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[bookmark: _Toc30923779]Introduction
In the last 10-15 years, the use of robotics has become much more prevalent in a wide array of industries (Ghosh, Roy et al. ,2018), with the precision offered unrivalled. Given that accuracy is of the utmost importance, any errors that might arise structurally need to be avoided at all costs, given the high initial investment costs.
In this context, this report aims to decrease the initial investment cost for a robotic arm and analyse the geometry of a load-bearing joint on the arm for failure points. This is attempted by modelling the arm and its support structure in Solidworks, then using that model to simulate expected motion and with appropriate loads. 
From there, information regarding motion and loads in the assembly are imported into the Solidworks simulation module, within the context of the part to be analysed. Within the simulation module, a variety of parameters can be charted. In this instance, looking specifically at areas that propagate von Mises Stress, and overall levels of stress at the part. 
With this information, the part is re-designed to increase strength / reduce the propagation of stress. Further, a non-load bearing part within the assembly is analysed, using the topology toolset within Solidworks, to reduce the mass (and therefore production cost) of the assembly.
[bookmark: _Toc30923780]Theoretical Background
[bookmark: _Toc30923781]Motion Simulation (Rigid Body Dynamics)
Motion simulation is the study of motion in the space of one or several bodies, more technically known as Rigid Body Dynamics (RDM). It is widely used to give a good approximation of a myriad range of mechanisms in motion (Stewart ,2000). It is, therefore, an invaluable tool when producing virtual prototypes.
As the name implies (RBD), when simulating motion in this way, the body is assumed to be “rigid” i.e. the body cannot be deformed whilst retaining freedom of movement around all axes. Motion simulation is therefore only an approximation of reality, given that no bodies are perfectly rigid. At its core, it is both convenient and accurate enough to be incredibly useful in a great number of applications.
[bookmark: _Toc30923782]Rigid Body Simulators
Rigid body simulators essentially work by applying a “simulation loop” at each time step. Before being initiated an initial force is applied to the body, that can be continuous if desired (i.e. a motor).
From there, a single loop begins with collision detection, to find contact points between the bodies. These contact points are used to determine contact forces with proper friction effects and prevent the bodies from inter-penetrating. A newly formed contact point implies collisions, which are always accompanied by impulse forces, causing changes in velocity. 
After computing these contact forces, changes in velocity and distance are calculated based on this and then integrated forward to the next time step, where the loop is repeated (Bender, Erleben et al. ,2014). 
As stated previously, Solidworks has a motion simulation module, that utilises this method, allowing simulation of the robotic arm and approximation of forces.
[bookmark: _Toc30923783]Finite Element Analysis (FEA)
FEA is an effective tool to analyse the mechanical factors and properties of a body under load that would otherwise be challenging or impractical to obtain via the production of a real-world prototype (Yao, Erdemir et al. ,2018). It is the application of Finite Element Methods (FEM) with computing power.
FEA programs artificially split a model into many ‘elements’, separated by nodes placed on the structure, essentially imposing a mesh grid onto the structure. By defining the material of the model, the program can analyse (solve) these smaller and simpler geometric elements individually, and then combine to give a good approximation of the mechanical properties of the entire structure (Yue ,2015). 
[bookmark: _Toc30923784]Stress Testing
The first application of FEA on this assembly is to determine the resultant von Mises Stress and the intensity of the three principal stresses on a part during motion.
Von mises stress is used to formulate the von Mises yield criterion, which is used to predict the yielding point of materials that are under complex loading conditions (Jones ,2009). Prior to this yield point, the material is assumed to be elastic, and as such is a great evaluation point. If points of high von Mises stress can be determined, the part can be redesigned to correct these points, increasing the repeated reliability & strength of the part. It can also be used to decrease the weight of the part if the yield point is not even close to being approached.
[bookmark: _Toc30923785]Topology Optimisation
Topology optimisation essentially looks at where best material is placed within a prescribed domain in order to get the best structural performance (Sigmund, Maute ,2013). Put simply, topology software can analyse the mechanical properties of a component (using FEM’s)  and find parts of the material that don’t contribute to the structural stability/performance of the part. 
Topology software uses the mesh created whilst applying FEM’s with the data obtained from topology analysis to give a graphical view of the material that is okay to remove.
This data can then be used to re-design the initial model to make it stronger, lighter or both.
[bookmark: _Toc30923786]Analysis
[bookmark: _Toc30923787]Initial Parameters
[bookmark: _Toc30923788]Model
Figures 1 and 2 (below) show the initial assembly, built from smaller parts and mated appropriately within Solidworks. 
[image: ]
[bookmark: _Toc30923758]Figure 1 - Isometric view - initial model
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[bookmark: _Toc30923759]Figure 2 - Side view - initial model
[bookmark: _Toc30923789]Motion Simulation
The motion simulation of the assembly considers gravity and takes the assembly from the position shown in figure 3, to figure 4. The plate that provides longitudinal movement (figure 5) is where stress incurred is to be analysed. This is the point of study as it’s the smallest feature, and as such, the most likely failure point. It is also the component with the most amount of the weight acting upon it, without being anchored. 
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[bookmark: _Toc30923760]Figure 3 - Start state - motion sim
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[bookmark: _Toc30923761]Figure 4 - End state - motion sim
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[bookmark: _Toc30923762]Figure 5 - Part for analysis
The end state was chosen, to have the greatest component of weight acting on the study part so that max stress conditions could be analysed.
[bookmark: _Toc30923790]Results - Stress
The results were created based on 22 sample points, spread evenly over the total time of the motion simulation. The resulting von Mises stress and total stress intensities can be seen in figure 6, below. It is immediately obvious that peak stress (von Mises & total intensity) experienced occurred in the 7th sample
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[bookmark: _Toc30923763]Figure 6 - Resultant Stress
[bookmark: _Toc30923791]von Mises Stress -Peak
Looking at the von Mises Stress distribution for sample 7, there are two key areas where stress is propagating to unwanted levels. Firstly, as seen in figure 7 below, along the spine of joint, towards the connection with the arm, with a peak von Mises Stress of 2.354x107 N/m2.
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[bookmark: _Toc30923764]Figure 7 - Spinal Stress
This is likely due to the stress incurred when shifting the weight of the arm from the side of the fixture to the top of the fixture. Two ways of rectifying this were to be considered when redesigning the part.
Firstly, increasing the curvature of the spine should allow the stress to distribute over a broader area, reducing the peak value of von Mises stress. This follows the same principle of fillets reducing stress, i.e. increasing the circumference should reduce stress (Tipton ,2009). Secondly, a plate fixture rising from the spine may help alleviate stress further with the same reasoning, to reduce the general levels of stress seen along the spine (sections shaded green to yellow).
Figure 8 below shows the second area in which von Mises stress propagation reaches unacceptable levels.
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[bookmark: _Toc30923765]Figure 8 - Edge Stress
The stress accrued here is attempted to be reduced by filleting the sharp edges along the part, with greater radii being applied at the joint, as mentioned before, fillets reduce peak stress levels (Tipton ,2009). 
[bookmark: _Toc30923792]Stress Intensity - Peak
Stress intensity, seen in figure 9, corroborates what is seen in terms of von Mises stress levels, so the solutions proposed should translate here too.
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[bookmark: _Toc30923766]Figure 9 - Stress Intensity
[bookmark: _Toc30923793]General Stress
Taking a more holistic view of the stresses induced in the part in motion, another key area of stress build-up is seen in 21 of the 23 sample points. Stress tends to propagate on the other end of the spine, on both under and over-sides, towards the mounting point, to unacceptable levels, shown in figure 10 and 11, taken from sample point 14. Edge stress like that in figure 8 also arises, seen in figure 12, taken from sample point 10.
[image: ]
[bookmark: _Toc30923767]Figure 10 - Underside Stress
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[bookmark: _Toc30923768]Figure 11 - Over-side Stress
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[bookmark: _Toc30923769]Figure 12 - Edge Stress (2)
It is obvious that the kind of stress propagating, is occurring for the same reasons as discussed with peak stresses, as such the same measures of increasing circumference, attaching a plate, and filleting corners, are taken to alleviate stress in the part.
[bookmark: _Toc30923794]Topology Implementation
A topology study was run on the part of the assembly directly attached to the anchor, that supports the feature that has been analysed for stress points and is shown isometrically in figure 13, below.
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[bookmark: _Toc30923770]Figure 13 - Topology Part
The study was set up, simulating a distributed mass on the mounting point for the upper section of the robotic arm, with the mass considered being the mass of the parts above it, plus 10kg to simulate an object being held by the arm. The goal was set to target a reduction in mass of 50%, whilst keeping the stress to a maximum of 80% of the yield level for the specified material.
The mesh that contains material that can be removed is shown in figure 14, below.
[image: ]Point A

[bookmark: _Toc30923771]Figure 14 - Topology Mesh
The mesh is generally useful but has removed material that is vital around the screw wholes, seen at point A in figure 14. Despite this, it will still be used as a target shape for the redesigned part. The mesh seen in figure 14 was exported as a smooth mesh so that it could be superimposed onto the original model and be used for accurate re-design. It should also be noted that despite a target of 50% mass reduction, the study could only obtain 24%, this is still good.
[bookmark: _Toc30923795]Redesign
[bookmark: _Toc30923796]Results – Stress (2)
[bookmark: _Toc30923797]New Arm Design
The part has been modified in three keyways and is shown in figure 15, below.
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[bookmark: _Toc30923772]Figure 15 – Arm Redesign
As posited earlier, the curvature of the spine has been made bigger on both ends of the spine, by increasing the radius of the lofted sketch by a factor of 3. This should result in the stress accrued being distributed over a greater area specifically at the two endpoints, decreasing the concentration of stress seen in figures 7 and 9. 
A plate has also been extruded through the spine, which should alleviate the non-peak but elevated levels of stress present through the whole of the spine.
Finally, fillets have been added to the edges where the spine meets the hub(s), again for the same reason, increased circumference should result in less concentrated stress.
[bookmark: _Toc30923798]Analysis
Motion simulation was performed again with the new arm design and the new anchor part fitted in the assembly. The motion was recreated exactly by fixing other assembly points before fitting new parts and by driving the motors in the motion sim with data points, rather than forces. Figure 16, below shows the new resultant von Mises Stress and total stress intensity[image: ]
[bookmark: _Toc30923773]Figure 16 – Resultant Stress (2)
It is immediately clear that the redesigned part has achieved what it was meant to do, with the peak von Mises stress experienced decreasing from 2.354x107 N/m2 to 9.336x105 N/m2, a figure that is two orders of magnitude smaller. Figure 17, below shows the von Mises stress that occur in set 9, where peak stresses were experienced this time
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[bookmark: _Toc30923774]Figure 17 - Spinal Stress (2)
Looking specifically at the von Mises stress that occurs in set 9, the spine itself is not actually responsible for the peak stresses incurred. The stress along the spine relatively well distributed with no points for concern. Instead, the addition of the plate seems to have induced excess stress on the mounting points on either side of the part. This is something that would need to be addressed with another redesign and can be seen in figure 18 below.
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[bookmark: _Toc30923775]Figure 18 - Mounting Stress
Again, taking a more holistic view, in every scenario stress along the spine has been mitigated significant, but this new mounting stress is also present in every scenario.
[bookmark: _Toc30923799]Anchor Redesign
The anchoring part has been redesigned using the mesh from the topology study as a reference and can be seen in figure 19, below. Specific sections have been hollowed out, and the gear mechanisms have been “spoked” to cut down on the mass (material).
[image: ]
[bookmark: _Toc30923776]Figure 19 - Anchor Redesign
The redesign resulted in the new part weighting 2.27461Kg, compared to its original 2.43552Kg, representing a decrease in mass of 6.6%. Whilst this isn’t great, it is not insignificant. Consider if each part in the assembly had been analysed using a topology study, the decreases in mass, and as such production cost, would become significant.
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[bookmark: _Toc30923777]Figure 20 - Initial Weight
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[bookmark: _Toc30923778]Figure 21 - Redesign Weight
[bookmark: _Toc30923800]Conclusions & Future Work
[bookmark: _Toc30923801]Conclusion
This report aimed to decrease the initial investment cost for a robotic arm and optimise the geometry of a load-bearing joint to decrease the stress experienced. The arm was modelled, its motion was simulated, and information on approximate forces was imported into the Solidworks Simulation suite. Stresses induced from motion were analysed, with the spine of the part experiencing peak stresses that were not ideal, with peak von Mises Stress of 2.354x107 N/m2.
Further, some edge cases were found to have high levels of stress in motion.
To address this, a plate was extruded from the spine, and the size of the spine itself was made wider and taller, to increase the circumference of the affected areas, intended to mitigate max stress experienced. Edges under stress were filleted with the same reasoning.
The motion was re-simulated with the redesigned part, and stresses were analysed again. It was found that the steps taken to address peak areas of stress had been successful but had also induced new stress along the mount points. Along the spine, peak stresses had decreased by two orders of magnitude.
The part anchoring the studied arm was analysed using a topology study in order to decrease the mass and therefore material cost in creating the robotic arm in the first instance. This was successful, with the mesh exported and used as a guideline in redesigning this part, reducing mass by 6.6%
[bookmark: _Toc30923802]Future Work
Many different test scenarios in terms of motion and applied loads have been left for future work, given the time constraints. Future work would consist of simulating several different motion scenarios, with several different load cases, in order to glean a better insight into mechanical performance and optimise appropriately. 
The same can be said for each part of the assembly using a topology study to analyse the structure completely and make more significant reduces in material needed to produce.


Appendix
Appendix 1 – Link to OneDrive folder containing Solidworks assembly files:
https://uowtsd-my.sharepoint.com/:f:/g/personal/uahmed_148023_student_uwtsd_ac_uk/ErHGDSHL5zNDn70BdMFyhzABT7_KKY6gOsFzX4N1efXlhA?e=JRAGry
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