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Abstract: This study concerns the use of the fused filament fabrication technique to create models
of the landing gear of an unmanned aircraft. These components are made of filament with short
fibers (chopped fibers) of carbon fiber and fiberglass. In order to identify the material with the
high mechanical strength, the designed models were subjected to a finite element analysis and to a
three-point bending test, followed by a microscopic examination of the tested components. Following
a comparative study, both the finite element analysis results and the three-point bending test results
provided similar results, with a relative error of 2%, which is acceptable in the aviation field. After
analyzing all the results, it was found that the carbon fiber-reinforced polymer material has the highest
mechanical performance, with a bending strength of 1455 MPa. Among the fused filament fabricated
landing gears, the one with the best mechanical performance was polyethylene terephthalate with
short carbon fiber, which had a bending strength of 118 MPa. Microscopic analysis of the landing
gear models, manufactured by the fused filament fabrication process, indicated the typical defects of
composite filaments: voids and interlayer voids.

Keywords: composite landing gear; fused filament fabrication; mechanical testing; microscopic
analysis; finite element analysis

1. Introduction

Given the current international situation, which has generated an unprecedented crisis
in fossil fuels, to combat pollution, internal combustion vehicles have begun to be replaced,
increasingly more, with electric vehicles [1,2]. The automotive industry is the first that
aligned with these requirements [3], but lately, there has been a growing interest in the
aerospace industry as well [4], because the European air transportation system is of vital
interest to the European economy [5,6]. Under these circumstances, electric aircraft will
become one of the major directions for aviation development.

Over the last decade, the unmanned aerial vehicle (UAV) market has steadily increased.
These systems are being used in a wide range of applications such as agriculture [7],
communication, air quality monitoring, military reconnaissance and surveillance combat
missions [8], civil engineering [9], couriers and sea surface optical wireless communica-
tions [10].

Due to its capacity for direct digital manufacturing of end products, additive manufac-
turing offers new avenues for design solutions that are otherwise challenging or impossible
to achieve when using conventional manufacturing techniques [11]. Therefore, the evolu-
tion of additive manufacturing (AM) has been recognized as a key enabling technology in
a wide range of applications, some of which include the aerospace [12], medical [13] and
automotive industries [14,15].

Composites are materials created by mixing two or more different components while
maintaining the chemical integrity of each individual substance. [16]. Due to their good
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dynamic characteristics and high mechanical properties, such as good strength/weight
ratios, good stiffness and fatigue resistance or high corrosion resistance, the composite
materials are frequently used for parts subjected to impact [17]. For these reasons, composite
materials are increasingly used in the aerospace industry (civil aircraft or military aircraft),
automotive, vessels, civil engineering, electrical engineering, arms industry or sporting
goods industry [18].

At present, parts with complex geometric shapes can be manufactured without the
need for a mold design, which significantly increases manufacturing costs. The solution
to this problem is additive manufacturing, which is frequently used when aiming to
quickly obtain a single part or a few parts. When manufacturing metal alloy parts, using
the layer-by-layer manufacturing technique, the costs are still high, but not with plastic
parts manufacturing, where the use of AM techniques has become very helpful, also
from an economic point of view. Because of their good mechanical properties for the
stress requirements of UAV components [19–21], thermoplastic materials such as styrene–
butadiene acrylonitrile (ABS) and nylon have become some of the most commonly used
materials in the production of 3D printed components for UAVs, manufactured through
the fused filament fabrication (FFF) process [22–24].

The landing gear is an unmanned aerial vehicle’s running system that supports the
aircraft when it is not flying and can be used for both take-off and landing maneuvers
to absorb horizontal and vertical loads. Because of the extremely high loads that appear
when the aircraft is landing [25,26], the aircraft equipment could be damaged if the high
impact loads were transmitted directly to the fuselage of the UAV. That is why the primary
requirements of landing gear are to absorb and dissipate the stresses caused by the impact
of landing by reducing their impact on the aircraft fuselage [27]. In this situation, the
landing gear design takes into account various requirements of strength, stability and
stiffness. In this situation, when designing the landing gear, some requirements must
be taken into account, such as strength, stiffness and stability [28]. Thus, very accurate
analyses are required, to verify the impact resistance of the designed landing gear. In this
case, the most used method for this kind of analysis is the finite element method, which
plays a very important role in finding the structural safety and integrity of the composite
structures [29,30].

This study proposes the manufacture of landing gear models for an unmanned aircraft
using the FFF process. These components are made of filaments with short fibers (chopped
fibers) of carbon fibers and fiberglass. The structural analysis of the landing gear was
evaluated by the three-point bending test, followed by the microscopic analysis of the
tested components. In addition, a comparative study of the preliminary results obtained by
simulation with the finite element analysis method and the experimental results obtained
from the bending test of the landing gear models was performed.

2. Materials and Methods
2.1. Landing Gear Design

The experimental UAV model (Figure 1a) has a wingspan of 3300 mm, with a posi-
tioning of the wing in the upper part of the fuselage. The fuselage has a frame and skin
structure, and the tail has a T configuration. The landing gear of the UAV aircraft will make
it possible to run it safely on the ground without damaging the aircraft during take-off and
landing. The landing gear configuration chosen for this aircraft is the tricycle fixed landing
gear, composed of a main wheel landing gear (Figure 1b) and a tail wheel landing gear.
The landing gear was designed using SolidWorks 2021 (Dassault Systèmes SolidWorks
Corporation, Waltham, MA, USA), considering the stress it will be subjected to during UAV
airplane operation, especially during take-off and landing.
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Figure 1. Landing gear: (a) position on the UAV; (b) dimensions.

The dimensions of the main wheel landing gear, on which the two main wheels are
mounted, are shown in Figure 1b and Table 1.

Table 1. Landing gear dimensions (3D printed and commercial aircraft landing gear).

Abbreviation Name Dimensions (mm)

A Wheel Mounting Surface 20
B Fuselage Width 145
C Leg Height 145
D Wheel Track 315
T Thickness 5
W Width Landing Gear 28

2.2. Landing Gear Models Manufactured by FFF Process

The landing gear models (Figure 2a) were manufactured on an Ultimaker S5 3D
printer (Ultimaker, Utrecht, The Netherlands), from several types of filaments (Figure 2b),
as follows:

• Polylactic acid matrix reinforced with short glass fibers (PLA GF) has good chemical
and mechanical resistance, is mixed up to 20% with short glass fibers, has high dura-
bility and can sustain temperatures of up to 100 ◦C. The fiberglass-reinforced filament
is significantly stronger, harder and more heat resistant than regular PLA [31].

• Polypropylene matrix reinforced with short glass fibers (PP GF30) is made of polypropy-
lene, is reinforced with 30% glass fiber content and has a high heat resistance and an
improved UV resistance. Due to its exceptional rigidity, this material is highly suitable
for demanding applications [32].

• Polyethylene terephthalate matrix reinforced with short carbon fibers (PET CF15) is a
carbon-fiber-reinforced PET that has good strength and stiffness, high heat resistance,
high dimensional stability and low abrasiveness. Due to its properties, this material
can be used for a wide range of technical applications [33].

• Polyamide matrix reinforced with short carbon fibers (PAHT CF15) is a thermoplastic
reinforced with 15% carbon fibers that combines resistance to high temperatures and
chemicals with special mechanical properties. With a peak temperature of 180 ◦C, this
material can withstand constant temperatures of 150 ◦C [34].

• High-quality carbon-fiber-reinforced polymer (CFRP) is a material in which carbon
fiber is used as the reinforcement element in a polymer matrix [35]. When compared
to any conventional polymer or metal, CFRP has excellent strength and low specific
weight characteristics, damage tolerance and fatigue resistance [36]. An important
advantage of using a high-quality carbon fiber-reinforced polymer (CFRP) for the
landing gear is that this material has a very good mechanical strength resistance and a
low mass. The carbon fiber landing gear, without mounting holes, is wrapped in a 3K
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cloth layup and pressed in a polished mold. The CFRP landing gear was manufactured
using 6 layers of carbon fiber, with 0- and 90-degree fiber orientations.
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Figure 2. Landing gear models: (a) manufactured by FFF process using PAHT-CF15 filament;
(b) five models subjected to the three-point bending test.

The mechanical and thermal properties of materials used to obtain the landing gear
models, manufactured by the FFF process, are described in Table 2.

Table 2. Mechanical and thermal properties of filaments [31–34].

Mechanical and
Thermal Properties PLA GF PP GF30 PET CF15 PAHT CF15

Tensile strength (MPa) 90 41.7 63.2 103.2
Tensile modulus (MPa) 4000 2628 6178 8386
Flexural strength (MPa) 114 76.8 108 160.7
Flexural modulus (MPa) 3700 3507 5452 8258
Impact strength (kJ/m2) 29 23.1 27.8 20.6

Melting temperature (◦C) 165 158 245 234

All filaments used in the printing process have the manufacturing parameters pre-
sented in Table 3 and were utilized in the state delivered by the manufacturer without being
subjected to thermal procedures. By exception, for the FFF process of the landing gear
manufactured with PAHT CF15 filament, it was pre-dried at 70 ◦C for 12 h, according to
the manufacturer’s specifications, using the Wanhao Box 2 dryer (Wanhao, Jinhua, China).
The properties of the materials used are given by the filament suppliers. In order to present
a more realistic picture of the mechanical performances, in the field of aviation, tests are
carried out on real products. The thickness in the case of the 5 landing gear models was
the same. Landing gear models were manufactured by the FFF process from filaments
reinforced with short glass/carbon fibers that have high mechanical characteristics and are
used in the aviation field for the manufacture of UAVs or components for small aircraft.
Landing gear models were manufactured with 100% infill density because they represent
vital components of UAVs and require the highest strength possible.

Table 3. Established parameters for manufacturing landing gear models by the FFF process.

Manufacturing Parameter PLA GF PP GF30 PET CF15 PAHT CF15

Filament diameter (mm) 2.85 2.85 2.85 2.85
Infill density (%) 100 100 100 100

Layer height (mm) 0.2 0.2 0.2 0.2
Print speed (mm/s) 45 45 45 45

Travel speed (mm/s) 150 150 150 150
Printing temperature (◦C) 240 250 260 260

Build plate temperature (◦C) 80 95 80 100
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2.3. Three-Point Bending of the FFF-Manufactured Landing Gear Models

In order to establish the influence of the material type on the three-point bending
properties of FFF-manufactured landing gears, a WDW-150S test machine (Jinan Testing
Equipment IE Corporation, Jinan, China) was used. The three-point bending test was con-
ducted, using a distance between the two supporting rollers of 325 mm, with a supporting
roller diameter of 50 mm at a crosshead speed of 5 mm/min (Figure 3a,b). These tests
were performed to determine the mechanical performance (bending strength) of composite
landing gear models manufactured by the FFF process. The mechanical properties (bending
strength) were calculated with the standardized calculation relationships of the three-point
bending tests introduced by the manufacturer in the software of the test equipment, by
inserting the dimensions of the component tested by the operator. The bending strength
(σb) values of the landing gear models were determined using the following relations:

σb =
3PS
2bd2 (1)

where P is the force at a given point on the load–deflection curve (N); S is the length of
support span (mm); b is the landing gear width (mm); d is the landing gear thickness
(mm); Bending test of the landing gear models was carried out according to the following
assumption: on the upper face B, the stress is applied. In reality, the landing gear will be
fixed to the lower part of the fuselage exactly on this side B by the screw and nut.
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2.4. Microscopic Analysis of the Tested Models

To conduct microscopic analysis, specimens from each of the landing gears were taken
on cross-sections (the sections perpendicular to the XY plane) and longitudinal sections (the
Z building direction), embedded in acrylic resin and using an automatic metallographic
Phoenix Beta polishing device from Buehler with Al2O3 suspension and 0.05 µm grit.
Afterward, microscopic analysis was performed using a Nikon Eclipse MA 100 microscope
(Nikon Corp., Tokyo, Japan).

3. Results and Discussion
3.1. Finite Element Analysis of the Landing Gear

The finite element analysis of the landing gear models was performed in the Static
Structural module of the ANSYS 2021 R2 software system (ANSYS, Inc., Canonsburg, PA,
USA). In the finite element analysis of the landing gear, the conditions of the experimental
tests (three-point bending) were respected, considering the dimensions and constraints of
the test machine. The most significant constraints imposed on the finite element analysis
were the dimensions of the landing gear model, the properties of the five types of material
(PLA GF, PP GF30, PET CF15, PAHT CF15, CFRP), the radius of the punch, the radius of
the fixing plate and the distance between supports. The three-point bending finite element
analysis of the landing gear models was carried out, considering two major objectives:
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• The comparative analysis of the failure behavior obtained from the finite element
analysis of landing gear models and the behavior observed during the experimental
tests of the same models;

• A comparative analysis of the maximum reaction forces that appear in the fixing’s
structure plate from the finite element model and the reaction forces appearing at the
break of the landing gear models.

In the finite element analysis, frictionless support type boundary conditions (Figure 4a)
were established for the landing gear in order to prevent rotation throughout the simulation.
In order to simulate the conditions of the experimental testing, a displacement request
was issued through the machine bed, in the middle of the landing gear, with a value of
5 mm/min (Figure 4a).
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Figure 4. Finite element analysis of landing gear models: (a,b) set up boundary conditions;
(c) discretization of the model; (d) equivalent stress distribution for landing gear made of material
PLA GF; (e) equivalent stress distribution for landing gear made of material PP GF30; (f) equivalent
stress distribution for landing gear made of PET CF15 material; (g) equivalent stress distribution for
landing gear made of material PAHT CF15; (h) equivalent stress distribution for landing gear made
of CFRP material.
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The machine bed and the ground plate were assigned rigid body characteristics, and
a fixed condition was established for the ground plate using the body-ground fixed joint
option (Figure 4b). For the three-point bending simulation of the landing gear models, a
discretization with three-dimensional elements of the Hexa type, with an element size of
1 mm, was used in FEA (Figure 4c). The punch and fixture plates were discretized using the
same Hexa element type, having an element size of 2 mm (Figure 4c). A friction coefficient
of 0.1 was established between the punch, the landing gear model and the mounting
plate [37]. For the finite element analysis, the elastoplastic model was used, and the landing
gear models were studied for 100% infill density. In this study, for the FEA simulation of
the landing gear models, several simplifying assumptions were established and used in
other studies too [38–41]: the constituents show a linear elastic behavior, the matrix (PAHT
CF15—polyamide; PET CF15—polyethylene terephthalate; PLA GF—polylactic acid; PP
GF30—polypropylene) has isotropic properties, short carbon/glass fibers are transversely
isotropic, and the fiber matrix shows perfect adhesion and does not contain voids or defects.

The values of modulus of elasticity and Poisson’s ratio used in the material’s definition,
as well as in previous research [38,39,42], which is focused on FEA simulation, are outlined
in Table 4.

Table 4. Material characteristics used in FEA simulation.

Material Elastic Modulus (MPa) Poisson’s Ratio

PLA GF 4000 0.25
PP GF30 3507 0.35

PET CF15 5452 0.3
PAHT CF15 8386 0.3

CFRP 121,000 0.4

As a result, the outputs of the von Mises equivalent stress distribution on the landing
gear models (Figure 4d–h) clearly identify the areas where the equivalent stress presents the
highest values. From Figure 4d–h, it can be deduced that the maximum stresses that occur
appear in the location where the loading is applied, and the two arms show a structural
deformation on the outside called buckling by bending.

3.2. Mechanical Testing of the Landing Gear
3.2.1. Three-Point Bending Testing of Landing Gear Models

A comparative study of the bending behaviors of five different composite materials
was carried out in order to establish the material influence on the landing gear strength.
The data obtained during the three-point bending tests were determined, and the load–
displacement curves for the landing gears made of PLA GF, PP GF30, PET CF15, PAHT
CF15 and CFRP are shown in Figure 5a.

After analyzing the aspect of the load–displacement curves, a difference was found
between the mechanical behavior of the analyzed materials. All four FFF-manufactured
landing gears exhibit three different phases:

• In the first phase, a linear elastic behavior was observed: the increase in force is
matched by a minor displacement;

• In the second phase, the force has a small increase, while the displacement values
increase significantly.

The third phase comprises the final range of the curve where the sudden rupture of
the landing gear occurs.

For the CFRP material is found the lack of the second phase, demonstrating that the
components of this material remain solid until the moment of breakage.
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Figure 5. Results after three-point bending tests: (a) load–displacement curves; (b) bending strength
of the tested landing gear; (c) stiffness of landing gear models.

After comparing the results obtained from the three-point bending tests, it is found
that FFF-manufactured landing gear has similar bending strengths (except for PET CF15,
which has a slightly better strength) but is clearly inferior to CFRP. The results shown in
Figure 5b represent the values of the bending strength for all of the components tested
during three-point bending. After examining the results of the three-point bending test, the
following conclusions were drawn:

• All four FFF-manufactured landing gears have bending strength ranges between
88 MPa (PAHT CF15) and 118 MPa (PET CF15). Among them, PET CF15 has the best
properties, with a bending strength 25% higher than PAHT CF15.

• With a bending strength of 1455 MPa (12.3 times more than PETCF 15), CFRP has the
best stiffness of all the materials used to build the landing gear.

In Figure 5c, stiffness was determined as the ratio between the force applied to the
displacement of the landing gear models. It can be observed that the CFRP landing gear
presented the highest value (approximately 47 N/mm), and among the landing gear
models manufactured by the FFF process, the PET CF15 model had the highest stiffness
(approximately 12 N/mm).

The conclusion of the three-point bending study is that the landing gear made of CFRP
has the best mechanical performance among all the analyzed materials.

3.2.2. Comparative Analysis of Experimental Results vs. FEA

Thus, after carrying out the three-point bending tests of the landing gear models and
from the analysis with finite elements (Figure 6a–d), it can be highlighted that the fracture
of the analyzed gear models, in both cases, occurs in the lower skin area, roughly adjacent
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to the loading application area. In this lower zone, the structure is subjected to stresses
with a maximum value of von Mises equivalent stress of 95 MPa (Figure 6b,d).
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In Figure 7a, the stress results obtained with the FEA analysis and the experimental
tests are described, from which it can be deduced that the values are close, which validates
the initial calculation model and the finite element analysis. The stress is the measure of an
external force acting over the cross-sectional area of the landing gear models.
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It can be noted that there is a validation between the deformation mode from the FEA
analysis and the deformation mode from the experimental tests of the landing gear models,
as shown in Figure 6a–d. Therefore, in the first stage, the landing gear takes over the load
and starts to deform both in the central area, where the stress is applied and in the area of
the arms which are subjected to the phenomenon of buckling by bending. The deformation
mode, from the analysis with finite elements, is highlighted in Figure 6b,d, in which the
initial shape and the final shape of the landing gear reaction behavior, when applying the
stress, are presented. In future research by the authors, the energy method will be used to
calculate the deflection of the landing gear models.

In relation to the third objective of the finite element analysis, the comparative study
between the maximum reaction forces that appeared within the analysis with finite elements
and the maximum reaction forces obtained from the rupture of the landing gear models
can be stated to provide an adequate validation of the results (Figure 7b).

After a closer analysis of the results regarding the maximum reaction forces for the
five models of the landing gear, it can be concluded that the error is less than 2%. This
relative error is accepted in the aviation field and normally occurs because of the simplifying
assumptions stated above.

3.3. Failure Mode Analysis of the Tested Models

The distribution and orientation of the fibers in the polymer matrix, the presence
of voids and deposition defects, or the appearance of microcracks in the material mi-
crostructure are some of the main defects specific to the FFF process for composite filaments
reinforced with short carbon fiber. In order to highlight these main defects, representative
samples were taken from the landing gears to be prepared for structural and morphological
analysis. In this regard, the samples have been cross-sectioned and longitudinally sectioned,
embedded into acrylic resin and polished.

In the case of the landing gear made of PLA GF, it was found that interlayer voids
(Figure 8a) appeared between the layers of extruded material but also typical voids that
appear in the case of filaments with short fibers such as rectangular voids (Figure 8b). In
the microscopic images of the PP GF30 landing gear, the following can be observed: the
gray lines (Figure 9a) or gray dots (Figure 9b) represent the glass fibers, and the darker
areas represent voids from the FFF manufacturing process of the PP GF30 filament. It was
observed that this PP GF30 (glass fiber reinforced) filament showed much fewer defects
compared to carbon-fiber-reinforced filaments analyzed in other studies [43–45].
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Figure 9. Microscopic analysis of the landing gear made of PP GF30: (a) longitudinal section (100×);
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Figures 10 and 11 show that the distribution of carbon fibers in the polymer matrix
is approximately uniform, having an orientation along the deposition direction similar to
those published in other studies [43–46]. After analyzing the microstructure, the appearance
of defects, such as voids and interlayer voids, was observed. Following the microscopic
analyses of the landing gear models fabricated by filaments reinforced with carbon fiber,
the following can be observed: the white lines or the white dots represent the carbon fibers,
and the darker areas represent voids or interlayer voids that come from the FFF process of
landing gears.
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Figure 10. Microscopic analysis of the landing gear fabricated of PET CF15: (a) longitudinal section
(100×); (b) cross-section (100×).

The conclusions that can be drawn after completing the microscopic analysis of the
investigated materials are:

• Typical defects of short fiber-reinforced composites were found, similar to those
published in other studies [43–48];

• The formation of elongated interlayer voids or voids of any shape found in the matrix
or filament [49];

• Regarding the orientation of the carbon fibers, in most materials, the orientation of the
carbon fibers along the deposition direction can be observed [48].
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Figure 11. Microscopic analysis of the landing gear manufactured of PAHT CF15: (a) longitudinal
section (100×); (b) cross-section (100×).

From the microscopic analysis of the CFRP landing gear in the longitudinal section and
in the cross-section were observed the following: interlayer region, carbon fiber alignment,
and the orientation of the carbon fibers and the carbon fiber are distributed uniformly in
the resin. Of course, even in this case, a defect (void) can be observed that occurred in the
manufacturing process of the CFRP landing gear (Figure 12).
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4. Conclusions

The benefits of using a CAD system that can be coupled with various additive manu-
facturing technologies, such as the low production cost, the high design flexibility, or the
ability to produce complex shapes without being constrained by manufacturing constraints,
have made the use of these techniques more and more popular for UAV manufacturing,
ranging from hobbies to military purposes. The lightweight and moderate dimensions of
UAV components make it possible to use FFF-processed polymers for their manufacture,
thus benefiting from all the above-mentioned advantages. The limited loads and moderate
dimensions of the frames make those parts compatible with FFF-processed polymers.
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In this paper, five landing gear models for an unmanned aircraft manufactured from
different materials, three from carbon fiber and two from glass fiber, using the FFF process
and molding process (for CFRP landing gear), are analyzed. All these components are made
of filaments with short fibers (chopped fibers). Following the design of the landing gear
and the analysis of the results obtained from the FEA analysis and the experimental tests to
which the five models produced from various materials were subjected in order to establish
the landing gear with the best mechanical strength as well, the following conclusions can be
drawn: in the finite element analysis of the landing gear, performed in the Static Structural
module of the ANSYS 2021 R2 software system, the conditions of the experimental tests
(three-point bending) were respected, considering the dimensions and constraints of the
testing machine. With the outputs of the von Mises equivalent stress distribution on the
landing gear models were identified the areas where the equivalent stress presents the
highest values. The load–displacement curves for the landing gears built of PLA GF, PP
GF30, PET CF15, PAHT CF15 and CFRP were generated using the data gathered during the
three-point bending tests. The mean values of the bending strength for all of the models
tested at bending in three points were determined. After carrying out the three-point
bending tests of the landing gear models and from the analysis with finite elements, it can
be highlighted that the fracture of the analyzed gear models, in both cases, occurs in the
lower skin area, roughly adjacent to the loading application area. Physical models were
tested in three-point bending followed by microscopic analysis to detect manufacturing
defects. Finally, a comparative study of the preliminary results obtained by simulation
with the finite element analysis method and the experimental results obtained following
the bending test of the landing gear models was carried out.

The final conclusion reached after analyzing all of the results provided by both physical
tests and computer simulations is that in the case of UAVs or drones, the landing gear can
be manufactured using the FFF process, but in the case of a light airplane, a CFRP landing
gear must be used. If the UAV’s material allows for the fabrication of landing gear through
additive manufacturing, the material must have the highest mechanical strength of the four
materials studied, namely PET CF15.
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