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Abstract The aerodynamic stability of a Hexa-Copter drone frame that was designed using additive manufac-
turing techniques, specifically Fused Deposition Modeling. The drone frame is made up of hollow square
cross-sectional arms optimized for structural integrity through Finite Element Analysis and topological optimi-
zation. Carbon Fiber Reinforced Polymer is embedded in the design for high strength with a low weight ratio to
enhance the performance of the frame. Additive manufacturing allows for the possibility of better design flexi-
bility and precision than traditional manufacturing techniques can achieve, hence the capability for complex
geometries and light structures. Slicing for 3D printing was done in Ultimaker Cura software. Computational
Fluid Dynamics (CFD) simulations were performed to predict the aerodynamic performance of a Hexa-Copter
configuration under different angles of attack during forward flight conditions. The drag forces calculated by CFD
were validated in the wind tunnel at different speeds. A comparative analysis between numerical and experimental
results shows a good correlation that reveals the enhanced aerodynamic stability of the Hexa-Copter and Strain
measurement process. The results show that higher AoA and maximum cross-sectional area provide the best
performance of the drone, reflecting the robustness of an aerodynamic design that is efficient in flight stability.

Keywords: Aerodynamic Stability, Additive Manufacturing, Fused Deposition Modeling (FDM), 3D Printing,
Topological Optimization, CFD Simulation.

1. Introduction

The rapid growth in the field of unmanned aerial vehicles, specifically hexacopter, has made them quite popular in
many fields such as agriculture, disaster management, and aerospace engineering. A lot of analysis has been
carried out with the aim of optimizing the aerodynamic efficiency and structural integrity of hexacopter. The
studies conducted on the aerodynamic performance of hex-rotor UAVSs in several conditions have gained im-
portant knowledge regarding their functionality [2], [6]. Similarly, CFD simulations have been used in the vali-
dation of experimental results with further optimization of design parameters [3], [8], [19]. Introduction of addi-
tive manufacturing techniques in the design of UAVSs has enabled the fabrication of lightweight, high-strength
components that help in increasing payload capacity and generally improving the performance of UAVs [4], [11],
[13]. Recent works have emphasized the application of 3D printing for topologically optimized structural parts
manufacturing, such as wing spars and frames, using carbon fiber-reinforced composites [5], [12], [18]. These
contributions have paved the way toward the optimal design of UAVs for dedicated missions related to disaster
management and chemical detection [7], [16].This research on the design of UAVSs, including hexacopter, has
been further extended by investigating flight dynamics and stability in changing environmental conditions. In-
deed, it has been established that state and disturbance observers are effective in maintaining control stability in
terrestrial hexacopter [33] and mechanisms of tethered power have been put forward as a means of extending
durations airborne [34]. These further underline the integration of aerodynamic efficiency, advanced materials,
and control systems in modern UAV design [14], [32].This has included specific concentration on the use of
UAVs for agricultural purposes, testing their suitability for pesticide application and payload-based operations
[10], [35]. More recent wind tunnel tests on UAV rotor performance under icing conditions further underline the
importance of environmental considerations for UAV operation [28]. Continued design development of hexa-
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copter for high payload capacity applications underscores their commercial and industrial potential [27], [31]. The
present study discuss recent progress made in design development concerning hexacopter systems, where at-
tainment of high performance and versatility can be attributed to synergetic improvements in aerodynamics op-
timization, material sciences, and control systems.

2. Materials and Methods

CFRP is a composite material made of carbon fibers in a polymer matrix. The carbon fibers impart strength and
rigidity, while the polymer matrix is normally from epoxy or other resins that bind the fibers together. Because of
its great strength-to-weight ratio, CFRP has become an important material in aerospace, automotive, and other
engineering applications when mass needs to be low and strength high. The carbon fibers are oriented in specific
directions to optimize performance in certain loading conditions, therefore enhancing the overall mechanical
properties of the composite. Nylon 6/6 (Polyamide 6/6): Nylon 6/6 is a synthetic polymer belonging to the family
of polyamides. It has excellent mechanical properties such as high tensile strength, good chemical resistance, and
dimensional stability. It is also used in such applications where toughness is needed, including automotive parts,
electrical equipment, and textiles. In the context of CFRP, Nylon 6/6 may be used as part of the matrix material,
providing added toughness, thermal stability, and resistance to wear and friction.CFRP combined with Nylon 6/6
forms a composite material that exploits the synergy between carbon fiber light weight and strength, while Nylon
6/6 provides toughness and durability. This combination has been used in drone components, automotive parts,
and other systems that require both high strength and impact resistance. This material combination is designed
with the purpose of enhancing structural integrity, reducing weight, and improving performance under dynamic
conditions [35] [36] [37].

Table.1. Mechanical properties of the material

S. No Property Values
1 |Material CFRP
2 |Mass density (kg/m®) 1170
3 |Poisons ratio 0.4
4 |Young's modulus (MPa) 7453
5 |Ultimate tensile strength (MPa)| 81.7
6 |Compressive strength (MPa) 500
7 |Yield strength (MPa) 49.02
8 |Flexural strength (MPa) 169
9 |Elongation at break (%) 3

The proposed research methodology for the study of the Hexa-copter drone combines computational and ex-
perimental approaches to analyze its aerodynamic performance and structural optimization. First, a structural
analysis of the Hexa-copter frame with hollow square cross-sectional arms is performed using FEM to determine
its load-carrying capacity. Then, topological optimization of the drone arm is performed based on maximum
strength with minimum weight. The structural analysis of the optimized arm is then done with the inclusion of the
properties of carbon fiber-reinforced polymer (CFRP) for better results. Fabrication of the frame of the drone will
be done through additive manufacturing and specifically through Fused Deposition Modeling (FDM), which has
substantial benefits compared to traditional methods as it enables easier and more viable manufacturing of com-
plex UAV structures [1], [2].After designing, slicing of the Hexa-copter model is done for 3D printing using
Ultimaker Cura. CFD simulations were done for different AoA in the forward flight phase to assess the aerody-
namic performance. Simulations analyze the flow of air around Hexa-copter and provide an approximate esti-
mation of drag forces. Wind tunnel tests were conducted to validate results obtained from CFD. Tests were
conducted at 8.22 m/s, 5.81 m/s, and 3.68 m/s wind speeds and corresponding drag values recorded. The goals of
the wind tunnel test are to compare CFD-simulated drag forces with experimentally measured data. The wind
tunnel simulates motion by blowing air around the stationary drone, replicating forward flight conditions of the
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Hexa-copter. This comparative evaluation between numerical and experimental analyses for various wind speeds
and angles of attack has shown good correlation, confirming the stability of the Hexa-copter design in real-world
conditions [3] [4][5].

Figure.1.Drone Assemble Isometric View

Design for additive manufacturing is finding its wide adoption in industries because of its unparalleled feasibility
and flexibility of manufacturing. Among all the techniques, the Fused Deposition Modeling process holds a
unigue advantage and can be considered ideal for the creation of complex structures. Unlike most traditional
methods, which have constraints on design by the requirement of tooling, FDM offers ease in making complicated
geometries. Such a capability is of special importance in the manufacturing of Unmanned Aerial Vehicle struc-
tures-for instance, drone frames-where lightweight yet robust design is very critical. This layer-by-layer fabrica-
tion of FDM will allow for efficient usage of material and customization, hence reducing cost and time consid-
erably. Besides, FDM allows using advanced materials, like CFRP, which enhance strength-to-weight ratios of the
components of UAVSs. This process also simplifies prototyping and iterative design modification, enabling en-
gineers to optimize structures for particular performance criteria. Generally speaking, FDM benefits in UAV
manufacturing enable new paths for innovation, not only in aerospace but also in other high-performance appli-
cations.

- I
e

Figure.2. Hexa-Copter Sliced Using Ultimaker Cura

Table.2.Parameter and specifications for Ultimaker Cura
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Figure.3.Hexa-copter drone 3D printing

Table.3.Printing Parameters

T

Material CFRP-nvion
Layer Height (0] mm
Infill Density (%) 100 %
Infill Puttern Rectilinear
Mux Overhung uangle for Support 45

Support Infill (%) 15%

Support Infill Pattern Zig-2ag

Printing Speed 60 mm's

Noztle Temperature (°C) 230
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Figure.4.Manufacturing of Hexa-Copter Sliced using 3D printing

2.1 Aerodynamic Performance Measures of Developed Hexacopter Using Cfd and Wind Tunnel Testing

The aerodynamic performance of hexacopter is a very important factor in optimizing efficiency, stability, and
payload capabilities, especially under variable environmental conditions. Two of the most widely used comple-
mentary approaches for the evaluation and improvement of hexacopter performance include Computational Fluid
Dynamics and wind tunnel testing. CFD simulations can give a good overview of the flow dynamics, pressure
distributions, and drag forces acting on hexacopter structures. For instance, optimized propeller blade designs
demonstrated significantly improved thrust generation while reducing the associated aerodynamic losses [3].
Also, wind tunnel testing is necessary to validate CFD results under real flight conditions while enabling accurate
measurements of lift, drag, and stability parameters [29].The hexacopter, being designed with enhanced aero-
dynamic profiles, have streamlined rotor housings and optimized frame structures that lead to better energy effi-
ciency and reduced turbulence-induced instability. Research has shown that, with advanced materials and struc-
tural optimization techniques adopted in recent hexacopter designs, air resistance is minimized and payload ca-
pacity enhanced [27] [35]. The horizontal airflow and variations in the angle of attack have been studied for their
influence on aerodynamic performance, with the resulting understanding that these parameters bear much sig-
nificance in flight stability and maneuverability [2] [9].Wind tunnel investigations have highlighted several crit-
ical performance aspects during forward flight conditions, such as icing effects on rotor blades, which can dras-
tically deteriorate thrust and efficiency in flight [28]. In addition, the integration of CFD-based trajectory control
strategies ensures adherence to prescribed performance parameters by the hexacopter during dynamic operations
[30]. These studies in juxtaposition bring out the importance of using CFD and wind tunnel testing to further the
aerodynamic capability of hexacopter with superior performance and reliability over a wide range of operational
scenarios.

Table.4.Mesh Statistics

Mesh Statistics |
Domain Name | Orthog. 2Argle | Exp. Factor | Aspect Ratio |
i Minixm [deg] | Maximum | ¥aximom
Default Domain | 20.1 ok | 124 1 | 50 CX

1 RO SPRSE] R

| %! %ok 0K | ¥! 3ok WX | ¥! 30k ICX

Default Domain | ] € 54|« 5 9| 49 ¢ 100 |

Simulations are done for Forward Phase at wind velocity 8.22 m/s, 5.81 m/s and 3.68 m/s and for Angle of Attacks
00, 4°, 80,120
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Figure.8.Velocity for AoA of 4°
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Figure.10.Pressure for AoA of 8°
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Figure.11.Velocity for AoA of 8°

Similarly simulations are done for remaining velocities of 5.81 m/s and 3.68 m/s and for Angle of Attacks 0°, 4°,
6°, 12° are done.

Wind Tunnel Testing: Testing in the wind tunnel is carried out for different speeds, i.e., 8.22 m/s, 5.81 m/s, and
3.68 m/s, and corresponding drag values calculated. The intent of the wind tunnel test is to validate the drag force
obtained from the CFD analysis/simulation. Hence, forward condition simulations and wind tunnel test compar-
isons are made, since the chances of maximum drag force arising would be maximum for maximum cross-section
area. Wind provided inside the wind tunnel will be equivalent to the velocity of Hexa-copter provided in simula-
tions, i.e., instead of Hexa-copter flying against wind, wind is blown against Hexa-copter. The drag force, for this,
is provided through rotation of propellers in the CFD simulation, whereas in the wind tunnel, the drag force is
provided externally.
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Figure.14.Wind tunnel

Table.5. Low Speed Wind Tunnel Specifications
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A comparative evaluation between numerical and experimental analyses at different wind speeds shows good
correlation for various angles of attack. The drag results indicate that the drone exhibits higher stability.

2.3 Measurement of Strain in Hexa-copter Structure Using Strain Gauge

A strain gauge, a precision instrument, is used to measure the deformation of solid materials under stress. The
bonded metallic strain gauge, known for its accuracy, is the most commonly used in applications like aircraft
component testing [1]. The Wheatstone bridge, an important circuit, is used to measure resistance changes in
strain measurement. It mainly has configurations like quarter-bridge, half-bridge, and full-bridge. The quar-
ter-bridge configuration, widely applied due to its high sensitivity and simplicity, further enhances the precision of
the strain gauge [3].In the hexacopter structural strain study, the strain gauge is carefully mounted on the arm of
the hexa-copter. The process involves fabricating the strain gauge using fused deposition modeling (FDM) and
then using an adhesive to mount it directly onto the carbon-fiber-reinforced polymer (CFRP) material of the
hexacopter arm. When in use, the thrust force squeezes the strain gauge itself, resulting in a resistance change that
is proportional to the strain induced. This change in resistance is used to calculate the strain accurately [2], [6]. For
this application, the 1-LY41-6/350 linear strain gauge was chosen due to its small size and compatibility. A
quarter-bridge configuration is implemented by replacing one resistor in the Wheatstone Bridge with the strain
gauge [5], [13].The strain measurement system uses the Mx1615B strain gauge amplifier and Catman software for
data acquisition and analysis to ensure accurate strain assessment in the hexacopter structure [9], [12]. This un-
derscores the crucial role of the strain gauge in understanding the mechanical behavior of UAV components
during operation, making the work of the engineers and researchers in this field even more significant.

Table.6 Specifications of Strain Gauge and Data Acquisition System
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Model MX16158 CH |

SO A wire 350 Ohm

SO quanter bradge 350 Ohm

d-Ware carcust

Nativeunit Native unif mV/vV
Nominal range OR000 pmvim
Filter charnoteristics Excitation § Vescitation

Zero baluncing!) » Filter frequency 10 Hz
Bridge (wtor(l- 00000 Gouge factor:2 00000

Figure.18 Strain at 50 % throttle

3. Results
Table.5.Simulation results for Forward Phase at a wind velocity of 8.22 m/s

AOA| Lift (N) | Drag (N) Cl Cd
0° |0.01979 [0.687058045( 0.001684 [ 0.058455
4% 10.117078|0.719653009| 0.009961 | 0.061229
8% 10.286557(0.85796809 [ 0.024381 [ 0.072997

12° (0.527979(0.99202335 [ 0.044921 | 0.084402

With increased wind velocities, the lift and drag forces are seen to increase with the angle of attack. For instance,
at 0° AOA, the lift force is 0.01979 N, while the drag is 0.687058045 N, with Cl and Cd values of 0.001684 and
0.058455, respectively. These are maximum when AOA = 12° the lift is equal to 0.527979 N, drag reaches
0.99202335 N, CI - 0.044921, and Cd - 0.084402, which shows a clear improvement in force amplification with
increased AOA.

Table.6.Simulation results for Forward Phase at a wind velocity of 5.81 m/s
AOA Lift (N) Drag (N) Cl Cd
Q0 0.0077745 | 0.756197 (0.001324| 0.128783
40 0.0357375 | 0.792239 (0.006086| 0.134921
80 0.090789 | 0.9440355 |0.015462| 0.160772

120 0.1634835 | 1.0917688 |0.027842| 0.185932

Therefore, in this case, with lower wind velocity, the aerodynamic forces are somewhat smaller. For 0° AOA, the
lift and drag are 0.0077745 N and 0.756197 N, respectively, while corresponding values of Cl and Cd are
0.001324 and 0.128783, respectively. On the other hand, lift increases to 0.1634835 N at 12° AOA, while drag
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increases to 1.0917688 N, and the respective values of Cl and Cd are 0.027842 and 0.185932, respectively, de-
picting similar trends as observed with higher wind velocities.

Table.7.Simulation results for Forward Phase at a wind velocity of 3.68 m/s

AOA| Lift(N) | Drag (N) Cl Cd
0% | 0.005183 | 0.138278 | 0.002200 | 0.058699
4% | 0.023825 | 0.145452 | 0.010114 | 0.061745
8% | 0.060526 | 0.172135 | 0.025693 | 0.073072

129 | 0.108989 | 0.199491 | 0.046266 | 0.084684

At minimum wind velocity, the aerodynamic forces are much lower. For example, at 0° AOA, lift is 0.005183 N
and drag is 0.138278 N while Cl and Cd are 0.002200 and 0.058699, respectively. At 12° AOA, lift rises to
0.108989 N while drag increases to 0.199491 N, corresponding values for Cl and Cd being 0.046266 and
0.084684, respectively.

Table.8.Strain induced During Hovering

Compressive Strain
Throttle %
(Hm/m)
0 0.05
15 -13.22
25 -26.26
50 -92.71

The strain measurement process is facilitated by the use of the Mx1615B strain gauge amplifier and Catman
software for data acquisition. These sophisticated tools enable the recording of compressive strain values at var-
ying throttle levels during the hovering tests, as shown in Table 8. The compressive strain at 15% throttle is
-13.22um/m, and at 50%, the strain value rises sharply to -92.71 pum/m. This experimental setup, meticulously
designed and executed, demonstrates the effectiveness of using strain gauges for structural analysis of a hexa-
copter. This thorough approach ensures reliable performance evaluations while the hexacopter is in operation.

4. Conclusions

Numerical and experimental results of drag force, measured at wind speeds of 8.22 m/s, 5.81 m/s, and 3.68 m/s,
are presented for different angles of attack (AoA). The highest drag force was observed when the Hexa-Copter
exposed its maximum cross-sectional area to the airflow, a finding corroborated by CFD simulations of forward
flight conditions and further validated through wind tunnel tests. The CFD models accurately predicted drag force
by accounting for propeller rotation, while wind tunnel tests provided real-world measurements, confirming the
computational predictions. The strong correlation between CFD and experimental results demonstrates the drone's
aerodynamic stability and consistency in drag force values across varying wind speeds and AocA. This indicates
that the Hexa-Copter configuration can maintain stable flights even under higher wind conditions, with CFD
simulations reliably forecasting aerodynamic performance .The alignment between computational and experi-
mental data highlights the critical importance of combining numerical simulations with physical testing for op-
timizing drone performance. The results affirm that the synergistic use of CFD simulations, wind tunnel tests, and
advanced material designs significantly enhances the Hexa-Copter's aerodynamic stability and overall efficiency.
This study underscores the ability of CFD simulations to predict aerodynamic performance for real-world ap-
plications and suggests that integrating computational predictions with experimental validation can guide further
improvements in drone design, ensuring high performance and reliability under diverse flight conditions. The
strain measurement process was conducted using the Mx1615B strain gauge amplifier and Catman software for
data acquisition. These advanced tools facilitated the recording of compressive strain values at different throttle
levels during hovering tests and compressive strain measured -13.22 um/m at 15% throttle and increased sharply
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t0 -92.71 um/m at 50% throttle. This designed experimental setup represents the effectiveness of strain gauges for
structural analysis of the Hexa-Copter, ensuring reliable performance evaluations during operation.
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