set the material for the FEA, set any connections, set fixed surfaces and then create a mesh and run the study to obtain the results.
· Once the results are obtained, you need to improve the part in some way, i.e. reduce weight or improve strength etc.
· Once the part is completed, repeat all previous steps to obtain an FEA study of your newly designed part to compare and analyse the results to the old part. 

[bookmark: _Toc31568217]FEA Results
The following figure is the model chosen for this FEA; it is a UR3 robot.  It was chosen as there is one residing in the UWTSD robotics lab.  The main bit of information needed to carry out the FEA was that the UR3 has a maximum payload of 3kg.  The payload added to the UR3 model was around 7kg, this was to put additional stress upon the chosen part.  When a maximum payload is chosen there is usually an amount of tolerance hence the higher value used to stress the part.  The individual part chosen was the upper arm that the end effector is attached to, as most weight was concentrated there.
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Model name: link_2
Current Configuration: Default

	Solid Bodies

	Document Name and Reference
	Treated As
	Volumetric Properties
	Document Path/Date Modified

	Revolve2
[image: ]
	Solid Body
	Mass:0.0373221 kg
Volume:1.3823e-05 m^3
Density:2700 kg/m^3
Weight:0.365757 N

	E:\motion sim\Robot_UR3\mike\link_2.SLDPRT
Jan 30 21:02:42 2020
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	Study name
	CM1-ALT-Frames-1-126-1

	Analysis type
	Static

	Mesh type
	Solid Mesh

	Thermal Effect: 
	On

	Thermal option
	Include temperature loads

	Zero strain temperature
	298 Kelvin

	Include fluid pressure effects from SOLIDWORKS Flow Simulation
	Off

	Solver type
	FFEPlus

	Inplane Effect: 
	Off

	Soft Spring: 
	Off

	Inertial Relief: 
	On

	Incompatible bonding options
	Automatic

	Large displacement
	Off

	Compute free body forces
	On

	Friction
	Off

	Use Adaptive Method: 
	Off

	Result folder
	SOLIDWORKS document (E:\motion sim\Robot_UR3\mike)
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	Unit system:
	SI (MKS)

	Length/Displacement
	mm

	Temperature
	Kelvin

	Angular velocity
	Rad/sec

	Pressure/Stress
	N/m^2
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	Model Reference
	Properties
	Components
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		Name:
	3003 Alloy

	Model type:
	Linear Elastic Isotropic

	Default failure criterion:
	Unknown

	Yield strength:
	4.13613e+07 N/m^2

	Tensile strength:
	1.10297e+08 N/m^2

	Elastic modulus:
	6.9e+10 N/m^2

	Poisson's ratio:
	0.33  

	Mass density:
	2700 kg/m^3

	Shear modulus:
	2.7e+10 N/m^2

	Thermal expansion coefficient:
	2.3e-05 /Kelvin



	SolidBody 1(Revolve2)(link_2)

	Curve Data:N/A
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	Fixture name
	Fixture Image
	Fixture Details

	Fixed-1
	[image: ]
		Entities:
	2 face(s)

	Type:
	Fixed Geometry




	Resultant Forces
	Components
	X
	Y
	Z
	Resultant

	Reaction force(N)
	0
	0
	0
	1e-33

	Reaction Moment(N.m)
	0
	0
	0
	0


 



	Load name
	Load Image
	Load Details

	ALT-RemoteLoads-2
	[image: ]
		Entities:
	1 face(s)

	Type:
	Load (Direct transfer)

	Coordinate System:
	Global cartesian coordinates 

	Force Values:
	-61.8857, -3.69348, 0.023157   N

	Moment  Values:
	0.435959, -7.77165, -2.22045e-15   N.m

	Reference coordinates:
	-1.66533e-16 2.08167e-16 -0.00842114   m

	Components transferred:
	Force  and  Moment




	ALT-RemoteLoads-1
	[image: ]
		Entities:
	1 face(s)

	Type:
	Load (Direct transfer)

	Coordinate System:
	Global cartesian coordinates 

	Force Values:
	61.5204, 3.67169, -0.022983   N

	Moment  Values:
	-0.117403, 2.09497, 4.44089e-15   N.m

	Reference coordinates:
	5.55112e-17 6.93889e-17 0.0835789   m

	Components transferred:
	Force  and  Moment




	ALT-Gravity
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		Reference:
	Front Plane

	Values:
	9.79101  0.58327 -0.0109991

	Units:
	m/s^2




	ALT-CentriFugal
	[image: ]
		Centrifugal, Ref:
	Front Plane

	Angular Velocity:
	0.104854 rad/s

	Angular Acceleration:
	0.00198629 rad/s^2
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	Mesh type
	Solid Mesh

	Mesher Used: 
	Standard mesh

	Automatic Transition: 
	Off

	Include Mesh Auto Loops: 
	Off

	Jacobian points
	4 Points

	Element Size
	3.342 mm

	Tolerance
	0.1671 mm

	Mesh Quality Plot
	High



[bookmark: _Toc31568227]Mesh information - Details
	Total Nodes
	15150

	Total Elements
	7503

	Maximum Aspect Ratio
	12.932

	% of elements with Aspect Ratio < 3
	12.5

	% of elements with Aspect Ratio > 10
	0.08

	% of distorted elements(Jacobian)
	0

	Time to complete mesh(hh;mm;ss): 
	00:00:02

	Computer name: 
	FAD-021-01

	[image: ]
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	Sensor name
	Location
	Sensor Details

	VON: von Mises Stress
	
	Value : 2.158e+06 N/m^2 
Entities :
Result :Stress
Component :VON: von Mises Stress
Criterion :Model Max
Step Criterion : Across all Steps
Step No.:0
Alert Value: NA

	P1: 1st Principal Stress
	
	Value : 3.122e+06 N/m^2 
Entities :
Result :Stress
Component :P1: 1st Principal Stress
Criterion :Model Max
Step Criterion : Across all Steps
Step No.:0
Alert Value: NA

	P2: 2nd Principal Stress
	
	Value : 1.407e+06 N/m^2 
Entities :
Result :Stress
Component :P2: 2nd Principal Stress
Criterion :Model Max
Step Criterion : Across all Steps
Step No.:0
Alert Value: NA

	P3: 3rd Principal Stress
	
	Value : 1.235e+06 N/m^2 
Entities :
Result :Stress
Component :P3: 3rd Principal Stress
Criterion :Model Max
Step Criterion : Across all Steps
Step No.:0
Alert Value: NA

	URES:   Resultant Displacement
	
	Value : 1.576e-03 mm 
Entities :
Result :Displacement
Component :URES:   Resultant Displacement
Criterion :Model Max
Step Criterion : Across all Steps
Step No.:0
Alert Value: NA

	INT: Stress Intensity(P1-P3)
	
	Value : 2.445e+06 N/m^2 
Entities :
Result :Stress
Component :INT: Stress Intensity(P1-P3)
Criterion :Model Max
Step Criterion : Across all Steps
Step No.:0
Alert Value: NA

	ESTRN: Equivalent Strain
	
	Value : 2.327e-05  
Entities :
Result :Strain
Component :ESTRN: Equivalent Strain
Criterion :Model Max
Step Criterion : Across all Steps
Step No.:0
Alert Value: NA
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[bookmark: _Toc31568230]Reaction forces
	Selection set
	Units
	Sum X
	Sum Y
	Sum Z
	Resultant

	Entire Model
	N
	0
	0
	0
	1e-33


[bookmark: _Toc31568231]Reaction Moments
	Selection set
	Units
	Sum X
	Sum Y
	Sum Z
	Resultant

	Entire Model
	N.m
	0
	0
	0
	0
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	Name
	Type
	Min
	Max

	Displacement1
	URES:   Resultant Displacement
	4.401e-05 mm
Node: 1788
	6.999e-04 mm
Node: 14610

	[image: ]
link_2-CM1-ALT-Frames-1-126-1-Displacement-Displacement1



	Name
	Type
	Min
	Max

	Stress1
	INT: Stress Intensity(P1-P3)
	1.249e+04 N/m^2
Node: 7467
	2.021e+06 N/m^2
Node: 91

	[image: ]
link_2-CM1-ALT-Frames-1-126-1-Stress-Stress1



	Name
	Type
	Min
	Max

	Strain1
	ESTRN: Equivalent Strain
	2.180e-07 
Element: 4054
	2.211e-05 
Element: 7469

	[image: ]
link_2-CM1-ALT-Frames-1-126-1-Strain-Strain1
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		Simulation of  link_2redesign
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	Study name
	CM1-ALT-Frames-1-126-1

	Analysis type
	Static

	Mesh type
	Solid Mesh

	Thermal Effect: 
	On

	Thermal option
	Include temperature loads

	Zero strain temperature
	298 Kelvin

	Include fluid pressure effects from SOLIDWORKS Flow Simulation
	Off

	Solver type
	FFEPlus

	Inplane Effect: 
	Off

	Soft Spring: 
	Off

	Inertial Relief: 
	On

	Incompatible bonding options
	Automatic

	Large displacement
	Off

	Compute free body forces
	On

	Friction
	Off

	Use Adaptive Method: 
	Off

	Result folder
	SOLIDWORKS document (E:\motion sim\Robot_UR3\mike)
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	Unit system:
	SI (MKS)

	Length/Displacement
	mm

	Temperature
	Kelvin

	Angular velocity
	Rad/sec

	Pressure/Stress
	N/m^2
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		Name:
	3003 Alloy

	Model type:
	Linear Elastic Isotropic

	Default failure criterion:
	Unknown

	Yield strength:
	4.13613e+07 N/m^2

	Tensile strength:
	1.10297e+08 N/m^2

	Elastic modulus:
	6.9e+10 N/m^2

	Poisson's ratio:
	0.33  

	Mass density:
	2700 kg/m^3

	Shear modulus:
	2.7e+10 N/m^2

	Thermal expansion coefficient:
	2.3e-05 /Kelvin



	SolidBody 1(Revolve2)(link_2redesign)

	Curve Data:N/A
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	Fixture name
	Fixture Image
	Fixture Details

	Fixed-1
	[image: ]
		Entities:
	2 face(s)

	Type:
	Fixed Geometry




	Resultant Forces
	Components
	X
	Y
	Z
	Resultant

	Reaction force(N)
	-0.00255447
	0.00481772
	-0.00112218
	0.00556732

	Reaction Moment(N.m)
	0
	0
	0
	0


 



	Load name
	Load Image
	Load Details

	ALT-RemoteLoads-2
	[image: ]
		Entities:
	1 face(s)

	Type:
	Load (Direct transfer)

	Coordinate System:
	Global cartesian coordinates 

	Force Values:
	28.0449, -53.4557, 12.4333   N

	Moment  Values:
	-2.42508e-17, 4.81605e-17, 2.61763e-16   N.m

	Reference coordinates:
	4.16334e-16 -9.4369e-16 0.0835789   m

	Components transferred:
	Force  and  Moment




	ALT-RemoteLoads-1
	[image: ]
		Entities:
	1 face(s)

	Type:
	Load (Direct transfer)

	Coordinate System:
	Global cartesian coordinates 

	Force Values:
	-28.3855, 54.105, -12.5845   N

	Moment  Values:
	-4.94779, -2.5958, 5.37764e-17   N.m

	Reference coordinates:
	5.55112e-17 -1.38778e-16 -0.00842114   m

	Components transferred:
	Force  and  Moment




	ALT-Gravity
	[image: ]
		Reference:
	Front Plane

	Values:
	4.46281  -8.50713 1.97409

	Units:
	m/s^2




	ALT-CentriFugal
	[image: ]
		Centrifugal, Ref:
	Front Plane

	Angular Velocity:
	0.10472 rad/s

	Angular Acceleration:
	0.000428289 rad/s^2
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	Mesh type
	Solid Mesh

	Mesher Used: 
	Standard mesh

	Automatic Transition: 
	Off

	Include Mesh Auto Loops: 
	Off

	Jacobian points
	4 Points

	Element Size
	2.5898 mm

	Tolerance
	0.12949 mm

	Mesh Quality Plot
	High



[bookmark: _Toc31568239]Mesh information - Details
	Total Nodes
	26413

	Total Elements
	13369

	Maximum Aspect Ratio
	5.1475

	% of elements with Aspect Ratio < 3
	97.9

	% of elements with Aspect Ratio > 10
	0

	% of distorted elements(Jacobian)
	0

	Time to complete mesh(hh;mm;ss): 
	00:00:02

	Computer name: 
	FAD-021-01

	[image: ]
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	Sensor name
	Location
	Sensor Details

	VON: von Mises Stress
	
	Value : 1.083e+06 N/m^2 
Entities :
Result :Stress
Component :VON: von Mises Stress
Criterion :Model Max
Step Criterion : Across all Steps
Step No.:0
Alert Value: NA

	P1: 1st Principal Stress
	
	Value : 1.156e+06 N/m^2 
Entities :
Result :Stress
Component :P1: 1st Principal Stress
Criterion :Model Max
Step Criterion : Across all Steps
Step No.:0
Alert Value: NA

	P2: 2nd Principal Stress
	
	Value : 5.388e+05 N/m^2 
Entities :
Result :Stress
Component :P2: 2nd Principal Stress
Criterion :Model Max
Step Criterion : Across all Steps
Step No.:0
Alert Value: NA

	P3: 3rd Principal Stress
	
	Value : 4.791e+05 N/m^2 
Entities :
Result :Stress
Component :P3: 3rd Principal Stress
Criterion :Model Max
Step Criterion : Across all Steps
Step No.:0
Alert Value: NA

	URES:   Resultant Displacement
	
	Value : 6.249e-04 mm 
Entities :
Result :Displacement
Component :URES:   Resultant Displacement
Criterion :Model Max
Step Criterion : Across all Steps
Step No.:0
Alert Value: NA

	INT: Stress Intensity(P1-P3)
	
	Value : 1.224e+06 N/m^2 
Entities :
Result :Stress
Component :INT: Stress Intensity(P1-P3)
Criterion :Model Max
Step Criterion : Across all Steps
Step No.:0
Alert Value: NA

	ESTRN: Equivalent Strain
	
	Value : 1.147e-05  
Entities :
Result :Strain
Component :ESTRN: Equivalent Strain
Criterion :Model Max
Step Criterion : Across all Steps
Step No.:0
Alert Value: NA
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[bookmark: _Toc31568242]Reaction forces
	Selection set
	Units
	Sum X
	Sum Y
	Sum Z
	Resultant

	Entire Model
	N
	-0.00255447
	0.00481772
	-0.00112218
	0.00556732


[bookmark: _Toc31568243]Reaction Moments
	Selection set
	Units
	Sum X
	Sum Y
	Sum Z
	Resultant

	Entire Model
	N.m
	0
	0
	0
	0
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	Name
	Type
	Min
	Max

	Displacement1
	URES:   Resultant Displacement
	0.000e+00 mm
Node: 1
	6.249e-04 mm
Node: 26052

	[image: ]
link_2redesign-CM1-ALT-Frames-1-126-1-Displacement-Displacement1



	Name
	Type

	Displacement1{1}
	Deformed shape

	[image: ]
link_2redesign-CM1-ALT-Frames-1-126-1-Displacement-Displacement1{1}
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In conclusion, an FEA was run on the upper arm of a UR3 robot. Section 4.2 shows these results.  The material used was 3003 aluminium alloy as this seemed a suitable choice to represent the real robot.  The main resultants from this report would be the displacement, stress and strain.  These are visually represented towards the end of the report.  The displacement shows a 0.001576mm displacement mainly parallel to the force acting on the arm.  The stress shows 2.021x106 N/m2 resultant figure acting perpendicular to the force.  The strain shows a 2.211x10-5 acting along the top of the arm perpendicular to force.  
In order to negate the aforementioned results, the part was made to be thicker, doubled in fact from a 2mm wall thickness to 4mm.  The motion simulation and subsequent FEA was run including the redesigned component.  The results of this are shown in section 4.3.  The displacement was shown to be 0.0006249mm, an improvement of roughly 60% over the original component.  The stress shows a 1.156x106 N/m2 acting in much the same way as the original but to a much lower degree.  The strain is 1.147x10-5 and again a marked improvement.  In this case the FEA shows that the thicker wall of the part improves the amount of stress and strain the componenet can take and reduces the deformation of the part also.
Further to this, if you wanted to reduce the mass or material within a component you could run a topology study that would suggest where you could save mass in relation to the forces acting on the part.  Where there is little stress or strain you could reduce the amount of material.
FEA’s are a powerful and widely used tool across many industries that allow the user to make fully informed judgements in relation to components and how they’d behave under motion and forces.  The FEA does depend upon motion and modelling to be as accurate to life as possible though, bad input data equals bad output data, as the old adage says.



Link to CAD Files can be found here with all studies contained within.
https://uowtsd-my.sharepoint.com/:f:/g/personal/pwilliams_151245_student_uwtsd_ac_uk/EupPzZHtf1FElbkIHX4FC3sBsjK0yvpBfIySV1IK7j2ngQ?e=QJOgVW
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