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Abstract

:

Quadcopters represent rotary wing configuration of the Unmanned Aerial Vehicles (UAVs) with immense application potential in industrial and strategic contexts. Tradeoff between flight endurance and payload capacity renders design optimization of UAVs a critical activity with substantial impact on the application possibilities. Among the structural parts of a typical Quadcopter, the central body frame constitutes major portion of the total weight. The present study aims at reduction of the frame weight while conforming with structural integrity requirements, through an integrated approach involving topology optimization, part consolidation and design for additive manufacturing (DFAM). Commercial UAV designs consist of multiple parts and fastening elements that necessitate considerable time and effort for assembly. This study reengineers the frame as a monocoque structure with desirable outcomes of weight reduction and less assembly time. The reengineered Quadcopter structure is manufactured through Fused Filament Fabrication (FFF) and characterized with reference to structural, vibrational and fatigue characteristics. Concomitant application of modal analysis, computational fluid dynamics and wind tunnel testing reveals close match between theoretical estimates and experimental results. Assembly and field trials of the monocoque Quadcopter structure affirm betterment of operational superiority and endurance vis-a-vis commercial UAV designs.
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1. Introduction


Unmanned aerial systems, popularly known as drones, have found significant uses in aerospace, strategic and civil sectors due to their inherent advantage of deployment at the desired locations [1,2]. Due to numerous advantages, the world is witnessing a significant increase in the usage of drones, especially in civil and defense missions [3]. Technological advancements in manufacturing, navigation and control systems made feasible developing drones in an ample range of applications. For various scientific and research tasks, UAVs are deployed in multifaceted environments such as remote observation of wildlife and analysis of different environmental parameters [4]. Some more applications ‘include extraction of volume data from quarries, inspection of plants for precision agriculture, communication antenna, inspection of power lines [5,6,7,8], etc. In addition, multirotor UAVs have been predominantly utilized for short range navigation [9,10,11] due to their hovering, vertical take-off and landing and high maneuvering capabilities. The main parameters that decide the success of a Quadcopter are its manufacturing cost and structural integrity [12]. It is essential to reduce the weight of the Quadcopter frame so that the Quadcopter can carry better payloads. Hence, optimization with regards to lower weight and high strength is of utmost importance/essential. One of the critical advancements that took the design of light-in-weight Quadcopters to the next level is to fabricate the structure using additive manufacturing (AM) [13]. Klippstein et.al. [14] discussed successful applications of FFF in the field of UAV industry, which represents the potential of AM in the context of UAVs. It was concluded that complex structures and even embedded electronics of UAVs can be built successfully with the use of FFF technology. Parts built using FFF will reduce the weight and show improvement in the UAV’s aerodynamic performance and structural efficiency. A cost effective and aerodynamically efficient Quadcopter is very much needed for swift maneuvering and being capable to handle large payloads. Reducing the structural weight is a primary concern to improve the performance of UAVs, increase their payload carrying capacity and enhance the endurance. Another major challenge in the Quadcopter is that the structure typically consists of multiple modules that necessitate dedicated efforts on assembly. The central structure of the load carrying member for a specific payload has to be designed to withstand the thrust loads. The designed structure has to be assembled with screws, nuts and drilling of holes, requiring considerable time and assembly skills, which preclude their application in many sectors. Hence, there is a need to develop a lightweight monocoque Quadcopter structure with the least number of parts so that the assembly effort is reduced, structural integrity is enhanced and ease of deployment is greatly facilitated.



The conventional structures are made of carbon fiber-based composites, but the fasteners and casings are metallic. Most of the Quadcopters have inadequate structural integrity, due to which they disintegrate on high-impact landings, have considerably low endurance and more importantly, they necessitate substantial assembly effort due to multiple parts. Because of their structural weight, most of the Quadcopters have limited flight endurance and payload capacity. Thus, optimization of structural weight is of utmost importance for enhancing flight time and payload capacity.



Hence, this work aims to build a unified body of the Quadcopter central frame structure. The following are the advantageous of the proposed structure:




	
It reduces assembly time.



	
There is no joint failure as observed in the assembled models.



	
Enhanced structural integrity.



	
Due to non-usage of nuts and bolts, the weight of the entire structure is reduced.








In order to achieve a unified structure, the AM technique is envisaged. AM is a disruptive technology [15] through which realization of functional parts and reducing the weight of existing components can be effectively achieved. The high design flexibility, easier manufacturing process and usage of a minimal number of tools leads to the use of AM for realization of the functional components quickly [16]. Hence, the Quadcopter structure can be fabricated using AM technologies to attain a high strength to weight ratio.



This work delineates the design of the lightweight structural frame of the Quadcopter to carry an all-up weight of 2 kg. Research proves that the structural performance of UAV can be enhanced by reducing its weight. In general, the structural frame of the Quadcopter constitutes 30% of its total weight. In view of this, the present research work is focused on reducing the weight of the frame. To achieve this, the concept of topology optimization is used. Topology optimization results in complex and uneven shapes [17]. Fabricating those parts is indeed a quite challenging task by using conventional manufacturing methods. Hence, AM technologies are preferred to fabricate such models. From the literature, it is observed that the combination of topology optimization along with additive manufacturing technology is well utilized in manufacturing the complex and light weight UAV structures [18,19]. Hence, the proposed work attempts to manufacture the optimized Quadcopter frames using FFF through incorporating guidelines of DFAM [20].



1.1. Context of UAV Development Using 3D Printing


AM technologies are gaining acceptance for the fabrication of prototypes and functional parts in several sectors. The present study primarily focuses on developing AM technologies for the gainful development of UAVs. Due to advantages of design freedom and time compression, realizing AM technologies in UAVs development, redesigning the components is imperative.



Apart from universities, research centers and industries, FFF technology deployment by researchers has proven the importance of FFF technology for the development of UAVs [21,22,23]. Complex shaped UAVs and their embedded electronics are printed successfully and demonstrate the enhancement in aerodynamics performance and structural efficiency of UAVs. Due to its ability and design freedom in printing the parts irrespective of its geometrical complexity, it is widely accepted in the fabrication of functional parts [24].



The basic objective of any UAV design is to restrict overall weight with adequate structural integrity. Even though UAV structures can be fabricated using AM technologies, the literature available is scarce. The present work focuses on prototyping of a UAV structure using low-cost desktop 3D printers.




1.2. Topology Optimization


While designing a structure, there is always a tradeoff between weight and strength. For this, the designer needs to balance this trade off because the strength of the part reduces with the decrease in weight. Topology optimization [25] allows the engineer to find the optimum weight with sufficient strength to withstand the loading conditions. Finite Element Analysis (FEA) plays an important role in the process of topology optimization; in a single word, topology optimization cannot be performed without FEA; because topology optimization takes FEA results as input and starts optimizing the part by deleting the unwanted elements.



Topology optimization is a numerical method used for optimizing the material distribution in a component while maintaining its functional requirements [26]. Topology optimization is used not only to design a new product but also to modify an existing product [27]. This method helps to cut down the component weight by eliminating the unwanted material based on the objective function and specified constraints. Owing to its high geometrical design freedom, this method is particularly suited for aerospace applications [28,29]. The major difference between the shape and topology optimization is that the topology optimization will work on reduction of weight by optimally distributing the weight whereas the shape optimization will work around the known geometries [30,31]. Hence, the resulting shape obtained from the topology optimization is organic and unique in nature.



Typically, the process of topology optimization involves the following steps [32]:




	
In the first step of topology optimization, the model need be partitioned to the design space (the area that needs optimization) and non-design space (the area that should not be modified).



	
In the next step, the part is analyzed for finite element analysis with the provided loading and boundary conditions for analyzing the stress distribution and deformation.



	
This is followed by topology optimization to eliminate the material at the space where loading does not affect by the applied load.









1.3. Design Methodology


In order to achieve the desired objectives of the research, the following methodology is adopted:




	
Design of Quadcopter structure for monolithizing through topology optimization and additive engineering followed by DFAM principles.



	
Validation of redesigned model through FE analysis.



	
Fabrication using Fused Filament Fabrication (FFF).



	
Experimental validation for optimized 3D printed structure using wind tunnel and CFD simulations.



	
Experimental analysis for measurement of strain using strain gauge.



	
Field trials in both indoor and outdoor environments.



	
The methodology carried out in this work is schematically represented in Figure 1.








The scientific benefits of this work are:




	
A design process is proposed/suggested to design and develop a quadcopter frame with optimum weight and with unified body as per the payload requirements.



	
As the design is based on topology optimization, only the required material is utilized by avoiding unwanted material.



	
The scientific principles such as finite element analysis and computational fluid dynamic analysis are well exploited to understand the structural integrity and flow characteristics during hovering and forward flight conditions are comprehended.



	
Experimental analysis provides a vital role to understand the vibration characteristics, and real time flight trails give stability characteristics of the Quadcopter for various wind conditions.








In this work, diverse scientific techniques and methodologies are adopted to understand the various characteristics of the Quadcopter structure.





2. Design of Monocoque Quadcopter Structure Using Topology-Based Optimization and Additive Manufacturing


The design is initiated with a frame of diagonal length 330 mm and by considering Acrylonitrile Butadiene Styrene (ABS) as the material. Initially, basic primitives like square, hexagonal and circular cross-sectional blocks are considered as the initial geometry (design domain as shown in Figure 2). All the elements excluding the elements that are subjected to loading and boundary conditions are taken as design space whereas other elements are considered as non-design space. The properties of the material are given in Table 1 [33,34,35].



In these three models, the four slots which are used to place motors subjected to loading and the bottom plate which is used for landing and housing of electronics are identified as non-design spaces. For this, a displacement boundary condition is provided. All remaining elements are identified as the design space. Reducing the mass is chosen as the objective function for the topology optimization while limiting the maximum stress in the model below allowable stress of the material.



Among all the shapes, the geometry with square cross section yields with minimal weight after the process of topology optimization. Hence, it is considered for optimization. Figure 3 [36] shows the basic geometry with design as well as non-design spaces. The region considered for optimization is blue in color whereas the region excluded from the domain are red in color, as shown in the Figure 4. The design space is discretized into elements with a maximum size of 1 mm. Among the non-design space are propeller slots and base plate.



2.1. Finite Element Analysis


ANSYS DesignModeler is utilized for obtaining the basic geometry of the solid domain. For better discretization of the design space, meshing is done using block meshing in the ANSYS ICEM CFD platform instead of an automatic mesh generation tool. The meshed CAD geometry is divided into a total of 424,430 hexahedral elements. ABS is used as the material and finite element analysis is carried out for evaluating the values of deformation and stress concentration. Only one displacement boundary condition is given, i.e., a fixed boundary condition at the center of the frame. Thrust forces are applied at each of the four propeller slots (Figure 5).



The results of FE analysis (Figure 6 and Figure 7) show a minimum displacement of 4 µm and a maximum von Mises stress of 0.1 MPa (Table 2).




2.2. Topology Optimization


Minimization of the compliance matrix is considered the objective function of the topology optimization problem along with mass minimization. Mechanical properties of the material dictate the usage of the constraints.



2.2.1. Problem Definition


Typically, the goal of topology optimization is to minimize the weight based on the prevailing stress field. Optimization of any structure helps to reduce the weight which helps to achieve higher thrust to weight ratio. For achieving this, stress-based topology optimization is carried out using the Solid Isotropic Microstructure with Penalization (SIMP) method in ANSYS software.




2.2.2. Objective Function


Generally, there are three types of objective functions: minimization of mass, minimization of volume and minimized compliance. The most common used is minimizing compliance which is a synonym of maximizing the stiffness. In this specific model, minimization of compliance and mass are considered as objective functions while keeping stress within allowable limits.




2.2.3. Design Constraints


Design constraints restrict the value of the design response. During the process of optimization, the desired response can be controlled by including specific constraints. The allowable stress of ABS material is 40 MPa. Hence, by considering 2 as the factor of safety, the stress is limited to 20 MPa.




2.2.4. Manufacturing Constraints


As additive manufacturing is chosen, the overhanging constraint is used, in which the maximum overhang angle can be defined. Based on the design for the additive manufacturing principle, the overhang angle is constrained to 45˚. In addition to this overhang constraint, cyclic and symmetry are also imposed.



Thus, by considering all these, the problem formulation is:




	
Objective function: Minimizing structural compliance



	
Design constraint: Minimization of mass



	
Subjected to: von Mises stress ≤ 20 MPa



	
Manufacturing constraint: Overhang angle = 45˚








The convergence accuracy taken for the optimization problem is 0.1%, whereas the penalty factor used is 3. In total, the optimizer took 21 iterations to realize the final model. The optimized model obtained is as shown in Figure 8. Where, Figure 8a shows the material retained against the initial geometry and Figure 8b shows the demarcated CAD model of the optimized structure.




2.2.5. Validation through Finite Element Analysis


The resulting model is then subjected to finite element analysis for validating the geometry, i.e., to check whether the stresses and strains (deformations) are within the allowable range. The displacement and loading boundary conditions are the same as those used before the optimization. The results obtained from the FE analysis are given in the Table 3.



The results mentioned in Table 3 show a maximum displacement of 0.11 mm and a maximum von Mises stress of 0.82 MPa is observed in the structure. It states that equivalent stresses for all locations were found below 40 MPa (maximum allowable stress), which are under safety limits with a factor of safety 2, representing that the optimized model is within limits.




2.2.6. Re-Design of Optimized Model


The topologically optimized structure is shown in Figure 8 which is organic and rough in nature. Hence, the design is modified as shown in Figure 9 [36].




2.2.7. Validation through FE Analysis (Re-Analysis)


For validating, the optimized geometry is subjected to finite element analysis to ensure that von Mises stresses and deformations are within limits. The analysis is performed using the same displacement and loading boundary conditions that are used for topology optimization. The results indicate that the optimized model is within acceptable limits.



Results mentioned in the Table 4 shows a maximum displacement of 0.14 mm and a stress level of 3.02 MPa encountered, which are within the permissible limits. It renders the success of the model which can lift all-up a weight of 2 kg. The optimized model resulted with a weight of 0.337 kg. Table 5 presents the details of the initial model’s comparison to the final optimized model obtained by topology optimization.






3. Fatigue Analysis


Typically, fatigue failure is one of the common reasons for the engineering structure’s failure. As most of the structure gets damage because of the fatigue load, it is the more significant to assess the operating life of any structure depending on its operating conditions and loading conditions. It is considered during design stage for preventing fatigue failure of the material and ensuring the factor of safety. Thus, fatigue analysis helps the designer to modify the design if required in the initial stage before manufacturing. The phenomena of fatigue analysis define the number of stress cycles a structure can withstand before its failure. ANSYS is one of the commercial softwares widely used for fatigue analysis for predicting the operating life of a structure. Hence, fatigue analysis is carried out for the optimized monocoque structure using ANSYS Workbench for analyzing its operating life. The theory of failure is utilized for the design under fatigue loading. S-N curve is generated by using the data of material properties mentioned in Table 1. The overall fatigue life is obtained by simulation as shown in the Figure 10. To determine the fatigue life of the Quadcopter structure, a high cycle fatigue test is conducted for 1 × 107 cycles.



From the Fatigue analysis, the results show that the structure can withstand for 1 × 107 number of cycles, which represents the life of the model, which is above 1 × 107 cycles.




4. Fused Filament Fabrication of Optimized Quadcopter


Commercially available frames were manufactured using the process of injection molding. Since the resulting model obtained in topology optimization is complex, manufacturing of the structure using injection molding is always a challenging task. Hence, FFF is used for manufacturing, which is cost effective and versatile when compared with other AM techniques. The optimized monocoque structure is fabricated out of ABS material on the FFF printer. In FFF, reducing the printing time is of utmost priority. In addition, it is important to reduce the amount of support material used which is directly proportional to the manufacturing cost and time. Hence, Design for Additive Manufacturing (DFAM) concepts are adopted to reduce the printing time and support material consumption.



A 500 mm × 500 mm × 500 mm fully enclosed industrial grade 3D printer (AION 500) is used for fabricating the optimized monocoque model. The extruder of 0.4 mm diameter nozzle is utilized and the bed temperature is maintained at 70 °C. The specifications of the printer are as follows:







	
	
Physical Dimensions (DWH)





	: 955 mm × 1040 mm × 925 mm



	
	
Filament Diameter





	: 1.75 mm



	
	
Extruder Temperature (max)





	: 270 °C



	
	
Number of Extruders





	: 2



	
	
Maximum Print Speed





	: 200 mm/s



	
	
Build Rate





	: 15–30 cm3/hour



	
	
(Material Deposition Rate)





	



	
	
Layer Precision





	: 0.1–0.25 mm



	
	
Bed Temperature





	: 90 °C max



	
	
Software Supported





	: Repetier, Cura, Kislicer, etc








A eSUN 1.75 mm diameter White ABS Filament is used and the properties are given in Table 6.



4.1. Design for Additive Manufacturing


The manufacturing industry has seen a huge surge in implementing Design for Additive Manufacturing principles owing to its manufacturing feasibility. The main challenges of the FFF process like Overhang angle, orientation and the choice of support locations decide the success of the manufacturing process. In this specific model, DFAM rules like imposing overhanging angle constraint, coincident loading and printing direction and a minimum wall thickness of around 0.8 mm are adopted. This resulted in a printing time of 27 h. Of all the material used for printing this part, 66% of the material is utilized for printing the model whereas 34% is used for depositing the supporting material.




4.2. Part Building


Adding AM constraints in topology optimization eliminates the additional steps in interpreting the topology optimized results. Furthermore, it reduces the time of manufacturing and the amount of supporting material. While removing the supports, surface quality may be affected. In this work, topology optimization is carried out for the monocoque Quadcopter structure. To constrain the gradient compliances with respect to densities and converges, the result towards a structure with the least amount of overhang structures, the manufacturing constraint, namely, the overhang angle constraint is used. As a result, the considered model was generated with the arms greater than 45° from the horizontal. It leads to the utilization of less support with a reasonably high performance. Due to this, 23% of support material is saved in comparison to the model printed without the overhang constraint.




4.3. Build Time Analysis


The printing parameters considered for fabricating the optimized monocoque structure are provided in Table 7.



Support structures need to be optimized for minimizing material consumption, which provides an opportunity to reduce the building time and cost of manufacturing. The CAD model of the optimized Quadcopter structure is sliced using the software “CURA”. The original supports generated for the monocoque structure for various overhang angles are shown in Figure 11a,b.



The manufacturing constraint (maximum overhang angle) is imposed in the process of topology optimization. Hence, the arms generated in the structure are greater than 45° from the horizontal. This enables the model to print without support material underneath the four arms. Figure 11 shows that the support generation for the model sliced with overhang angle of 45° and 46° and fabricated structure is depicted in Figure 12.





5. Experimental Analysis and Testing


5.1. Modal Analysis


Modal analysis helps in determining vibrational characteristics like natural frequencies and mode shapes of a component or mechanical structure. Since the Quadcopter is subjected to continuous vibrations because of the onboard motors and propellers, it is important to understand its vibrational characteristics. Hence, modal analysis is carried out for the optimized model as shown in Figure 13, to analyze the mode shapes and natural frequencies determined. From the results, it is observed that the first natural frequency occurs at 98.1 Hz and its corresponding mode shape is as shown in Figure 14.




5.2. Experimental Analysis Using Vibration Shaker


For validating the simulation results, experiments are conducted using a Vibrational shaker. The vibrational shaker is used for determining the acceleration response for various natural frequencies. The complete specifications of the vibration shaker are given in Table 8. The structure is fixed on to the shaker as shown in Figure 15 and is excited with sinusoidal wave for measuring its corresponding “g” value. The experiment started with a frequency of 5 Hz and continued by considering various frequencies till the structure fails (Figure 16). The structure failed at a frequency of 100 Hz which is very close to the first natural frequency (98.1 Hz) (Figure 17) as per the simulation results. Based on the experimental data, the value of “g” for its corresponding frequencies is given in Table 9.



For analyzing failure, simulations are carried out. As the bottom of the plate is fixed, the maximum stress induced at the bottom of arm is 53.33 MPa (Figure 18), which is greater than the allowable stress of ABS material (40 MPa). Hence, the failure takes place at that particular point as shown in Figure 17.




5.3. Comparison of Simulation and Experimental Result


From the numerical and experimental analysis, it is observed that both the results are in very good agreement.





6. Measurement of Strain in the Arm of Monocoque Quadcopter Frame


6.1. Measurement of Strain


The study of mechanical properties of any designed component under its working conditions is of the utmost importance because the mechanical properties of any material are influenced by the stress induced. Stress measurement cannot be done directly in any material; hence, in the stress analysis, the measured strain is combined with any other property to calculate the value of stress under its loading condition. It can be measured by gluing the strain gauge to the structure. When the Quadcopter starts operating, the thrust force acting at the end of the arm tends to compress the strain gauge. This induced compression force changes the value of resistance, and it varies linearly in proportion to the strain induced in the arm. This change in resistance helps to calculate the strain.



The Quadcopter which is fabricated through FFF and assembled is considered for study. For measuring the arm’s strain in the Quadcopter, a strain gauge is attached by using an adhesive. The mounted strain gauge on the arm of the Quadcopter provides the value of strain induced due to the thrust generated by the motor.



The requirements of strain gauge that should meet the current application are:




	
The size of the strain gauge should be small, in consideration with the width of the Quadcopter arm



	
The backing material should bond on the surface of the ABS material.



	
Linear strain gauge, as it needs to measure the strain only in a single direction.








Based on the requirements, 1-LY41-6/350 linear strain gauge is used and mounted on the arm of the Quadcopter using an adhesive as shown in Figure 19. This enables the strain gauge to bend according to arm deformation. A quarter bridge configuration is used for measurement of strain due to its high measurement sensitivity. To create a quarter bridge circuit, one of the resistors in the Wheatstone bridge is replaced with the strain gauge that is glued with the Quadcopter arm. The remaining three resistors of bridge will act as a reference. The raw voltage from the Wheatstone bridge is acquired by a strain gauge amplifier with Catman software.



For data acquisition and analysis, the Mx1615B strain gauge amplifier with Catman software is used as shown in Figure 20 to measure the strain in the Quadcopter structure. Table 10 presents the complete specifications of the Mx1615B amplifier. It is the most suitable strain gauge amplifier for precise and safe data acquisition of strain gauge in quarter bridge configuration. It consists of 16 sensor inputs, all together organized in a compact housing.



For the given input throttle conditions, the strain induced in the Quadcopter’s arm is noted and presented in Table 11. To analyze the strain of the Quadcopter arm during a real time scenario, strain data are recorded as shown in Figure 21 during hovering, pitch and roll moments and presented in Table 12.




6.2. Validation Using FE Analysis


Finite element analysis for the Quadcopter structure is realized using ANSYS Mechanical. Simulations are carried out to measure the value of the strain induced in the arm. The strain of the Quadcopter arm is measured by considering the self-weight of the Quadcopter. For this, the bottom of structure is fixed and 5 N of thrust force is applied at the end of the arm. From the simulations, the strain experienced by the arm is noted (which is 0.05937 m/m) for a point where there is maximum deformation.



The Quadcopter arm strain is measured experimentally at 50% of throttle and is compared with the simulation results. The comparison shows that the strain obtained from the experiment is 59.37 µm/m (as shown in the Figure 22) which is very close to the simulation result (58.61 µm/m as shown in the Figure 23). Hence, it can be concluded that the simulation results are factual.





7. Aerodynamic Performance Measure of Developed Quadcopter Using CFD and Wind Tunnel Testing


This section focuses on CFD simulations carried out for exploring the flow around an UAV for four different angles of attack (AoAs) in both hovering and forward phase.



7.1. CFD Analysis of Monocoque Quadcopter


CFD analysis is performed to know the lift and drag forces coming on to the Quadcopter which define its maneuverability [37,38,39]. ANSYS DesignModeler is used for modelling the UAV and CFD analysis is accomplished using ANSYS CFX. The thrust required for hovering and forward motion is calculated using empirical relations. Hence, by considering a factor of safety of 2, the maximum thrust is found to be 40 N. The Quadcopter structure shown in Figure 24 has a tip-to-tip length of 330 mm with a height of 50 mm and it weighs 0.337 kg.



7.1.1. Computational Domain


The computational domain for performing CFD analysis shown in Figure 25 has a rotational frame and corresponding wall boundary conditions. It is constructed based on the wind tunnel size for the experimental study.




7.1.2. Mesh Generation


The structure is meshed with a tetrahedral element having a total number of 1,988,470 elements in the computational grid. Five layers of inflation are generated around all the walls and the y plus values are calculated based on the Reynolds number. After 1000 iterations, the solution is converged.




7.1.3. Hovering Phase


In the hovering phase, all the motors are maintained at the same speed to attain stability at a specific altitude. Under this condition, a recirculating flow around the Quadcopter structure arose those aids in the stability of the Quadcopter. By varying the Angle of Attack (AoA), the maximum pressure and velocity at the tip of the propeller is determined which is given in Table 13. Figure 26 shows the velocity and pressure contour for 0° AoA. It is observed that, increasing AoA after 4°, there is a decrease in lift force and increase in drag force.




7.1.4. Forward Flight


As against the hovering motion, in forward motion, the Quadcopter moves against the wind. This is simulated by imitating the environment of a wind tunnel where the Quadcopter is fixed and wind is blown at a specific speed. Similarly, by varying the AoA CFD analysis is performed and the results are provided in Table 14. It is evident that the lift force is maximum at 0° AoA and drag force is increasing at the increase in AoA. The distribution of pressure and velocity at 0° AoA is shown in Figure 27a,b.





7.2. Wind Tunnel Testing


A subsonic Wind tunnel facility shown in Figure 28 with various sections, namely, inlet, nozzle and test section (Figure 29) and a diffuser section, is used for conducting experiments. The details of all the three sections and their specifications are presented in Table 15. A six-component force balance is utilized to acquire the forces, importantly horizontal (thrust) and vertical (lift) directions.



Wind tunnel testing is carried out for different speeds and its corresponding drag values are calculated, given in Table 16. The intent of performing the wind tunnel test is to validate the drag force obtained from the CFD analysis/simulation [40]. Hence, the comparison is done during hovering condition (where there is possibility of maximum drag force due to maximum cross-section area) for the simulation and wind tunnel test. The wind velocity provided in the wind tunnel is equivalent to the velocity of the quadcopter used in the simulations, i.e., instead of the quadcopter moving against the wind, wind is blown against the quadcopter [41,42]. For this, the drag force is provided through rotation of propellers in the CFD simulation whereas in the wind tunnel, the drag force is provided externally.



Comparative evaluation between numerical and experimental analysis for a wind speed of 4.7 m/s is achieved. There is an error of 3% between these two results observed for the drag force, as given in Table 17.





8. Assembly Integration and Field Analysis


The 3D printed monocoque Quadcopter structure accounted for integration of electronic components and assembly of motors. Based on frame dimensions and estimated thrust, four motors with 1.5 kg thrust and propellers with 8 × 4.5 inch are chosen. A Lithium Polymer battery of 3 cells 5000 mAh with 15 C Rating is utilized as a power source and Emax 2213 motors with a 935 kv rating and Electronic Speed Controller of 30 amps are used for generating thrust force. EMAX BLHELI SERIES electronic speed controller with GPS is used. A 2.4 GHz Radio communication for the range of 2 km and 433 MHz telemetry for real time data transmission to the ground control station is employed for transmission and receiving of the signals. The complete assembly of the Quadcopter is shown in Figure 30. After the successful assembly, field trials were carried out both indoor and outdoor to calculate the flight time and ensuring the integrity of the structure for 2 kg all-up weight.



Relevant flight variables are analyzed to observe the behavior and attitude of the vehicle. Therefore, it can be concluded that the structure is stable and capable of lifting an all-up weight of 2 kg with an endurance of 12.01 min. Field analysis is carried out for the monocoque Quadcopter with all-up weight of 2 kg and it is observed that the Quadcopter achieved stable flight and the yaw, pitch and roll angles for the estimated and set points are almost matched, as shown in Figure 31a–c. The energy consumption was determined from the battery performance as shown in Figure 31d.



The innovative feature of this work is to develop a unibody Quadcopter that can provide a high thrust-to-weight ratio that improves the maneuverability complemented by other features with a significantly smaller amount of assembly time. The intended application for the designed Quadcopter is non-military and the number of field trails carried out to examine the stability and measure the endurance is about 50. It was tested under different wind and environmental conditions. During normal wind conditions, the Quadcopter system was quite stable and an increase in wind speed causes instability. During the field trials, the wind speed ranges from 3.4 m/s to 7.3 m/s, which is measured using a handheld anemometer. During these wind speeds, the stability of the Quadcopter is tested in autonomous mode. In the case of instability, manual control is performed to stay afloat. Based on this composite performance, it can be inferred that the Quadcopter developed by us provides the users multitudinous benefits of high endurance, greater maneuverability and considerably less time for deployment which in effect renders a suitable piece of armamentarium for the rapid reaction in surveillance applications.




9. Conclusions


In this research work, integration of optimization with AM principles is realized for a Quadcopter structure. Both structural compliance and mass matrices are taken together for obtaining the optimum product design layout. Topology optimization resulted in a quadcopter geometry with a minimal possible weight that is capable of enduring an all-up weight of 2 kg and satisfying the displacement and loading boundary constraints. The developed topologically optimized unified Quadcopter structure reduces the assembly time to zero and achieves superior structural integrity. From the modal analysis, it is concluded that the design fails at the first natural frequency at 98.8 Hz and from the fatigue analysis it is concluded the fatigue life of the manufactured monocoque Quadcopter structures can withstand 1e7 cycles. Based on the experimental vibrational analysis, it is noted that the maximum amplitude of vibration occurring at the highest “g” value (20.18) is 1 mm. In addition, the CFD analysis results suggested that an increase in AoA causes a decrease in lift force and increase in lift force in both hovering and forward flight conditions. At 4° AoA, maximum lift force is attained. Flight trails demonstrate good stability of UAV. Experimental and Numerical results are a close match with 3% error resulting. It is concluded that the designed Quadcopter UAV can withstand the effect of cyclic loads and other external loads to attain a stable flight. Hence, amalgamation of topology optimization and AM is considered to be an effective approach that can be well utilized to reduce the weight of the Quadcopter structure through which the performance of the monocoque Quadcopter is enhanced. In future, dynamic analysis and impact strength characteristics will be performed and also other AM techniques will be exploited.
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Figure 1. Overview of research methodology. 






Figure 1. Overview of research methodology.
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Figure 2. Iterations for considering initial geometry. 
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Figure 3. Initial geometry. 






Figure 3. Initial geometry.
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Figure 4. Design and non-design spaces. 
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Figure 5. Description of load and supports. 
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Figure 6. Maximum deformation for initial geometry. 
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Figure 7. Von-Mises stress for initial geometry. 
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Figure 8. Topology optimization result with monocoque model. (a) Topology density tracker, (b) Topology optimized model. 
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Figure 9. Optimized geometry. 






Figure 9. Optimized geometry.
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Figure 10. Fatigue analysis. 
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Figure 11. Model sliced with (a) 45° overhang angle, (b) 46° overhang angle. 
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Figure 12. 3D printed structure. 
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Figure 13. Modal analysis. 
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Figure 14. First mode shape and its corresponding frequency at 98.1 Hz. 
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Figure 15. Quadcopter structure fixed to the shaker. 
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Figure 16. Acceleration response for various natural frequencies. 
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Figure 17. Failure at first natural frequency. 
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Figure 18. Von-Mises stress induced at 98.8 Hz. 
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Figure 19. Monocoque Quadcopter structure with strain gauge. 
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Figure 20. Data acquisition system. 






Figure 20. Data acquisition system.
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Figure 21. Strain induced during hovering, yaw left, yaw right, pitch up, pitch down, roll left and roll right. 
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Figure 22. Measurement of strain for increase in throttle. 
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Figure 23. Measurement of strain using FEA. 
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Figure 24. Quadcopter with Moving Reference Frame (MRF). 
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Figure 25. UAV with Computational domain. 
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Figure 26. Hovering flight of UAV. (a) Pressure at 0° AoA, (b) Velocity at 0° AoA. 
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Figure 27. Forward flight of UAV. (a) Pressure at 0° AoA, (b) Velocity at 0° AoA. 
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Figure 28. Wind tunnel. 






Figure 28. Wind tunnel.
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Figure 29. Test section with model. 






Figure 29. Test section with model.
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Figure 30. Quadcopter Assembly. 






Figure 30. Quadcopter Assembly.



[image: Designs 06 00008 g030]







[image: Designs 06 00008 g031 550] 





Figure 31. Field test results. (a) Stability during Yaw, (b) Stability during Pitch, (c) Stability during Roll, (d) Power consumption vs time. 
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Table 1. Material properties of ABS.






Table 1. Material properties of ABS.





	Properties
	Values





	Density
	1080 kg/m3



	Poisson’s ratio
	0.422



	Young’s modulus
	2.9 GPa



	Tensile strength
	50 MPa



	Compressive strength
	69 MPa



	Yield strength
	44.1 MPa
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Table 2. Equivalent stress and maximum deformation for monocoque model.






Table 2. Equivalent stress and maximum deformation for monocoque model.





	Equivalent Stress (MPa)
	Maximum Deformation (mm)
	Mass Yielded (kg)





	0.1
	0.004
	9.035
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Table 3. Equivalent stress and maximum deformation for topology optimized monocoque Quadcopter frame.






Table 3. Equivalent stress and maximum deformation for topology optimized monocoque Quadcopter frame.





	Equivalent Stress (MPa)
	Maximum Deformation (mm)
	Mass Yielded (kg)





	0.82
	0.11
	0.330
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Table 4. Equivalent stress and maximum deformation for modified indigenous model.
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	Equivalent Stress (MPa)
	Maximum Deformation (mm)
	Mass Yielded (kg)





	3.02
	0.14
	0.337
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Table 5. Comparison of initial and final topology optimized model.
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	Initial Model
	Modified Model





	Weight (grams)
	9035
	337



	Maximum deformation (mm)
	0.003
	0.14



	Von-Mises stress (MPa)
	0.09
	3.02
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Table 6. Material properties of filament.






Table 6. Material properties of filament.





	Property
	Value





	Density (kg/m3)
	1040



	Tensile Strength (MPa)
	43



	Elongation at Break (%)
	22



	Flexural Strength (MPa)
	66



	Flexural Modulus (MPa)
	2348



	IZOD Impact Strength (kJ/m2)
	19
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Table 7. Printing parameters.
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	Parameters
	Values





	Layer thickness
	0.2 mm



	Infill
	Rectilinear



	Infill density
	100%



	Max overhang angle for supports
	46°



	Support infill percentage
	20%



	Printing speed
	45 mm/s
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Table 8. Specifications of vibration shaker.






Table 8. Specifications of vibration shaker.





	Properties
	Values





	Sine Force Rating
	29.42 kN



	Random Force Rating
	29.42 kN



	Shock Rating
	588.40 kN



	Max. Acceleration (bare table)
	784 m/s2



	Displacement
	0.051 m



	Velocity
	1.8 m/s
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Table 9. Acceleration levels.






Table 9. Acceleration levels.





	Frequency (Hz)
	Acceleration (g)





	5
	0.05



	10
	0.20



	15
	0.45



	20
	0.80



	25
	1.25



	30
	1.8



	35
	2.46



	40
	3.22



	45
	4.07



	50
	5.03



	55
	6.08



	60
	7.24



	65
	8.50



	70
	9.86



	75
	11.32



	80
	12.88



	85
	14.54



	90
	16.30



	95
	18.16



	100
	20.12
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Table 10. Specification of strain gauge and data acquisition system.
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	Model
	MX1615B_CH 1





	Sensor
	Copy of SG 4 wire 350 Ohm



	Transducer type
	SQ quarter bridge 350 Ohm, 4-wire circuit



	Nominal range
	0–8000 µm/m



	Filter characteristics
	Excitation: 5 V



	Filter frequency
	10 Hz
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Table 11. Strain induced during hovering at different throttle conditions.






Table 11. Strain induced during hovering at different throttle conditions.





	Throttle %
	Compressive Strain (µm/m)





	0
	0



	16.67
	−17.64



	33.33
	−30.49



	50
	−60.61
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Table 12. Strain induced during hovering, yaw, pitch and roll.






Table 12. Strain induced during hovering, yaw, pitch and roll.





	Throttle Position
	Compressive Strain (µm/m)





	Hovering
	−17.37



	Yaw Left
	−23.91



	Yaw Right
	−17.76



	Pitch Up
	−37.798



	Pitch Down
	−17.789



	Roll Left
	−35.344



	Roll Right
	−12.611
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Table 13. Lift and drag force for different AoA during hovering phase.
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	AoA.

(Degrees)
	Max. Pressure (Pa)
	Propeller Tip Velocity (m/s)
	Lift Force (N)
	Drag Force (N)





	0
	101,333
	4.97
	152.19
	0



	4
	101,335
	5.14
	151.78
	10.61



	8
	101,336
	5.43
	150.67
	21.17



	12
	101,338
	5.67
	148.83
	31.63
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Table 14. Lift and drag force for different AoA during forward phase.






Table 14. Lift and drag force for different AoA during forward phase.





	AoA

(Degrees)
	Max. Pressure (Pa)
	Propeller Tip Velocity (m/s)
	Lift Force (N)
	Drag Force (N)





	0
	101,363
	10.51
	152.13
	0.14



	4
	101,371
	10.98
	151.70
	10.46



	8
	101,369
	10.92
	150.54
	21.01



	12
	101,370
	10.69
	148.64
	31.44
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Table 15. Wind tunnel specifications.






Table 15. Wind tunnel specifications.





	

	
Properties

	
Values






	
Nozzle and test section

	
Contraction ratio

	
9:1




	
Contraction length

	
1.8 m




	
Stainless screens

	
8 × 16 grid




	
Test section

	
0.6 m × 0.6 m × 2 m




	
Diffusor section

(Axial flow fan)

	
Diameter

	
1.3 m




	
Speed

	
1450 rpm




	
No of Blades

	
12




	
Fan duct diameter

	
1.4 m




	
Inlet section

	
Settling chamber

	
1.8 m × 1.8 m




	
Honeycomb size

	
0.025 m × 0.025 m × 0.2 m
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Table 16. Drag for various speeds.






Table 16. Drag for various speeds.





	Speed in rpm
	Drag in N





	150
	0.48



	250
	1.35



	350
	2.58



	450
	4.16



	550
	6.35



	600
	7.56
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Table 17. Comparison between simulated and experimental drag.






Table 17. Comparison between simulated and experimental drag.





	
Speed of Propeller (rpm)

	
Drag (N)




	
Simulated

	
Experimental






	
450

	
4.29

	
4.16
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