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Abstract

This study investigates the influence of frame material on the thermal behavior of motors
and mechanical performance in First Person View (FPV) drones operating under extreme
payloads. Two identical 7-inch quadcopters were constructed, differing only in the lower
frame section material: carbon fiber-reinforced polymer (CF) or aluminum alloy 6061-T6
(AL). Both drones were subjected to 5-min hover tests with and without a 20 N payload, and
their performance was assessed through infrared thermography, vibration analysis, flight
log data, and finite element method (FEM) thermal simulations. Under no-load conditions,
both frames showed comparable motor temperatures (37-44 °C). With payload CFframe
motors exceeded 90 °C, indicating severe overheating, while ALframe motors remained
below 60 °C, approximately 30 °C cooler, and demonstrated a more uniform temperature
distribution between motors. Power analysis revealed higher consumption for the AL
frame drone at no load due to its greater mass, but lower consumption under payload,
likely because motor efficiency was maintained. Vibration analysis indicated fewer and
lower-frequency resonances for the AL frame. FEM simulations, using boundary conditions
from flight data, reproduced the experimental temperature distributions, confirming their
reliability for predictive design. The overall results show that aluminum frames, although
denser, enhance thermal regulation and dynamic stability in demanding UAV operations,
providing practical guidance for defense, search-and-rescue, and other critical applications.
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1. Introduction

Unmanned Aerial Vehicles (UAVs), and, in particular, First Person View (FPV) drones,
have gained prominence in a variety of application domains. In civil engineering, they are
increasingly adopted for infrastructure monitoring and inspection, where their agility and
ability to access hard-to-reach areas provide significant advantages [1]. In the agricultural
sector, UAVs enable precision farming practices such as crop health assessment and targeted
spraying, leading to more efficient resource utilization [2]. Their use has also expanded
into defense, where FPV drones are employed for reconnaissance and attack missions due
to their maneuverability and relatively low operational costs [3]. Finally, UAVs play an
important role in emergency response, where they can operate effectively even in thermally
harsh environments, providing situational awareness and supporting rescue operations [4].
In such contexts—where performance, endurance, and reliability are paramount—the
operational load on the propulsion system, especially the motors, has become a critical
engineering concern.
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Thermal degradation of brushless motors during extended high-thrust operation
is well-documented in UAV literature [5,6]. For FPV drones, which operate with large
battery packs (e.g., 652P configurations) and payloads requiring more than 20 N of thrust,
internal heating may push motor windings beyond safe operational thresholds (>100 °C) [7].
This thermal buildup reduces efficiency, accelerates wear, and, in extreme cases, causes
mission failure. Aldez et al. [4] conducted experimental tests on heat-resistant tethered
UAUVs. They highlighted that thermal management is critical when operating under high
ambient temperatures or in the presence of radioactive heat sources, such as in fire detection
missions. Their findings underscore the need for thermally conscious structural design in
UAVs—particularly in cases where active cooling is not viable. Hassanin et al. [8] examined
the use of additive manufacturing in UAV structures and showed that incorporating
materials with tailored thermal properties can significantly reduce hotspot formation near
motors. Similarly, Schleijpen et al. [9] analyzed UAV vulnerability to directed-energy
weapons and concluded that thermal resilience in structural design directly affects mission
survivability in military scenarios.

Active cooling solutions such as fan-assisted systems or liquid cooling are generally
infeasible for drones in this weight class due to complexity and mass penalties. Therefore,
passive thermal management via structural components—especially drone arms—has
emerged as a practical alternative [4]. Material selection for these arms is thus not solely
a mechanical design problem but a multidisciplinary optimization challenge involving
thermal performance.

Carbon fiber-reinforced polymer (CF) remains the most widely used material for FPV
drone frames due to its high specific strength, corrosion resistance, and excellent vibration
damping [10]. However, its thermal conductivity is inherently low—typically ranging
from 5 to 20 W/mK depending on fiber orientation and resin type. This limitation severely
restricts its ability to function as an effective heat sink. By contrast, aluminum alloys
(AL), such as the 6xxx series, offer much higher thermal conductivity (130-226 W/mK),
moderate mechanical strength, and established industrial use [11]. Anand and Mishra [5]
noted that aluminum alloys offer a favorable cost-to-performance ratio for high-volume
UAV production. Furthermore, the ASM Handbook [12] confirms their suitability for
environments requiring efficient heat transfer.

From a materials science perspective, Nasri et al. [13] demonstrated that CF’s poor
thermal performance is a bottleneck in systems requiring sustained high-power output.
Their results validate the need to explore hybrid or metallic structures where efficient heat
conduction is necessary. In structural engineering studies, Agrawal et al. [14] emphasized
the importance of frame material selection in FEM-based UAV analysis. Their simulations
confirmed that high-conductivity materials such as aluminum reduce thermal gradients
and help maintain structural integrity during prolonged load cycles.

Recent studies further highlight the importance of integrating advanced materials
and characterization methods in UAV research. Zhang et al. investigated superconduct-
ing composite materials for aerospace applications, demonstrating how novel material
systems can improve both structural and thermal performance [15]. Similarly, Lu et al.
analyzed aerothermal effects in high-speed UAVs and showed that aerodynamic heating
significantly impacts overall system reliability, underscoring the need for effective ther-
mal management strategies [16]. Complementing these findings, Raza et al. introduced
advanced measurement techniques for UAV thermal monitoring, confirming that precise
temperature mapping is essential for validating computational models and improving
design accuracy [17]. Together, these studies emphasize that both innovative materials and
accurate thermal characterization are crucial for the safe and efficient operation of UAVs.



Processes 2025, 13, 3034

30f17

In summary, while CF-based UAVs dominate due to mechanical superiority, they lack
inherent thermal dissipation capability, which can impair performance in long-duration
flights and thermally stressful environments. Conversely, AL-based frames, although heav-
ier, may offer dual functionality: mechanical load-bearing and passive thermal regulation.

However, the reviewed literature also reveals an important research gap: the lack
of a quantitative assessment of how FPV drone frame material (CF vs. AL) affects both
motor thermal behavior and the drone’s mechanical performance under extreme payload
conditions. Such challenges are increasingly encountered in both military and civilian
quadcopter applications.

This study quantitatively investigates the influence of FPV drone frame material—
carbon fiber versus aluminum alloy 6061-T6—on motors thermal performance under
extreme payload conditions. The analysis combines four complementary approaches:

e Infrared thermographic measurements;

e  Finite element method (FEM)-based numerical simulations;

e Engineering evaluation of thermal and mechanical material properties;

e  Experimental data extracted from flight log files recorded during test flights.

The originality of this research lies in its integrative methodology, bridging materials
science, thermal analysis, and empirical validation under realistic FPV drone operating
conditions at extreme thrust levels. The findings are expected to provide practical design
guidelines for UAVs intended for high-risk applications, including defense, environmental
exploration, and search-and-rescue (SAR) operations.

2. Materials and Methods

In FPV drone design, frame material selection plays a dual role: it determines the
structural integrity of the airframe and influences the passive dissipation of heat generated
by the motors. To assess these effects, two structural materials with contrasting thermal
conductivities were evaluated in this study:

e  Aluminum 6061-T6 (AL)—a widely used structural alloy characterized by good ther-
mal conductivity and moderate density.

e  Carbon fiber (CF)—a composite material with high stiffness and chemical resistance
but inherently low thermal conductivity.

The aluminum alloy frame was custom fabricated by MiViA GmbH (Freiburg, Ger-
many) using waterjet cutting from 5 mm thick sheets. The carbon fiber frame was a
commercially available Mark 4 model, purchased from Dongguan Shangtai Carbon Fiber
Technology Co., Ltd. (Dongguan, China).

The materials were compared in terms of their mechanical and thermal properties,
which are critical for passive heat dissipation from UAV motors (Table 1).

Table 1. Mechanical and thermal properties of UAV frame materials.

Property AL (6xxx) CF (Carbon Fiber) Sources
Young’s Modulus [GPa] 67-140 70-150(fiber dependent) [1,5]
Ultimate Tensile Strength [MPa] 90-565 500-1500 [6,10-12]
Density [g/cm?] 2.68-2.92 1.55-1.65 [10,12]
Thermal Conductivity [W/mK] 130-226 5-20 [10,12]
Specific Heat Capacity [J/kgK] 800-900 ~800 [10,12]
Damping Ratio (logarithmic) 0.01 0.05-0.1 [10,12]
Corrosion Resistance Moderate Excellent [6,10]

Relative Material Cost Low High [6]
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Due to the wide variation in literature values for the Young’s modulus of CF, direct
experimental testing was conducted to obtain reliable input data for mechanical analysis.
Test specimens were cut from the arms of a commercial Mark 4 drone frame and tested
using a Zwick 250 (ZwickRoell GmbH & Co. KG, Ulm, Germany) universal testing machine
in the longitudinal direction. Each specimen had a length of 100 mm and a rectangular
cross-section measuring 12 x 5 mm. Tensile tests were performed over a stress range
from 0 to 4 MPa, with elongation measured using mechanical extensometers to ensure
high accuracy. Based on the collected data and their statistical processing, the Young’s
modulus of the CF material used in the Mark 4 frame was determined to be 84 + 7 GPa. For
comparison, Al samples of identical dimensions tested under the same procedure yielded a
Young’s modulus of 81 & 5 GPa, also based on seven repetitions. All tests were performed
under quasi-static loading conditions at a constant tensile rate of 0.1 mm/min.

To experimentally investigate the effect of frame material on the thermal and mechani-
cal behavior of an FPV drone, two 7-inch quadcopters were constructed, differing only in
the material of the lower frame section. Both drones used a SpeedyBee F405 V3 (SpeedyBee
Technology Co., Ltd., Shenzhen, China) flight controller and were configured identically in
BetaFlight 10.10.0 software. A photograph of the ALframe drone is shown in Figure 1.

Figure 1. 7-inch FPV quadcopter with AL-based frame: 1—AL frame; 2—motors (2807, 1300 KV);
3—Flight Controller (FC) and Electronic Speed Controller (ESC); 4—camera; 5—video transmitter
(VTX) antenna; 6—control link antenna (866 MHz); 7—VTX module; 8—CF top plate. The main
dimensions are shown in Figure 2a.

As illustrated in Figure 1, only the lower frame section of the ALframe drone—
responsible for carrying all mechanical loads and conducting heat from the motors—was
made of AL. The second drone was assembled entirely on a commercial Mark 4 carbon
fiber frame. In both cases, the upper frame section, typically used for battery mounting,
was made of CF. Thus, the only structural difference between the two drones was in the
lower frame section directly connected to the motors (Figure 2). The aluminum frame was
5 mm thick, cut from a single sheet without joints, whereas the CF frame was assembled
from bolted sections, with the motors mounted on 5 mm thick arms. In top view, both
frames had identical dimensions (Figure 2a).
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Figure 2. Frame geometries: (a) basic dimensions of AL and CF frames (in mm); (b) AL frame;
(c) commercial CF Mark 4 7-inch frame; (d) CAD model of frame with AL basic plate; (e) CAD model
of frame with CF basic plate.

The AL frame material was produced using roller casting, followed by mechanical
machining via waterjet cutting. The final masses of the experimental drones without
battery were:

mpp, = 577.2 g (with AL frame);

mcr = 540.0 g (with CF frame).

The mass difference results from the higher density of aluminum compared to carbon
fiber. Both drones were powered by the same Li-ion 652P battery (mpar = 880 g). The
frame with the lower plate from aluminum alloy (Figure 2d) was cut from a 5-mm-thick
sheet, weighing 180.17 g, while the CF frame (Figure 2e) weighed 121.40 g, including
fasteners (more numerous in the CF frame). The bottom plates differed slightly in volume:
53,345.20 mm? for the AL plate and 53,158.28 mm? for the CF plate, the latter being thinner
(3 mm) in the central region.

Payload selection. Preliminary flight tests were performed to characterise the lifting
capability of the tested 7-inch configuration (motors, propellers, battery, and assembled air-
frame). These tests showed that a 2.0 kg mass (=20 N) represented a practical upper bound
for sustained hover and short-duration transport for this build; hence, the two experimen-
tal conditions reported in this study were 0 N (no payload) and 20 N (payload ~2.0 kg).
Selecting an unloaded and a near-maximum loaded condition allows the comparison of
baseline and worst-case thermal and dynamic behaviour of the propulsion system, which
is the objective of the present work. This two-point strategy (no-load vs. high-load) is
commonly used in multirotor performance and thermal investigations to expose efficiency
degradation, overheating, and dynamic instabilities that may not be observable under light
loading [18,19].

The drone with the payload attached is shown in Figure 3 before take-off.

Motor’s power consumption was evaluated using Betaflight Blackbox Explorer
3.7.0 software.

The test flight lasted 5 min in hover at an altitude of approximately 1 m above ground
level. Immediately after the test, the drone landed, and infrared images were captured
using a thermal imaging camera. Thermal images were captured using a Bosch Professional
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GTC 600 C infrared camera with a sensor resolution of 256 x 192 pixels. According to
the manufacturer’s specifications, this resolution is standard for cameras of this class and
does not affect the accuracy of temperature measurements (£2 °C or £2% of the reading).
The time between motor shutdown and image capture was 2-3 s. Thermal images were
processed using GTC Transfer Software v. 1.7.2.0.

Figure 3. ALframe drone with 20 N payload before take-off. The main dimensions are shown in
Figure 2a.

During the flights, log files were recorded, providing:

- Motor load distribution;

- Total electrical power drawn from the battery;

- Gyroscope data for determining resonant frequencies of the drones along all three
spatial axes.

The Power Spectral Density (PSD) of vibrations was computed from the gyroscope
data using Fast Fourier-Transform (FFT) in Blackbox Explorer software. PSD analysis is
widely used in UAV engineering to identify dominant vibration frequencies and assess
system stability [20].

Each flight was repeated three times. After each flight, the drone was cooled for 30 min,
during which the battery was recharged to its initial level. The maximum motor temper-
atures were as follows: variant CF 0 N—43.5 & 3.1 °C, variant CF 20 N—86.3 £ 9.0 °C,
variant AL 0 N—41.9 & 3.0 °C, variant AL 20 N—54.7 £ 3.5 °C. Only the first flights from
each series were used as an example for experimental and numerical analysis. Their log
files was used to define the boundary conditions for FEM modeling.

For the estimation of heat power dissipation in motors, we used the following ap-
proach. The total electrical power drawn from the battery was determined from the log
files as a tabular function of time T:

Prog(t) = Upar(7)Igar(T). 1

The average values of P;p¢ are reported in Table 2, column ‘Power, W’. From this
power, the ‘hotel load’ of the onboard electronics (FC, VTX, camera, etc.) must be subtracted.
The simplest approach is to assume it as a constant P4y, measured on the ground with the
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electronics armed and the motors disarmed. Based on the initial segments of the power
curves, P4y was estimated at =15 W for both drones:

Py = Prog — Pav. ()

Table 2. Total battery power and per-motor energy distribution from log file analysis.

Variant Power, W Motor 1 Motor 2 Motor 3 Motor 4
CFON 213.74 0.264 0.242 0.253 0.241
CF20N 774.46 0.252 0.245 0.272 0.232
ALON 250.24 0.268 0.231 0.261 0.239
AL20N 741.78 0.270 0.230 0.255 0.245

This power is considered to feed the propulsion system (ESC + motors). Such a
separation of power and further identification of propulsion characteristics is recommended
in works on experimental characterization of multirotor propulsion systems [21].

The log files also contain the fractional loads of individual motors «;(7) (percentage
throttle), the propulsion power is distributed proportionally:

&i

Pele,i = Z"X'
i i

P dro- (3)

The average values of Z‘X’a were collected in Table 2 (columns “Motor 1”—“Motor 4”).

The heat power generated in the i-th motor is as follows:

Pheat,i = (1 - U)Pele,i/ (4)

where 77 denotes the electro-mechanical efficiency of the motor. This parameter may
also include ESC losses if the propulsion system is considered as a whole. In practice,
1 is obtained from measured efficiency curves or loss models as a function of rotational
speed and torque (or current), derived from dynamometer tests or simplified analytical
models [22].

The motors load distribution and total power consumption data were used as input
for FEM simulations of temperature distribution within the motors and frames. The FEM
calculations were performed in SolidWorks 2024 by generating accurate geometric models
of the test drones, applying boundary conditions derived from the log data, and solving
the steady-state thermal conduction problem.

To enhance clarity of paper, the next figures in this manuscript are organized by drone
configuration and flight condition. For each configuration (CF and AL), data are presented
separately for unloaded (a) and loaded (b) flight conditions.

3. Results and Discussion
3.1. Experimental Results

The thermal imaging results are presented for the drone with a CF frame (Figure 4)
and the drone with an AL frame (Figure 5). These images show both the maximum

temperatures at the hottest points of the motors (stator region) and the overall surface
temperature distribution across the drone.
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Figure 4. Thermal image of the CFframe drone after 5 min hover: (a) no payload (0 N), (b) with
20 N payload.

59.7 —

445 |

299

(b)

Figure 5. Thermal image of the ALframe drone after 5 min hover: (a) no payload (0 N), (b) with
20 N payload.

Analysis of the temperature distribution after the 5-min hover test yielded the follow-
ing observations.

No additional payload: The maximum motor temperatures in both drones were similar
(Figures 4a and 5a) and well below the manufacturer’s specified limit of 60 °C (FlashHobby
A2807 datasheet). Under such conditions, the frame material had a negligible influence on
the motor’s temperature.

With 20 N payload: The maximum motor temperature for the CFframe drone exceeded
90 °C (Figure 4b), indicating dangerous overheating. For the ALframe drone, maximum
motor temperatures remained below 60 °C (Figure 5b), within the safe operating range.

These results indicate that replacing the CF frame with an AL frame of identical geome-
try reduced motor temperature by approximately 30 °C under extreme payload conditions.

Temperature differences between individual motors were also analyzed. For the
CFframe drone, this difference reached 25 °C, whereas for the ALframe drone it was
only 67 °C (Figures 4b and 5b). This disparity is influenced by uneven motors loading—
minimized as far as possible through careful payload and battery positioning related to the
drone’s center of gravity—along with variations in motor and propeller characteristics.

Motor power consumption was evaluated using flight log files, which included per-
centage throttle values for each motor. An example dataset for the CFframe drone is shown
in Figure 6 (first 20 s of flight), alongside total battery power consumption (Figure 7). Equiv-
alent datasets for the ALframe drone are presented in Figures 8 and 9. Figures 7-9 present
the total battery power consumption and the distribution of throttle values among the four
motors for both frame configurations. For the CFframe drone (Figure 7), the total power
draw increases sharply when the 20 N payload is applied, reaching values close to 775 W.
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In contrast, the ALframe drone (Figure 9) exhibits lower total power consumption under
the same load (=742 W), despite showing slightly higher consumption at no load. This
reversal indicates that the CFframe motors lose efficiency under thermal stress, whereas
the AL frame helps to maintain more stable operating conditions.

80
oy - ——Motorl,%, CF, ON
i 6o ——Motor2,%, CF, ON
2 w0 —— Motor3,%, CF, ON
[-%
S Motor4,%, CF, ON
£ 40
s 30 ——Motorl,%, CF, 20N
20 ——Motor2,%, CF, 20N
0 ——Motor3,%, CF, 20N
5 ——Motor4,%, CF, 20N
(] 5 10 15 20
Time, s

Figure 6. Motor percentage power distribution (percentage throttle)in the first 20 s of CFframe drone
flight, with payloads of 0 N and 20 N.

1200

---- Power, F=0 N, CFF ——Power, F=20 N, CF

1000

-~

800

Power, W

600

400

200

0 5 10 15 . 20
Time, s

Figure 7. Total battery power draw (CFframe drone), first 20 s, payloads of 0 N and 20 N.
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—Motor2,%, AL, 20N
20 -
——Motor3,%, AL, 20N
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0 ——Motor4,%, AL, 20N
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Time, s

Figure 8. Motor percentage power distribution (percentage throttle) in the first 20 s of ALframe drone
flight, with payloads of 0 N and 20 N.

A comparison of motor power distribution (Figures 6 and 8) further highlights this
effect. In the CFframe drone, throttle values deviate more strongly between individual
motors, particularly with payload, which correlates with the larger temperature differences
observed in thermal images (Figure 4). For the ALframe drone, throttle values remain more

balanced across motors (Figure 8), consistent with the smaller temperature differences
shown in Figure 5.
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Figure 9. Total battery power draw (ALframe drone), first 20 s, payloads of 0 N and 20 N.

Overall, Figures 7-9 demonstrate a clear link between thermal and electrical perfor-
mance: the AL frame not only reduces overheating but also improves energy efficiency
under payload. These results confirm that motor thermal conditions directly affect power
consumption and that frame material selection can mitigate efficiency losses during high-
load operation.

An important feature observed in Figures 7-9 is the presence of significant short-
term fluctuations in battery power draw, with amplitudes reaching up to 400 W. These
oscillations are characteristic of FPV drones and result from the combined effects of flight
controller corrections and pilot inputs during hover. In contrast to highly stabilized multi-
rotor platforms, where fluctuations originate almost exclusively from the autopilot system,
FPV drones rely to a large extent on the pilot to maintain position. Consequently, the control
loop involves both the onboard controller and the pilot’s manual corrections, leading to
rapid throttle variations and visible power fluctuations. While the instantaneous power
draw oscillates strongly, the average consumption remains consistent with the applied pay-
load, confirming the stability of the experimental conditions. This highlights the importance
of evaluating frame thermal performance under thermally demanding missions.

The averaged power values and energy distribution across motors are calculated using
Equations (1)-(4) and summarized in Table 2.

The condition of the power source was also monitored during the hover experiments.
The drones were powered by a Li-ion pack consisting of 12 Samsung INR21700-40T cells
(4000 mAh), connected in a 6S2P configuration. The maximum permissible continuous
current for this configuration is 70 A. Analysis of the log files showed that the peak current
during the 20 N payload test did not exceed 45 A. Over the course of a 5-min flight, the
voltage of individual cells decreased from 4.1 V to 3.6 V, which remains well above the safe
operational limit of 2.6 V per cell. These results indicate that the battery was not overloaded
and that its health and service life were not adversely affected during the experiments.

Key findings from this analysis.

With no payload: The ALframe drone consumed more power (250.24 W) than the
CFframe drone (213.74 W), likely due to the AL frame’s higher mass.

With 20 N payload: The ALframe drone consumed less power (741.78 W) than the
CFframe drone (774.46 W). This reversal can be attributed to: 1. The frame mass difference
becoming negligible compared to the total drone mass with payload. 2. Reduced motor
efficiency in the CFframe drone due to overheating.

Vibration characteristics were assessed from the gyroscope data in the log files.
Figure 10 shows the drone’s reference axes for oscillation measurement.
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Roll

Figure 10. Reference axes for vibration analysis.

Comparative PSD results. For the CF frame, the vibration spectrum (Figure 11a)
reveals several distinct resonant peaks centered around 60 Hz, 120 Hz, and 180 Hz, which
are indicative of structural resonances excited during hover. These frequencies suggest the
presence of periodic oscillations likely amplified by the segmented and bolted construction
of the carbon fiber frame. The multiple peaks point to complex dynamic behavior, where
different components of the frame may be interacting mechanically in ways that reinforce
certain vibration modes. In contrast, the AL frame (Figure 12a) exhibits a markedly sim-
pler vibration profile, characterized by a single low-frequency peak below 20 Hz. This
suggests a more stable and damp response, likely resulting from the monolithic design
of the aluminum frame, which lacks joints and discontinuities that could act as sources
of resonance. The absence of higher-frequency peaks implies that the AL frame better
suppresses structural vibrations, contributing to improved flight stability and reduced
mechanical stress on onboard components.
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Figure 11. PSD of vibrations for yaw, pitch, and roll (CF frame): (a) 0 N payload, (b) 20 N payload.
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Figure 12. PSD of vibrations for yaw, pitch, and roll (AL frame): (a) 0 N payload, (b) 20 N payload.
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With 20 N payload the CFframe drone developed an additional strong peak around
320 Hz (Figure 11b), indicating undesirable dynamic loading. The ALframe drone exhibited
a weaker high-frequency peak at ~400 Hz (Figure 12b).

The AL frame exhibited superior vibration performance, probably due to its monolithic
structure and uniform thickness (Figure 2d), cut from a single aluminum sheet, in contrast
to the CF frame’s assembled construction with variable thickness (Figure 2e). Due to the
different geometric configurations, it is impossible to conclude the influence of the material
on vibrations based on these data.

As follows from Table 1, the damping ratio for CF is 5-10 times higher than for AL.
This is a fundamental material property that can significantly impact vibration attenuation.
However, in the experiment, we observe lower vibrations for the frame made of AL. The
only possible explanation for this, taking into account the close values of Young’s modulus
(for CF 84 + 7 GPa and for AL 81 + 5 GPa), is associated with the difference in the geometry
of the frames. Both frames have identical geometric dimensions on the arms to which the
motors are attached. Since heat is dissipated precisely on the arms (this is shown by both
the experiment and the calculation), this allows us to conclude the influence of the thermal
conductivity of the material on the thermal mode of the motors. However, in the central
part (Figure 2e), the CF frame is thinner, its thickness is 3 mm, and not 5 mm like the AL
frame (Figure 2d). This smaller thickness in the central part of the CF frame is apparently
the cause of greater vibrations.

It is important to note that the AL frame used in this study was monolithic, while the
CF frame was assembled from bolted segments. This choice is largely determined by the
manufacturing technologies available for the respective materials. For AL, the fabrication of
a monolithic frame is technologically straightforward. In this study, the lower plate of frame
was produced from roller-cast aluminum sheets and cut to shape using waterjet machining.
The process enables efficient recycling of off-cuts back into the melt, resulting in essen-
tially zero material waste. By contrast, CF composites require a fundamentally different
production route. The standard industrial practice is to manufacture prefabricated, bolted
frames, which reduces material waste and optimizes production costs. Consequently, all
commercially available CF frames for FPV drones are prefabricated rather than monolithic.
It should also be emphasized that the bolted connections in the CF frame do not influence
thermal processes in the motors, since both experiments and FEM simulations confirmed
that heat dissipation occurs primarily through the drone arms, which are monolithic in
both designs. The prefabricated nature of the CF frame may, however, affect the drone’s
mechanical and vibrational response.

Also important is environmental sensitivity of power and thermal performance. The
flight tests in this study were performed at 28 °C and ~400 m a.s.l., but the observed
trends should be interpreted in light of known environmental effects. Reduced air density
at higher temperature/altitude increases the power required to generate a given thrust
(propeller momentum theory; ISA-based analyses for UAVs) [23], while lower ambient
temperatures enhance convective heat removal from motors and electronics. Additionally,
elevated temperature can impair battery efficiency and shorten thermal headroom, further
increasing power draw under load [24]. These mechanisms suggest that winter conditions
would likely decrease motor temperatures and slightly reduce hover power at equal mass,
whereas hot/high conditions would have the opposite effect; future studies will quantify
these effects with controlled variations in temperature and altitude.

A summary of experimental analysis is collected in Table 3.
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Table 3. Summary of experimental results for CF and AL frames under 0 N and 20 N payload.

Parameter

Payload

CF Frame AL Frame Observations

Max. motor temperature

O

Comparable, well below

~46°C 60 °C limit.

ON ~45°C

AL reduces motor temp. by
~30 °C; CF overheats
dangerously.

20N >90 °C <60 °C

Motor temperature
difference (°C)

AL frame yields more
uniform motor
temperatures due to better
heat conduction.

20N ~25°C ~6-7 °C

Total power consumption
W)

AL is slightly higher due to

250.24
greater mass.

ON 213.0

AL consumes less under
high load; CF efficiency
drops from overheating.

20N 774.46 741.78

Resonant vibration peaks

AL has a single
low-frequency peak; CF
shows multiple.

ON 60 Hz, 120 Hz, 180 Hz <20 Hz

CF shows a strong,
undesirable high-frequency
resonance; AL’s is weaker.

20 N +320 Hz (high amplitude) +400 Hz (low amplitude)

3.2. FEM Simulation

The primary motivation for creating a FEM model of thermal processes in the drone
was to enable temperature prediction for the motors without direct measurements. This
capability is particularly valuable during the design stage of UAV systems.

In the first step, CAD models of the studied drones were developed. For the CF frame
variant, the Mark 4 frame geometry was obtained from an open-source model available
on GrabCAD (Riley Entropy, GEPRC MARK 4 7-inch) (Figure 13a). The motor geometry
(FlashHobby A2807, 1300 KV) was created based on manufacturer drawings (Figure 13b).

(a) (b)

Figure 13. CAD model of the frame with 2807 1300 kV motors: (a) complete frame with motors;
(b) motor model with areas, where boundary conditions (Py,,;)were applied.

Boundary conditions for the frame and motors were defined using data from log files,
specifically the percentage distribution of motor loads and the total electrical power drawn
from the battery (Table 2). These data were used as the basis for the heat source definition in
the motors. Since only a portion of the electrical power is converted into heat, adjustments
were necessary.

For small-scale motors, published models and experimental validations show that the
operating efficiency 1 usually lies in the range 0.8-0.9 in the nominal operating region, and
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its drop under overload increases. In the FEM calculations, an average value of efficiency
(0.85) was adopted. This approach is consistent with propulsion characterization method-
ologies and efficiency/thermal models for small drones presented in the literature [25].
Calculated Py, values are provided in Table 4.

Table 4. Calculated values of Pj,,¢-

. Pheat,il \4
Variant Pheats W Motor 1 Motor 2 Motor 3 Motor 4
CFON 17.31 4.57 4.19 4.38 4.17
CF20N 62.73 15.79 15.37 17.04 14.53
ALON 20.27 5.44 4.69 5.29 4.85
AL20N 60.08 16.20 13.81 15.34 14.73

For the motors (type 2807 1300 KV) during hover, the convective heat transfer co-
efficient (HTC) is mainly driven by the propeller-induced downwash. Empirical data
from a study under various flow conditions suggests that HTC values in this scenario
fall within 40-100 W/m?K [26]. Considering propwash velocities typical for 7-inch pro-
pellers (28-12 m/s), a representative value of 60 W/m?K is selected for motor surfaces
and 50 W/m?K for the arms. Also in the FEM simulations, thermal conductivity values
were set to 7 W/mK for CF and 218 W/mK for the aluminum alloy.

Figures 14 and 15 present the calculated results, allowing direct comparison with the
experimental data in Figures 4 and 5. The model reproduces the temperature distribution
in the motors according to the power profiles from the log files. Calculated temperatures
closely match the experimental values. However, some discrepancies remain. For the
CFframe drone under 20 N payload, the maximum temperature predicted by FEM was
94.4 °C (Figure 14b), while the experimental thermal image showed 96.0 °C (Figure 4b). For
the ALframe drone under the same conditions, the FEM prediction was 65.6 °C (Figure 15b),
whereas the measured temperature was 59.7 °C (Figure 5b). These differences, although
relatively small, illustrate the limitations of the simulation model in capturing all real-world
variables, such as motor emissivity, airflow irregularities, and component-specific heat
dissipation characteristics.

428 Temp (Celsius)
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[i5] [ oo [vavelrmi cos |

. 805
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380

309
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Figure 14. FEM simulation of steady-state temperature distribution in the CF frame and motors for
payloads of 0 N (a) and 20 N (b).
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Figure 15. FEM simulation of steady-state temperature distribution in the AL frame and motors for
payloads of 0 N (a) and 20 N (b).

The observed in experiment reduction of approximately 30 °C in maximum motor tem-
perature when using an AL frame instead of CF under a 20 N payload can be explained by
the superior thermal conductivity of the aluminum alloy. Aluminum alloys exhibit thermal
conductivities in the range of 130-226 W/mK, compared to only 5-20 W/mK for carbon
fiber composites. This property allows the AL frame to function as an effective passive
heat sink, dissipating heat away from the motor mounts into the arms. Consequently, both
the maximum temperature and the temperature imbalance between motors were reduced
(from ~25 °C for CF to ~6-7 °C for AL). The FEM simulations reproduced these effects,
showing that the experimentally observed temperature distributions are consistent with
the expected differences in thermal conductivity between the two materials. These results
confirm that the AL frame provides significantly improved thermal management during
high-load operation.

These arise from factors that are difficult or impossible to account for, such as indi-
vidual motor characteristics, variations in the emissivity of motor and frame components,
and the dependence of heat dissipation on motor operating conditions. Despite these
limitations, the model provides sufficient accuracy for designing new drones or developing
frames from alternative materials.

4. Conclusions

This study demonstrates, for the first time, a systematic comparison of carbon fiber
and aluminum alloy frames in FPV drones under extreme payload conditions, combining
experimental testing, thermal imaging, flight log analysis, and FEM simulations. The
results show that aluminum frames, despite their higher density, reduce motor overheating
by approximately 30 °C under maximum load, maintain more uniform temperature distri-
bution between motors, and suppress unwanted resonant vibrations compared to carbon
fiber frames. These findings confirm that frame material selection directly influences both
thermal safety and dynamic stability in UAVs.

A second achievement of this work is the development and validation of an integrative
methodology that links experimental thermal imaging with flight log data and FEM simu-
lations. This approach enables predictive evaluation of UAV thermal behaviour during the
design phase, reducing the need for repeated prototype testing.

Overall, the research highlights the dual role of frame materials in UAVs: providing
structural strength and acting as passive heat sinks. The demonstrated methodology and
findings provide practical guidelines for designing UAVs intended for defence, search-
and-rescue, and other high-risk missions where both mechanical integrity and thermal
reliability are critical. Future studies may extend this approach to hybrid or composite
frames to balance weight and thermal performance.
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Abbreviations

The following abbreviations are used in this manuscript:

CF Carbon fiber-reinforced polymer
AL Aluminum alloy

FPV  First Person View

UAV  Unmanned Aerial Vehicles

FEM  Finite Element Method

SAR  Search-and-Rescue

FC Flight Controller

ESC  Electronic Speed Controller
VTX  Video transmitter

HTC Heat Transfer Coefficient
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