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1. Introduction 

Designing and manufacturing a component or assembly of components regardless of their purpose is a broad and immensely time-consuming task. The process includes multiple stages and may look like a loop where the engineer transfers the ideas to a computer environment, evaluates them, and implement changes in design to achieve the desired design target most efficiently and cost-effectively.  This task is difficult, time-consuming, and immensely important. Advancements in Computer-aided Engineering software in recent decades helped to make the process quicker, cheaper, and a little less challenging. 
Computer-aided engineering (CAE) is the use of computer software to simulate the performance of a product to improve the design or facilitate solving engineering problems for various industries. The application of software may include simulation, validation, and optimization of products, processes, and manufacturing (Suganuma & Bahman, 2018). This type of software can solve difficult partial differential equations used in the Finite Element Method in a matter of seconds or minutes, reducing the number of prototypes and experiments. 
Currently, CAE is widely available and used by engineers interested in designing and simulating various components and engineering problems.  Ansys Package is one of the most popular tools and it is being developed since the 1970s with constant updates and new versions. 
In the next chapters possibilities and limitations of the Ansys CAE package will be explored, based on real-life engineering problems of the design process of a quadcopter arm. This will include validation of the software to assure it is suitable for the task, various stages of simulation to assess drone arm design, and its optimization. 
 









2. Validation Testing 


To assess software suitability for the task it is necessary to validate results obtained from the simulation by comparing them to analytical results. This can be done by finding a suitable, simplified test case and replicating it in the software. If the results from hand calculations are confirmed in CAE, it can be assumed that results from similar but more advanced simulations in Ansys will be valid. 
As the design problem refers to a drone arm that in simplified form behaves like a Cantilever beam with Axial Forces acting on its end. The validation test will include the analytical solution of a problem, the design of a beam in cad software, and simulating Axial Forces acting on its end in Ansys Static Structural Analysis.  


· Analytical Solution 


In this problem, Cantilever is loaded by a transversal force on one end when another end is fully fixed.  This will cause deformation of the beam that can be calculated and compared to Ansys simulation. The material used for the test is basic Structural Steel and its properties have been noted from the Ansys Materials database so they are identical in the test. (Figure1)


Structural
	Young’s Modulus (E)
	2e+11 Pa

	Poisson’s Ratio (v)
		                      0.3
	




	Length (L)
	0.14 m

	Cross-section width (w)
	0.02 m 

	Transversal Force (Fz)
	15KN


Figure 1 Test specimen properties



To compare analytical results with the simulation calculations of a few physical values were performed by hand.  
Starting with Deformation, which can be calculated from the formula: 

Where Fz is transversal force, E is Young’s Modulus, and I is the Moment of Inertia.



Deformation is the alteration in shape or size of a body under the influence of mechanical forces (Britannica,2016). Accurately estimating the deformation of a part is crucial in the design process to minimize failure.  In this study deformation is marginal. 

Shear stress is a force tending to cause deformation of a material by slippage along a plane britt. Its average value can be calculated by: 


And maximum value:






Ansys Validation 

When the analytical result of deformation and shear stress is known, a similar setup is prepared in Ansys. Beam geometry has been designed in Solidworks and imported into Workbench.  Boundary conditions are put in place as in theoretical analysis. One end of the beam is fixed and cannot move, and the force is applied to another end in the vertical direction. Mesh was initially set to 10 mm. Mesh size is an important aspect of the simulation and if not set correctly can have a negative influence on the results. Ansys can be problematic if mesh sizing is off. Correct mesh size can be investigated in Mesh Independence Study, where simulations are run one after another with a change in mesh size with every iteration to find a correct value.  In this test Mesh Independence Study showed that the correct mesh size for the simulation is 2 mm. 
Results from the simulations are presented in Figures 2 and 3.  
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Figure 2 Deformation of a beam.
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Figure 3 Shear stress.


Total deformation calculated by Ansys equals 0.005205 m, average shear stress equal to 37.5 MPa, and maximum stress had a value of 569.71 MPa. 

	
	Analytical
	2 mm 
	5 mm 
	10mm 

	Deformation
	0.005145 m
	0.005205 m 
	0.005199 m
	0.005185 m

	Avg Shear
	37.5 MPa
	35.291 MPa
	33.124 MPa
	31.869 MPa

	Max Shear
	562.5 MPa
	569.71 MPa
	385. 59 MPa
	269.76 MPa


Table 1 Mesh Independence Study results


Data from Ansys simulation confirmed analytical calculations and it could be agreed, that Ansys will produce valid and real results. 
3. CAE Process

To explore the CAE process and its limitations, a case study with a drone arm assembly consisting of an arm, propeller, cap, screws, and two parts of the brushless motor casing has been saved to a step file and exported to Ansys Workbench. It is important to save all the files in STEP format as Ansys can cause problems if another format is being used. Workbench is an important part of Ansys and its main interface where user can choose from different types of studies he wants to perform, materials for the components, and import geometries. In this case study the process included Thermal, Kinematic and Structural analysis of the assembly.  
It is important to note that data can be interconnected between simulations by dragging the chosen element to another study.  This causes the results to reflect real-life situations in an as accurate way as possible with consideration to thermal or dynamic aspects of assembly and its environment (Figure 4). 
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Figure 4 Ansys Workbench and different Analysis Systems.

In this case study, the drone arm assembly has been tested in Kinematic Analysis to calculate forces acting on a bearing connected to the shaft in a brushless motor. Thermal Analysis simulated real thermal conditions under which the drone will operate, simulating temperature from the Lipo battery pack and temperature generated by the brushless motor. Lastly, data has been fed into Static Structural Analysis to simulate the real working condition of the arm, and to calculate values like Stress, Deformation, and Safety Factor. Based on the simulation result arm model has been optimized by an iterative approach of changes in design and simulating the results. 
The model has been simplified and some parts of the initial CAD file were removed as Ansys had problems with multiple copper wire bodies in Stator. Also, the brushless motor shaft and bearing were designed in a simplified form to make simulation less demanding and more accurate. It is also a good practice to model parts for simulation without threads if possible. It is important to simplify parts before simulations as Ansys software is demanding to computer hardware. 


Rigid dynamics 


Firstly, a Rigid Dynamics study has been set up. Rigid dynamics is a solver for efficient and robust evaluation of mechanical systems containing complex assemblies of interconnected rigid parts. 

The Rigid Dynamics study consisted of: 
· Renaming of components for easier identification.
· Applying correct materials.
· Applying connections between components. This can be done by Inserting the correct Joint. There are various types of joints, and it is necessary to choose the right one for the assembly to correctly simulate the dynamic behaviour of the components. The arm part was fixed to the ground by Body-Ground Joint, simulating its connection to the drone frame and disallowing the rest of the assembly to move. Other components were fixed to each other by contact faces in Fix Joint. To able dynamic movement shaft of the top part of the motor was connected to the bottom part where the bearing would be by Revolute Joint. The correctness of the Revolute Joint can be checked under Connections-Configure, where if set correctly allow the user to freely rotate the body around a set axis. Figure 5
· Then Revolute Joint has been dragged to Transient, type set to Rotational Velocity and Magnitude to 15700 RPM which relates to the maximum velocity of the brushless motor.
· Revolute Joint has also been dragged to Solution and Joint Probe has been created automatically. This probe will measure forces acting on every axis in the Revolute Joint.
· Desired Step Controls and Setting Controls can be set up in Analysis Settings, where is possible to change values like the Number of Steps, Step End Time, and Time Step that are important for the correct outcome of the simulation.
·  Results are in Figure 6 
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Figure 5 Joint Configure tool.
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Figure 6 Rigid Dynamics results.



Steady State Thermal Study 

The next simulation that has been performed was the thermal study. To accurately predict the behaviour of the assembly under the thermal influence, the scenario for boundary conditions was set to the maximum values that Brushless Motor and Lipo battery can reach under the load. The simulation setup and process consisted off:
· Renaming of components for easier identification
· Appling correct materials, aluminium alloys for Motor parts and screws, and PLA for Propeller, Cap, and Arm. Materials in newer versions of Ansys can be easily found under the Materials section in a projected Tree. It is important to apply them to the correct parts of the assembly. 
· Appling automatic contact regions. In the thermal study, automatic contacts found by the software are sufficient and do not have to be changed manually. 
· Meshing has been set to 2 mm for most of the assembly except the Motor Top part where the Mesh seemed to be out of shape and has been changed to 1 mm. This and other types of mesh manipulations can be done in the Mesh tab. Mesh Sizing allows users to manually set mesh size for every face or body. 
In the next step boundary conditions for Thermal Study have been set. The face of one end of the Arm had a temperature set to 60 degrees C to simulate the temperature from Lipo Battery that will be touching this end. Another Temperature has been set to 107 degrees C around the Motor to simulate the maximum temperature that Brushless Motor can reach under the load. Then Convection at 10 W/m2°C has been inserted with a selection of all outside faces in the assembly to simulate the air in which the drone will fly. Convection is a way for heat to move, also referred to as the heat transfer mechanism, and it is driven by temperature differences (EnergyEducation, 2016). Motion of air or liquid happens when warm air or liquid rises, while the cooler drops down.  The temperature was set to 10 degrees C. 
· To observe change of the temperature within assembly Thermal Temperature solution has been picked, there are also other thermal solution types like Total Heat Flux or Volume. 

Results in Figure 7 picture temperature in steady state, when temperature is in equilibrium, across Drone Arm assembly. 

 

[image: ]








Figure 7 Steady State Thermal Study results.

This type of study has proven to be straightforward and did not cause any issues or errors with regard to boundary conditions or connections. In more complicated shapes of the components or around the holes it is important to modify the mesh sizing as needed for better and more accurate results. 


Static Structural Study

Static Structural study allows users to simulate forces acting on a static object. In this case study load will simulate force acting on the arms end due to the thrust of the propellers powered by a brushless motor.
Data from Rigid Dynamics and Thermal Analysis has been exported to this simulation therefore all connections and joints between the parts are already set and the size of the mesh is also correct. Next steps of simulation:
· Applying force on a tip of the arm with an upwards direction of 20 N magnitude. 
· Applying Fixed Support to mounting holes of the arm, where connection to the frame would be.
· Choosing desired solutions, in this study that was Total Deformation and Equivalent Stress (von-Mises).  Von Mises stress is often used to predict if the material will yield when subjected to complex loading conditions (McGinty, 2018).
This study showed that forces acting on the assembly are insignificant with regard to the strength of the drone arm which is the main structural part. To optimize its weight and print time further study was necessary. 

4. Iterative design of the component


The main part of the assembly has been found (Figure) to be not in optimum shape and must be further developed. This has been done by removing material from the part to lower its weight and print time. Weight reduction is less important in this case as 3D printed parts are already light, but their print time can be long and troublesome.  

The first iteration of the arm was analyzed in the Static Structural Study with the force acting on its end of 40N to simulate free falling from 20 m due to programming fault and hitting the ground. The drone will be autonomous and such fault can happen in early testing stages, but this scenario can be treated as extreme. To gain results for the Safety Factor is important information in the design stage and its calculated by the ratio of material strength and maximum stress in the part (Cyprien et al., 2020). To calculate it Ansys software needs the S-N curve that was not available for PLA material so Structural Steel material has been modified in Engineering Data with PLA properties. Figure 8
[image: ]
Figure 8 Properties modification



The results of the simulations are presented in Figures 9-11.


[image: ][image: ]Figure 9 Equivalent Stress.
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Figure 10 Safety Factor.








Figure 11 Total Deformation.
Triangular shapes are known to bear weight well due to the distribution of the load on their sides, so it has been decided to use them in the design. The second iteration of the arm has triangular cut-outs that will reduce weight and print time simultaneously preserving the strength of the part. Results are presented in Figures 12-14.

[image: ]Figure 12 Equivalent Stress.

.
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Figure 13 Safety Factor.
[image: ]Figure 14 Total Deformation.

 At this stage, part is closing on its Ultimate Tensile Strength in this scenario, but it has been agreed that further optimization is possible. The result for the final Iteration of the Drone Arm is presented in Figures 15-17.
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Figure 15 Equivalent Stress.
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Figure 16 Safety Factor.
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Figure 17 Total Deformation.


In this scenario forces acting on the arm are slightly higher than its UTS and Yield Strength but as explained this simulates extreme conditions and in real life, a force acting on the arm will be lower in a similar situation to acting on the whole of the drone assembly and not on specific face on the part. It can be assumed that part will withstand fall from the 20 m. 
Simulation of instantaneous acceleration has been then performed to assure the part can operate as intended. This force is much lower than in the previous study but still higher than in real-life situations, as it simulates instantaneous acceleration from stationary to maximum velocity which will not occur in reality due to the flight controller that will be programmed not to allow it. Figures 18-20
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Figure 18 Equivalent Stress.
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Figure 19 Safety Factor.

[image: ]Figure 20 Total Deformation.

Ansys software proved to be a valuable tool in the Design process. By iterative process of design and simulation, part weight has been reduced from 28g to 18g and print time from 184 minutes to 147 minutes, while preserving desired properties. 
[image: ]










Figure 21 Final Design of the Arm 
5. Conclusion

The above case study explores Ansys software, its possibilities, and its limitations. Ansys is a great tool that proved to be valuable in the design process and by validation in tests, its results can be treated as valid. Its UI can be unintuitive at the beginning and needs some time for training. The possibilities of the software seemed to be limitless, and this not complicated case study did not cover their full scope. 
The most important aspect of the simulation is the correct implementation of Connections and Boundary Conditions, if done wrong Ansys will not be able to solve the simulation and will output the error. Joints between parts must reflect reality and be accurately chosen from multiple possible choices. 
At the times Ansys showed unexpected errors that were difficult to go around, it happened mostly after changing geometry in the software. Ansys had some difficulties with updating its setting to new conditions. A few times software could not transfer results between Thermal and Static studies. 
Limitations of Ansys software include difficulties with complex geometries and meshes, requiring significant computational resources, and dependency on the user to accurately input all the boundary conditions. 
As proved in the Iterative design chapter Ansys is a great part optimization tool, that can help the designer to optimize the weight and shape of the part while preserving its properties.  



6. Further work

Further work is necessary to fully understand the scope of the software. In the future, further simulations of the Arm and full Drone assembly will be performed. Ansys allows to save of a custom selection of faces under Named Selection, which can be then used to automatically set up and simulate various functions. This is a good way of simulating the bolts and screws in the assembly. Bolts can also be simulated by the Bolt Pretension tool. This and other functions will be explored when the full design of a drone is ready. 
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