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[bookmark: _Toc30946067][bookmark: _Toc26642178]Introduction 
In recent years, finite element analysis has become a mainstay in the tool’s engineers use to validate and optimise component designs. Prior to widespread digital computation of the finite element method, key design metrics such as; von mises stress distribution, factor of safety and displacement ratios were either calculated by hand or studied empirically from both destructive and non-destructive experimentation.
[bookmark: _Hlk1305458]Nowadays, ever increasing advancement of computational resources, computing power, and software, mean engineers can calculate and simulate typical problems, including fluid flow, impact analysis, Structural analysis/optimisation and thermal diffusion problems etc. Finite element analysis has many advantages over traditional techniques, Arguably the most important advantage is that finite element analysis and simulation have allowed the Manufacturing  industry to improve efficiencies in the product conception stages, hence enabling them to decrease the time to market for new products (Vazquez, 1996). Another major benefit is the potential for substantial savings in the cost of building and physically testing prototypes. Although it is true that FEA cannot completely replace such tests, it can drastically reduce the number of tests needed (Phillips, 2016).
[bookmark: _Toc478033173][bookmark: _Toc30946068][bookmark: _Toc478033174]Aims 
This report is based around the simulation and optimisation of robotic end effectors for low payload collaborative robots. Both Structural and mass optimisation of end effector design is vital in applications involving low payload robots, such robots may have payloads as low as 3kg, as such any unnecessary mass in the end effector design encroaches on the lifting capacity of the robot.
[bookmark: _Toc30946069]Objectives
· Measure and accurately model one of the collaborative robots from the robotics laboratory.
· Design an end effector to fit the robot.
· Discuss a worst case scenario for loads on the end effector.
· Create a motion simulation of the above scenario in SolidWorks motion analysis.
· Use the motion simulation to import motion loads into a FEA study.
· Analyse the results of the simulation and optimise the end effector design for stiffness.
· Run a topology study and hence optimise the design for mass.
· Analyse and discuss the results of the FEA and topology studies below.
[bookmark: _Toc30946070]Main Body 
[bookmark: _Toc30946071]Background Research 
[bookmark: _Toc30946072]Finite Element Analysis
Finite element Analysis is defined as the simulation of  numerical approximations of  any physical phenomenon using the finite element method (Simscale, 2019). In mathematics, the finite element method describes approximate solutions to differential equations at every location within a known domain of variables (Hutton, 2004). 
As mentioned above, the fundamentals of Finite element analysis are rooted in the finite element method (FEM), FEM techniques were first published during the early 1940s in the works of A. Hrennikoff, a renowned Russian Structural Engineer (Finite Element Analysis (FEA) Consulting, 2018). These early techniques were solved using arduous hand calculations and observations from experiments. The advancement of Modern FEA techniques closely follows that of Computer systems and has done since the early 1960s. Motivation for the development of FEA mostly came from civil, automotive and aeronautical engineering sectors, as a means of solving complex structural analysis problems. One of the first industrial FEA programs was FIESTA developed in 1977 (ESRD, 2019).
[bookmark: _Toc30946073][image: FEA Simulation of a piston rod - made with FEA software from SimScale]Industrial Applications 
Today, engineers use FEA to visualise key design metrics (see figure 1), such as Von Misses stress, strain and displacement etc. They then use this visualisation to analyse and optimise the design of components pre-production. Firstly, a model of the component is created in CAD software. The dimensional accuracy of the component model is directly related to the accuracy of the results of the analysis, hence the way in which we measure or model a component must be carefully considered. Once the CAD representation is completed, we must define the conditions the component is exposed to, this includes specifying loads (forces & torques) and constraints (fixtures and connections etc.). The next step of the process is to generate a mesh, a mesh essentially divides the Model into small cells called elements, at each element the equation that governs the desired metric, be it stress, strain, displacement etc., is applied. The density of the mesh has a substantial impact on how close the Finite element approximations are to the true solution. A general rule of thumb is, the finer the mesh is the more accurate the results are (Javidinejad, 2012). Ideally, all FEA models would be completed with extremely fine mesh densities, however due to the vast increase in the number of elements to solve in fine mesh models, computation time and resources increases substantially. Therefore, the validity of the FEA model is a compromise between the accuracy of the solve versus the computation time.[bookmark: _Toc30901526]Figure 1: Von Mises Stress Distribution on Piston Conrod
(Simscale, 2019)

Below are 2 graphs (Figure 2-3) that show the relationship between the mesh density, Accuracy and solve time. [bookmark: _Toc30901527]Figure 2: FEA Error vs Element Size (EnterFEA, 2018)






[bookmark: _Toc30901528]Figure 3: FEA Error vs Calculation Time (Simscale, 2019)







The Graphs were produced as part of a study, by a FEA software developer, in order to find the optimal mesh densities for specific problems. The graphs clearly show that in order to achieve a highly accurate (or low error) result, a fine mesh is needed. However, the graphs  also show that to achieve low error results the calculation time increases substantially. Accuracy of results can be further increased by optimising the mesh shape. In 2d problems mesh shape can be either triangular or quadrilateral. In 3d models the mesh can be triangular, hexahedral, quadrilateral, tetrahedral or polyhedral (Hutton, 2003). It is difficult to specify an optimal mesh shape generally as it is largely dependent on the governing equations of the FE problem as well as the geometry of the model. This being said, most Modern CAD/FEA programs are capable of creating hybrid meshes in order to optimise the mesh type automatically.
[bookmark: _Toc30946074]Motion Simulation 
In the scope of this report, Motion simulation is a hugely useful tool in defining the loads exerted on a model over time. As mentioned in the section above, one of the most important steps in carrying out FEA is defining the loading conditions of the model. Whilst this can be relatively simple for static problems, calculating the loads exerted in transient scenarios is particularly difficult. In order to accurately simulate the load applied to a model in a transient state, the quantitative values for acceleration, position, velocity, masses, joint forces/reactions and inertial forces need to be defined (Lee, 2002), it is then clear to see how manually calculating each of these values with respect to time would be extremely difficult. 
Within engineering, motion simulation is mostly used in mechanism analysis and impact/collision analysis. Such simulations have revolutionised rapid prototyping and overall time to market for new products in most manufacturing sectors. Perhaps the most tangible benefit is within the automotive industry. Traditionally, automotive manufacturers depended upon destructive testing of prototype vehicles in order to validate the design in terms of crash worthiness. Recently however complex motion simulations have drastically reduced the number of physical tests needed, to the point where up to 70% of all validations of crashworthiness are derived from simulated computations . (Akkerman, 2000)
[bookmark: _Toc30946075]Topology Optimisation 
[bookmark: _Hlk30871519]Topology optimisation is a mathematical mass optimisation technique used to identify the optimal structural layout of a component. Similar to finite element analysis and motion simulation, topology optimisation has become more prevalent with the ever increasing speed and power of computer systems. Topology optimisation  is currently used in civil, automotive and aerospace applications. Although topology optimisation is capable of substantial mass savings, it is currently still considered a niche in manufacturing. Some considerations that should be made before implementing topology optimisation include;
· The geometries that are generated through topology, called free forms, may not be manufactured using traditional techniques.
· Although the process of suggesting areas of redundant mass for removal requires little more effort than a simple FEA, the process of redesigning the component with the areas removed is largely manual.                                                                          (Chang, 2015)
The effectiveness of topology optimisation is analysed below in the report.
[bookmark: _Toc30946076]Component Selection 
The component chosen to undergo motion analysis, finite element analysis and topology optimisation is a robotic end effector adapter for a universal robots UR10 (see figure 1). The term end effector is used to describe any device that is attached to the wrist joint of a robotic arm and is used to manipulate objects within the workspace. Robotic end effectors can be categorised into 4 main types;[bookmark: _Toc30901529]Figure 4: Example End Effector

· Ingressive: pins or teeth that penetrate the grasped object.
· Contigutive: adhesive contact between the end effector and the grasped object.
· Impactive: claws/jaws  mechanically grip the object.
· Astrictive: uses a vacuum or magnet to grasp objects.
[bookmark: _Toc30946077]FEA Justification 
[bookmark: _Hlk30875584]The universal robots UR10 is a light industrial robot with a payload of  just 10kg. This is a relatively low payload compared with more heavy duty industrial robots. This can be attributed to the fact that the UR10 is  collaborative, collaborative robots are designed to work in uncaged work environments , if more than 10kg is exerted on any part of the robot during motion it engages a protective stop. 
[image: ]Collaborative robotic end effectors must be both strong and light weight. Any unnecessary mass on the end effector of a collaborative robot impedes on its lifting capacity, for example a UR10 with a 2kg end effector losses 20% of its lifting capacity. The structural integrity is also a key design driver, minor collisions in robot path programs are a common occurrence, it is then important to find a compromise between strength and mass in end effector design.
An example of an industrial use of Finite element analysis and motion simulation in end effector design is Fanuc, an industrial robot manufacturer that uses solid works motion simulation to design, analyse and test bespoke end effectors for customers.[bookmark: _Toc30901530]Figure 5:Fanuc use SolidWorks Simulation in Robotic Design (SolidWorks , 2018)

[bookmark: _Toc30946078]Procedure 
[bookmark: _Toc30946079]Measurement 
Measurements of the UR10, workbench and table were taken at the robotics laboratory using Vernier calipers for smaller measurements and a measuring tape for larger ones. Although the use of a measuring tape Is not ideal, a good standard of accuracy was maintained throughout. 
Measurements of the tool flange PCD were also collected, as well as the PCD for the vacuum gripper, these were used later in the design of the initial end effector adapter.
[bookmark: _Toc30946080]Modelling 
Modelling  included the end effector adapter as the main focus of the FEA study and also the Ur10 robot, workbench and table for the motion analysis. The UR10 was simplified (no fasteners or internal geometry). Components were initially all modelled separately, then some were assembled and exported as solid bodies in order to further simplify the assembly ready for motion analysis.[bookmark: _Toc30901531]Figure 7: UR10 Robotics Lab
[bookmark: _Toc30901532]Figure 7:UR10 Assembly

For the assembly the only mate type needed are hinge mates, the base of the robot, workbench and table are all fixed. The assembly was created with 0 mate redundancies.
For the purpose of the motion analysis all other components except the end effector and UR10 were specified as mass = 0. The UR10 was redefined as mass = 28.8kg as stated by the manufacturer. The mass of the end effector was left as calculated by solid works for the specified 1020 steel .
[bookmark: _Toc30946081]Motion simulation
To set up the motion simulation a worst case load scenario needed to be considered. In collaborative robots during normal operation, maximum load before protective stop is 10kg which isn’t particularly high. One scenario where there is potential for  substantial collision forces is if the robot is inadvertently entered into ‘free drive’ mode either by operator error, or a drive code error. This would result in the robot disengaging all of its brakes and motors simultaneously and falling into the object immediately below. It could also be argued that the arm should be at full extension in order to simulate the worst case load, however this is very rarely the case for most pick and place operations and as such would not simulate a realistic collision scenario. For this reason, the end effector was placed at 90o to the lower arm and suspended above a table, this is a common pose in normal pick and place procedures.
Once the robot pose was defined, solid body contacts were created between the UR10 robot, the end effector, the workbench and the table. The Material choice ‘steel dry’ was chosen as a contact condition as it appears to have the most accurate friction and penetration values.
The frame rate for the study was increased to 50 frames per second, ideally a higher rate would have been chosen but due to a lack of computational resources the simulation became unresponsive above 50 frames per second.
The final task in creating the motion simulation was to specify gravity within the model. The end effector underwent 1 iteration of motion analysis for each design version created, totalling 3 motion studies.
[bookmark: _Toc30946082]Finite Element Analysis 
The interference tool was used in the motion analysis to identify the frames in which the end effector collided with the table, using this information, motion loads were imported into the initial end effector design model and a Static study was created.
· Loading conditions were imported from the motion analysis on each iteration of the finite element analysis.
· Fixtures included fixed geometry in all of the bolt holes that would hold the end effector to the tool flange of the robot.
· On the recommendation of solid works tutorial, a roller/slider fixture was added to the mounting surface and inertia relief was turned off. 
Finite element analysis was carried out in the initial, optimised and final end effector designs, the above process was repeated for each design iteration.
[bookmark: _Toc30946083]Topology optimisation 
A topology study was carried out on the second design of the end effector called ‘Tool Adapter Optimised’. The same load and fixture conditions implemented in the FEA are implemented here. Manufacturing controls are applied to the front face of the model and a mass reduction goal of 50% is specified. The results were interpreted and hence motivated the production of the final component names ‘Tool Adapter Final’.

[bookmark: _Toc30946084]Analysis.
Design 1 [bookmark: _Toc30901533]Figure 8:Von Mises Stress Design 1










[bookmark: _Toc30901534]Figure 9: URES Deformation Design 1

Initially, the first design for the end effector looked adequate as there didn’t appear to be any significant Von Mises stresses or severe deformation in the model. Although the deformation results look dramatic in figure 9, this Is due to the deformation scaling ratio, even though there appears to be substantial bending of the tip of the end effector, the maximum displacement shown in figure 10 = 0.0000006934 mm [bookmark: _Toc30901535]Figure 10: Displacement Table Design 1

However, when inspecting one of the results tables (figure 11), the max Von Mises stress appeared to exceed the yield strength of the material. (yield = 351.571 N/mm^2)[bookmark: _Toc30901536]Figure 11: Von Mises Table Design 1

[bookmark: _Toc30901537]Figure 12: High Von Mises Stress Design 1












Turning the model around I noticed a high concentration of stress on the narrowest cross section of the end effector. This is an unwanted characteristic and hence motivated the 2nd design iteration in order to resolve this high stress concentration.
[bookmark: _Toc30946086]Design 2 
For the second design iteration (Tool Adapter Optimised’)  4 large ribs with completely radiused edges (see figure 13) were added to the model with the aim of reducing the stress concentration on the tip of the end effector. The ribs essentially increase the cross sectional area as well as assist in dissipating forces during collision.[bookmark: _Toc30901538]Figure 13: Von Mises Design 2
[bookmark: _Toc30901539]Figure 14: Design 2

[image: ]Figure 13 shows that the added ribs and radii in the second design have successfully lowered the Von Misses stress at the tip of the end effector.[bookmark: _Toc30901540]Figure 15:Design Insights Function
[bookmark: _Toc30901541]Figure 16:Stress and Displacement Design 2

Using the design insights function (See figure 16), it was clear that a large proportion of the rear of the model wasn’t being subjected to  substantial loads during  the finite element analysis, this was the motivation behind running a topology study on design 2 to evaluate whether or not there was any redundant mass that could be removed . Below are details of a topology study run on this model.

[bookmark: _Toc30946087]Topology Study Design 2 
Up until this point both designs have been completely solid bodies with no thought given to mass reduction. The topology study on design 2 uses the same  imported motion loads and fixtures as the FEA studies. A target mass removal of 50% was defined at the start of the study.[bookmark: _Toc30901542]Figure 17: Topology Results Design 2


Figure 17 shows a large section of material that could potentially be removed from the model. The initial mass of Design 2 = 1200g. The Topology study suggests this can be reduced to as little as 600g by simply hollowing out the back of the end effector. This value is likely to increase when the bolt mounting surfaces are accounted for. 
Another important consideration when using topology studies is to consider the manufacturability of the component. Topology studies tend to generate free form geometries that are impossible to create using traditional manufacturing techniques, such as machining for example. Whilst it can be argued that additive manufacturing processes can now produce virtually any geometry, it’s also important to recognise that even metallic additively manufactured components cannot match their traditionally  manufactured counterparts in terms of their mechanical characteristics.
[bookmark: _Toc30946088]Design 3 (Final Design)
For the final design, the topology results were used to remove a quantity of material from the rear of the previous end effector design. A new motion study was created, and motion loads imported into another static study. This static study is used to validate the topology study as well as the final design as a whole.
[bookmark: _Toc30901543]Figure 18:Final Design Von Mises

[image: ][bookmark: _Toc30901544]Figure 19: Final Design Results

The FEA study on design 3 shows that the topology study and thus the removal of mass from the rear of the end effector design is successful. The mass of the end effector is reduced to 800g, thus the decrease in mass is 400g compared with design 2 and 200g compared with design 1, with only very small increases in stress and displacement compared with design 2. 
[bookmark: _Toc30946089]Conclusion 
The redesigned robotic end effector  is a successful proof of concept, using a combination of motion simulation, finite element analysis and topology studies, a component has been made not only stronger but also lighter.
The mass of the end effector has been decreased by 33.33% over the 2nd design iteration and 20% over the first design iteration whilst simultaneously decreasing the Von Mises stress and URES displacement. Whilst this mass saving may only account for 2% of the lifting capacity of a UR10 robot, any mass saving in end effector design has to be positive. Further work for this FEA could be to start mesh refinement at the high stress/displacement areas in the first design to get a more accurate approximation, as well as refining the mesh in the topology study. This was attempted but due to limited computational resources the study failed multiple times.
It is then clear to see the benefits FEA and motion simulation can bring not only to manufacturing, but to all engineering sectors. With ever increasing computing and software power, the Use of FEA and motion analysis in design optimisation and validation is set to continue to grow for the foreseeable future.
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Link for SolidWorks files
https://uowtsd-my.sharepoint.com/:f:/g/personal/jjenkins_149066_student_uwtsd_ac_uk/EhU2Sx2CrBdDi4ZllYoJCeQB1rz56CVv2iIwpwEp76Gh8g?e=eDNFT5

Please find these files:
· [bookmark: _Hlk30950988]Motion_Simulation_1
· Motion_Simulation_2
· Motion_Simulation_3
· Tool Adapter Initial
· Tool Adapter Optimised 
· Tool Adapter Final
I attempted to put all the results files in separate folders however this led to database not found errors, so I had to leave all files where they were created.
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