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Abstract

This article presents two selected properties of expanded polypropylene. Thermal conductivity and compressive strength were
examined. These properties were investigated to assess the suitability of the material for use in unmanned aerial vehicle (UAV)
structures. Both sufficiently low thermal conductivity and adequate compressive strength are required due to the wide range
of UAV applications, including military ones. The test results do not provide grounds for rejecting the material as a potential

structural material for the construction of supporting elements in unmanned aerial vehicles (drones). This article also presents
basic information on the design and materials used in the construction of currently produced unmanned aerial vehicles.
Potential applications of unmanned aerial vehicles are also discussed.

Keywords: foamed polypropylene (PPE), unmaned aerial vehicles construction

1. Introduction

Over the past few years, drones have evolved from gadgets for tech enthusiasts into tools of strategic importance across many

areas of life. Their rapid technological advancement, expanding capabilities, and wide range of applications mean that drones are

no longer just a passing trend but a genuine, rapidly developing component of aviation - one that will continue to grow. This state

of affairs is influenced by a number of factors, such as (Le$nikowski, 2017; Michalik, 2025; Sohel, 2016; Marcisz et al., 2024):

. Drones are now used to monitor and control a wide range of conditions and parameters in hard-to-reach areas (e.g., measuring
carbon dioxide levels in mines, monitoring cropsin agriculture, terrain mapping, etc.), as well as for reconnaissance operations
in military applications. It is also worth noting the significant transport potential of unmanned aerial vehicles.

. Rapid technological development of drone design, particularly in areas such as autonomous control. Modern drones are
becoming increasingly autonomous and intelligent. Thanks to integration with artificial intelligence systems, they can
effectively avoid obstacles, land at pre-designated locations, recognize objects and people, and continuously analyze the
data they collect in real time.
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. The growing popularity of drones is also driven by their increasing accessibility, resulting from falling prices and more liberal
regulations. Mass production and greater drone modularity are leading to steadily decreasing costs. Another important factor
is the growing clarity of regulations and licensing for drone operations. For example, special air corridors, landing platforms,
and unmanned traffic control systems are being developed.

. It is also important to highlight the environmental potential of drones - as electric-powered machines, they have
a significantly smaller carbon footprint than traditional means of transportation. In the future, they may play a key role in
reducing greenhouse gas emissions by replacing less eco-friendly transport solutions with electrically powered unmanned
aerial vehicles.

Modern drone technology is also rapidly advancing in the field of materials, enabling the construction of lighter, more durable,
and more efficient designs. Currently, the frames (load-bearing structures) of unmanned aerial vehicles are primarily made from
(Baker at al., 2016):

« fiberglass,

. aluminum alloys,

. plastics,

. titanium,

. magnesium,

. composites.

In general, the selection of an appropriate material for constructing an unmanned aerial vehicle should take into account the
following properties (Audronis, 2015; Wszywacz, 2016):

. low weight,

. high strength,

. high impact resistance,

. high fatigue resistance,

. low cost,

. availability,

. recyclability (possibility of processing).

One of the promising materials that meet the above-mentioned requirements is expanded polypropylene (EPP) - a plastic
characterized by low weight, flexibility, resistance to mechanical damage, and other properties desirable for the construction
of unmanned aerial vehicles. Thanks to these features, EPP has the potential to offer solutions for unmanned aviation that improve
drone performance, increase durability, and reduce production costs. This article presents the results of research on selected
properties of EPP that are relevant to drone construction, as well as the benefits of using this material. Polypropylene is one of the
most widely used plastics across various industries due to its high chemical resistance, light weight, and low production cost.
The expanded version of this material (EPP) differs from traditional polypropylene in that it has a cellular structure filled with air,
which significantly reduces its density while maintaining suitable mechanical properties. The main advantages of EPP include
(PRO EPP, 2021; Knauf Industries, 2025):

+  Lowweight-anextremelyimportantfeature fordrones, where every additional gram affectsflight range and energy consumption.

. Flexibility and impact absorption - this material is capable of absorbing shock and impact energy, which reduces the risk of
damage to the drone in the event of a collision or crash.

. Resistance to weather conditions - EPP is resistant to moisture, UV radiation, and low temperatures, making it an ideal material
for drones operating in harsh environments.

. Ease of processing and shaping - the material can be easily molded, enabling drone designs optimized for aerodynamic
efficiency and minimal air resistance.

+  Eco-friendliness and recyclability - in an era of growing environmental awareness, the ability to reuse materials is becoming
a crucial advantage.

The use of EPP in drone construction may represent a significant step toward optimizing their design in terms of durability and
performance. Traditional materials such as carbon fiber, aluminum, or conventional plastics have their limitations - they are either
relatively expensive or prone to damage, which increases operating costs. The mechanical properties of expanded polypropylene
depend on its degree of expansion (PRO EPP, 2021; Knauf Industries, 2025).
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Table 1. The general properties of foamed polypropylene (PPE)

Density (g/l)

Properties Test Units
20 30 40 50 ) 80 100 120 140 160 180 200
Energy Deformation 25% | The tower 40 70 100 | 115 | 160 | 240 | 330 | 460 | 530 | 610 | 710 | 800
absorption " cation 500, | feSts vertical I 100 | 160 | 230 | 280 | 370 | 630 | 770 1 13 15 17 1.9
during dynamic Flat stroke
impact Deformation 75% | 8 km/h23°C 200 | 290 | 410 | s00 | 670 | 12 | 15 2 28 | 32 | 355 4
Deformation 25% 80 150 | 210 | 275 | 340 | s00 | 700 | 900 | 115 | 14 | 17 2
Resistance | | ¢ mation50% |  ISO 844 kPa 150 | 220 | 300 | 370 | 475 | 700 | 960 | 1.3 | 16 2 25 3
to squeezing
Deformation 75% 370 | 460 | 600 | 800 1 16 | 23 | 32 | as 6 78 | 96
Resistance to stretching 1S0 1798 kPa 340 | 490 | 640 | 785 | 930 | 121 | 148 | 1745 | 2 | 2245 | 2.48 | 2.705
Lengthening at stretching 1SO 1798 % 32 30 28 26 25 22 19 17 15 13 11 10
Burning rate ISO 3795 mm/min | 115 80 60 50 40 30 25 20 18 16 14 13

Adopted from: http://eppgroup.pl/o-epp

Compared to these materials, EPP stands out primarily for its excellent strength-to-weight ratio and its ability to absorb
impacts, which can significantly extend the lifespan of an unmanned aerial vehicle. Previous studies have shown that the tested
material demonstrates sufficiently high tensile strength and virtually zero water absorption. These characteristics suggest that
the use of expanded polypropylene as a material for the construction of lightweight aerial vehicles cannot be ruled out (Miros M.
& Miros A., 2024).

Additionally, it should be noted that the processing capabilities of expanded polypropylene (EPP) are extensive. It can
be successfully machined, for example, using computer numerical control (CNC) milling machines. Components produced
by machining can be effectively bonded using various types of adhesives (e.g., cyanoacrylate, polyolefin, or epoxy adhesives).
Moreover, the material can be reinforced by incorporating reinforcing meshes or higher-strength inserts to improve structural
integrity. Therefore, the possibilities for manufacturing complex shapes from expanded polypropylene are significant and also allow
for localized reinforcement, for example, through the use of reinforcing meshes (Knuf Industries, 2025; Krzakata & Murzyn, 2018;
Muhlhan at al., 1999).

The design of the simplest rotor-based unmanned aerial vehicle is generally straightforward, integrating several components:
rotors, motors, batteries (of various types), and a control system. Depending on the type of unmanned aerial vehicle, several
variants of rotorcraft UAVs can be distinguished.

The simplest in terms of design are rotor-based unmanned aerial vehicles known as bicopters (Audronis, 2015; Wszywacz, 2016).

Figure 1. Bicopter. Adopted from: T. Audronis (2015). Drony. Wprowadzenie. Wydawnictwo Helion.

The most popular rotor-based unmanned aerial vehicles, however, are quadcopters, which can come in several variants:
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Figure 2. Quadracopter. Adopted from: T. Audronis (2015). Drony. Wprowadzenie. Wydawnictwo Helion.
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Rotor-based unmanned aerial vehicles with more than four motors are called hexacopters (six motors) or octocopters
(eight motors).
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Figure 3. Octocopter. Adopted from: T. Audronis (2015). Drony. Wprowadzenie. Wydawnictwo Helion.

In addition to the classification of unmanned aerial vehicles (UAVs) presented above, an important criterion for categorization
is the distinction between rotary-wing (shown in Figure 2) and fixed-wing drones. Fixed-wing drones resemble conventional
airplanes in their design - they feature a single rigid wing. UAVs of this type are increasingly being used in various applications.

There are also unmanned aerial vehicles that combine the characteristics of both rotary-wing and fixed-wing designs, known
as “hybrid drones”. Their main advantage lies in their ability to take off and land vertically, like rotary-wing aircraft, while also being
capable of transitioning to horizontal flight after vertical takeoff, achieving high speeds similar to fixed-wing drones. The advantages
of such configurations include operational flexibility and versatility, which make them suitable for missions requiring long-range,
high-speed, and precise maneuvering (Isa & Muhammad, 2024; Kimon at al.,2015; Baballe at al., 2022).

Other classifications of unmanned aerial vehicles also exist; however, they focus not on the structural design but rather on
the intended application - for example, military, agricultural, or rescue drones.

Drone designs also incorporate various power sources for unmanned aerial vehicles. In general, classification is based on the
use of different types of energy to generate the motion required to produce lift. Currently manufactured UAVs use engines powered
by different energy sources and technologies. The most important of these are (Wszywacz, 2016, Baballe at al., 2022):

. Electric motors - characterized by quiet operation, low weight, simple construction, and relatively easy maintenance.
Their advantages also include a quick response to controls. However, they have limitations such as limited payload capacity
and flight time. This type of propulsion is used in amateur, inspection, and film drones.

+  Combustion engines - engines with significantly greater lifting power and range. However, they are much louder, heavier,
and require more maintenance compared to electric motor drives. These characteristics make this type of propulsion common
in military, industrial, and cargo UAVs.

. Hybrid drives - propulsion systems combining electric and combustion engines. The benefits include longer flight time than
typical electric drones and the ability to carry heavy loads. Drawbacks include a more complex engine control system and
the need for a cooling system.

. Hydrogen propulsion, using fuel cells. This type of UAV propulsion offers very long flight times (up to several hours), quiet
operation, and zero emissions. The disadvantages include the high cost of fuel cells and the difficulty of hydrogen storage.

. Solar propulsion - theoretically allows unlimited flight time during the day and is characterized by relatively low weight and
high maintainability. The drawbacks include the relatively large surface area of photovoltaic cells required to generate power
for the electric motors.

This article analyzes the feasibility and rationale for constructing UAV structural components using expanded polypropylene.
Building on previous research, further studies were undertaken: in publication (Miros M. &Miros A., 2024), results of tensile strength
and water absorption tests on expanded polypropylene samples were presented.

As a continuation of this research, this article presents the results of measurements of the thermal conductivity coefficient
and compressive strength.

2. Research
2.1 Measurement of thermal conductivity coefficient

When considering materials suitable for the construction of unmanned aerial vehicles, it is also important to consider the
specific conditions of their use. As demonstrated by current realities, drones are employed as effective carriers of various types
of combat payloads (Marcisz at al., 2024, Audronis, 2015). For safety reasons in the operation of such unmanned aerial vehicles,
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any material that could potentially be used as a structural component must have low thermal conductivity. It should also be noted
that even unmanned aerial vehicles not specifically designed for military purposes do not exclude the possibility of civilian drones
being used for combat applications. Therefore, the thermal conductivity coefficient of expanded polypropylene was analyzed.

The thermal conductivity of the tested sample was measured using a single-sample, symmetrical plate apparatus equipped
with Heat Flow Meter (HFM) sensors - FOX 600 by LaserComp. The measurement section dimensions were (254 x 254) mm,
and the guard section was (610 x 610) mm. Before measurements commenced, the device was calibrated using the reference
material CRM IRMM-440. The measurement uncertainty of the apparatus was estimated at 2.3% (for a temperature range from
0°C to 50°C).

The measurement was conducted according to the EN 12667 standard (EN 12667, 2001) at an average temperature of 10°C,
with a temperature difference AT = 20 K. The sample thickness was measured under the load of the apparatus plate. The ambient
temperature during testing was (23+2)°C. The mass of the sample was determined both before and after the test.

Figure 4. Single-sample, symmetrical plate heat transfer coefficient measuring device with HFM heat flux density sensors.
Heat Flow Meter machine - FOX 600 made by LaserComp with the tested EPP plate. Source: the authors’ own work.

The results of the tests carried out, together with the dimensions of the sample used, are presented in Table 2.

Table 2. Heat conduction coefficient

No. Property Test result
1. Sample thickness, m 0.0814
2. Density of the material tested, kg/m? 35.49
4. Relative change in mass during the test 0.0
5. Changes in thickness (and volume) during the test, mm (mm?3) 0.0
6. The average temperature difference through the sample during the test, K 20
7. Average test temperature °C 10
8. Temperature of the environment surrounding the device during the test, °C 20
9. Density of the heat flux flowing through the sample during the test, W/m? 8.73
10. Thermal resistance, R, m? K/W 2.23
11. Thermal conductivity coefficient, A, W/m-K 0.0355

Source: the authors’ own work.

The study enabled the determination of three parameters describing heat flow through the tested material: heat flux density
passing through the sample during the test, W/m?; thermal resistance, R, m*-K/W; and thermal conductivity coefficient, A, W/m-K.
The obtained parameters indicated solid insulating properties in terms of heat flow. For comparison, carbon fiber is characterized
by a thermal conductivity coefficient in the range of 0.125-0.200 W/m-K.
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2.2 Compressive Stress

Anotherimportant parameter that a material used for building aerial vehicles should possess is sufficient resistance to deformation.
This property was determined by measuring the compressive stress corresponding to 10% strain. Such a test is intended to simulate
the situation of an unmanned aerial vehicle falling onto or impacting a hard surface. A material used to construct unmanned aerial
vehicles should exhibit relatively high compressive stress at this level of deformation. This characteristic ensures that the material
undergoes relatively difficult, permanent, cumulative deformations that would prevent further use.

To measure compressive stress at 10% relative strain (EN 826, 2013), a Matest 20 kN strength testing machine, manufactured
by Matest Service, was used.

Samples were placed centrally between two plates of the testing machine, and each test began by applying a preload
of (50+5) Pa. During the compressive stress measurement, the movable plate of the machine was advanced at a constant speed
of 10 mm/min. The measurement continued until the sample reached 10% strain.

The compressive stress at 10% relative strain, denoted as 0,4, was calculated according to the formula:

a1 = 22+ 10° (1)

where:

F,o - force corresponding to 10% strain, [N],

A, - initial sample area (100 x 100) mm, [mm?]

The tests were conducted at a temperature of (23+5)°C.

|

Figure 5. Apparatus for testing mechanical properties (compressive stress, tensile strength perpendicular to front surfaces) -
Matest 20 kN strength testing machine by Matest Service. Source: the authors’ own work.

The conducted tests give the following results, shown in Table 3.

Table 3. Compressive stress

Sample Number Force (kN) Compressive stress, MPa
1 19.5 1.95
2 19.7 1.97
3 19.9 1.99

Source: the authors’ own work.

The obtained results were averaged, and the arithmetic mean was accepted as the test result. The value of the compressive
stress at 10% strain, calculated using the arithmetic mean formula, is:

aw=1.97 MPa )
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4. Conclusions

1)

Compression strength tests conducted at 10% strain indicated that the measured value of this property (average of 1.97 MPa)
was lower than the tensile strength. However, this characteristic may be considered an advantage of expanded polypropylene,
given its vibration-damping capabilities and potentially high coefficient of restitution. The relatively low compressive stress did
not exclude the investigated material from the group of candidates potentially suitable for aerospace structural applications.
The results of thermal-conductivity tests on the investigated material indicated a thermal conductivity of 0.0355 W/(m-K),
which was considered advantageous for its potential application in aircraft structures. For comparison, carbon fiber exhibits
a thermal conductivity in the range of 0.125-0.200 W/(m-K).

The results of subsequent tests will determine the suitability of foamed polypropylene (PPE) for the construction of aircraft
structural elements.
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