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Abstract—This study experimentally evaluates the design
and performance of friction collector-based cleaning systems
for the removal of Foreign Object Debris (FOD) on runways.
A test rig was designed according to the guidelines
established by the Federal Aviation Administration (FAA)
circulars, including a variable speed strip simulating a
category S concrete runway and optimized collector elements
to maximize efficiency. Experimental results demonstrate
that the system achieved greater than 90% FOD removal
efficiency when operating at speeds in excess of 12.24 km/h
(7.5 mph). This design introduces significant innovations in
the configuration of the collecting elements and dynamic
adjustment to varying operating conditions. The findings
highlight its potential to improve aircraft safety, reduce
maintenance costs and extend runway life at airports with

high air traffic density.
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1. INTRODUCTION

The existence of FOD located on the runway represents
one of the most common problems of any aeronautical
center because they endanger the integrity of the aircraft
during take-off and landing, opening the possibility of
tragic accidents such as the most famous case of the
Concorde in 2000 [1].

Foreign Object Debris (FOD) causes overloads on the
undercarriage components of aircraft or, in some cases, is
absorbed by engines, leading to a chain of destructive
events. This occurs more frequently in some military
aircraft because having air intakes at a relatively low
height causes the airflow generated by the engine to absorb
everything on the runway [2]. These objects can range
from small metallic fragments to larger components,
representing a latent risk to aviation safety. In any case, an
encounter between an operational aircraft and a FOD is an
event that is desired to be avoided.
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To address this problem, personnel conduct a sweeping
operation across the runway, a process known as a FOD
WALK. This method is still used today and basically
consists of many people walking along the runway
searching for FOD [3]. The found FOD is discarded, and
in some cases, when these are parts of an aircraft, a study
is conducted regarding their origin. However, this manual
method presents critical limitations:

e High dependence on human attention
e Vulnerability to staff distractions

e Impact of adverse weather conditions
e Low efficiency in exhaustive detection

This is why researchers are beginning to automate this
process. Currently, there are technologies and systems
responsible for keeping the runway clear of FOD, and the
FAA has established a cleaning program that all created
products follow. This program is divided into four areas,
as shown in Fig. 1 [4].
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Fig. 1. Runway cleaning program [4].

However, most of these technologies primarily focus on
detection, leaving a significant gap in efficient extraction
processes. Recent materials science research highlights
thermoplastic polyurethane (TPU) as an optimal solution
for extraction components due to its temperature-resistant
(290°C) and wear-resistant (0.12 ~mm?*N-m)
properties [5]. The created systems comply with the
mentioned program; for example, in Canada, the first
system called QinetiQ Tarsier was installed, which uses


https://orcid.org/0000-0003-3056-5726
https://orcid.org/0000-0002-5725-7240
https://orcid.org/0009-0005-3509-9009
https://orcid.org/0000-0002-0461-470X
https://orcid.org/0000-0002-7013-0690

International Journal of Mechanical Engineering and Robotics Research, Vol. 14, No. 5, 2025

radar and millimeter waves [6]; in Diisseldorf, Germany,
iFerret is used, which is a system of optical electric
sensors [7]; and in Tel Aviv, Israel, the Xsight Systems
FODetect is utilized, which is a hybrid sensor with radar
and optical technology [8]. All these products aim to locate
the FOD on the runway, which are then extracted by
personnel. Each system uses specific technologies that,
although innovative, still maintain inherent limitations in
their capacity for precise and efficient extraction.

Despite  technological advancements, significant
challenges persist in FOD extraction, especially in
environments with budgetary or technological constraints.
The gap between detection and extraction remains a
critical unresolved issue. This program highlights two
areas that are the steps taken during runway cleaning:
detection and extraction. These two steps are continuous;
first, the FOD is detected, and then it is extracted. This
principle guides most of the systems created [9—11] as they
focus on developing technology that detects FOD so it can
later be extracted by personnel or a robot. However, a
critical analysis reveals that the effectiveness of the
process fundamentally depends on the precision of
detection, making it a crucial link that is often
suboptimized. Clearly, most systems created have
addressed the detection step, and any other technology
developed to detect FOD must meet the same expectations
and standards proposed by the FAA [12]. However, the
FOD WALK method is still used in environments where
there is no capacity or budget to implement a detection
system. To solve this, some airports where the advantages
of detection systems are not necessary use systems that
skip this step and focus on direct extraction [13—15].

Despite significant advances in FOD detection
technologies, a critical gap remains in knowledge about
efficient extraction systems, especially for friction
collectors for airstrips. TPU-based collectors offer unique
advantages through their microphase-separated structure
(hard MDI-BDO/soft PTMG segments) that enables both
debris capture and thermal stability [16]. Previous studies,
primarily focused on earth movements and agriculture, do
not consider the specific conditions of an aviation
environment. Therefore, this research proposes a
systematic method for designing friction collectors that
improve FOD extraction, contributing an innovative
methodology that can be implemented at Base Aérea N°4
of the Peruvian Air Force and potentially extended to other
aviation contexts.

For extraction, the FAA indicates that there are various
methods, including the following:

1) Mechanical systems

a. Electric sweepers

b. Vacuum systems
Air jet blowers
Non-mechanical systems
Friction carpet sweepers
Magnetic bars

f. Rough bands

3) Storage systems

Among these, non-mechanical systems are termed as
such because they do not use any instrument of mechanical
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or electrical power. Within this category, there is one in
particular, due to its background in performing FOD
extraction in very short times, the simplicity of operation,
and the efficiency of the system in providing complete
cleaning, known as the friction carpet sweeper [17]. This
research experimentally studies the considerations needed
to design friction collectors that originate from their
principle of operation and are the main component of the
mentioned friction carpet sweeper, with the objective of
making them efficient when cleaning the runways of Base
Aérea N°4 of the Peruvian Air Force (FAP), the
environment where this study is focused and where
cleaning and FOD requirements are generated. All this
while providing a perspective focused on the analysis of
rapid extraction on flat surfaces. The problem is the very
limited amount of information related to the friction
collector and the friction carpet, where only its
commercial form is shown and not a design analysis. This
creates a gap in research regarding important design
parameters for these systems, such as shape, size, and
movement speed, which complicates modeling and control
of the friction collector. However, this collector shows
similarities with the buckets of front-end loaders for
earthmoving and some mechanisms for agriculture, so
research in these areas is referenced to find insights about
its structure and functioning to apply it to the friction
collector. For example, the analysis of the forces
encountered with a bucket in earthmoving is described in
a study of wheeled electric loaders [18]. Energy efficiency
and the relationship between the bucket’s movement and
the angle of attack with the materials it collects are studied
in cable buckets [19]. On the other hand, in mechanisms
for agriculture, the design of a bucket and the forces
present when harvesting cassava in soil is studied,
highlighting the dimensions and attack angle at the time of
harvest [20]. Finally, studies on information collection
reference the shapes of buckets in their attack zone, their
uses, and their ergonomics during operation [21].
Nevertheless, despite having this information available, it
is noted that these studies refer to the extraction and
movement of large quantities of earth not related to FOD
and in work soils not classified in the same way as in an
aviation center. Consequently, there is a lack of studies
addressing the design of collectors for use on runways.
Therefore, the information from these investigations is
utilized to some extent to relate it to the systematization
that the FAA provides regarding the FOD that should be
used for the study and about the types of runways that
should be worked on.

The structure of the article is as follows. In Section II,
the requirements of Base Aérea N°4 of the FAP, the study
environment for the research, are analyzed. Section III
presents the friction collector, its components, and its
principle of operation. Section IV describes the test set and
the study variables. Section V details the experimental
tests and the results. Section VI shows the final result after
testing a prototype designed based on the experimental
studies. Finally, Section VII presents the final
observations and conclusions.
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II. ANALYSIS OF REQUIREMENTS FOR THE RUNWAY OF
THE FAP AIR BASE

The analysis of the runway is based on the circulars
proposed by the FAA, related to the physical
evaluation [22] and the FOD prevention program that
should be applied to it [23].

To start, the environment is evaluated because it is
necessary to know the type of contact that the friction
collector will have with the runway surface, as this
determines the type of vibration the collector will
experience. After analyzing the respective advisory
circular titled AC 150/5320-17A Appendices A and B [22],
it was established that the runway is divided into three
zones, which are illustrated in Fig. 2.

|
'|1 CAPTION

1l m concrete runway
category 5

asphalt runway
category 4

asphalt runway
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Fig. 2. Evaluation of the runway at base Aérea N°4 of the FAP.

Next, the zones of the runways are described according
to the FAA as shown 'in Fig. 2.
1) Zone 1 (Green): Space that starts from the
beginning of the runway up to 2,000 m in length.
It is classified as a concrete runway category 5
since it does not present visible hazards and does
not require any maintenance.
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2. Zone 2 (Yellow): Space that starts from 2,000 to
3,000 m in length. It is classified as a category 4
asphalt runway since it presents slight scrapes,
widely spaced and sealed cracks, some seals have
leaks that require replacement at certain isolated
points, and less than 10% of cracks need sealing.

3. Zone 3 (Red): Space that starts from 3,000 m to
the end of the runway. It is classified as a
category 3 asphalt runway since it presents
thermal cracks spaced less than 10 feet apart
where it is necessary to seal 25% of them and
pavement settlements in cracks with less than
2.5 cm of depth.

With the evaluated runway, the FOD prevention
program can be addressed. Using the respective advisory
circular titled AC 150/5210-24A, the materials to be used
for the tests were defined, which are proposed in a list by
the FAA. To choose which of these materials to use, a
consultation is made with the users of the runway, the
Peruvian Air Force, indicating that the most common FOD
are as follows:

a. Bolts
b. Nuts
c. Washers
d. Pieces of tire
e. Deformed wires
f.  Asphalt
These FOD are illustrated in Fig. 3.
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Fig. 3. FOD used for testing the prototype of the collector. (a) Bolt
Testing; (b) Nuts Testing; (c) Washers Testing; (d) Tire Shreds Testing;
(e) Deformed Wires Testing; (f) Asphalt Testing.
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III. THE FRICTION COLLECTOR AND ITS COMPONENTS

The principle of extraction by friction consists of
collecting the FOD that is reached by a collector while
moving in a continuous direction, as described in Fig. 4.
This principle, as shown in its commercial form Ref. [17],
brings advantages such as simplicity in designing a
functional collector, independence from processing
systems, and high effectiveness while working. However,
it also has requirements, such as the need for a drive
element to provide the movement of the collector and the
wear caused by the friction between the collector and the
runway surface. The friction collector is the object used to
collect FOD using the principle of friction collection,
distinguished by four components that are shown in Fig. 5:

Speed

B

Fig. 4. Operating principle of the friction collector.

Delimiting Zone

Attack Zone
Transfer Zone

Storage Zone

Fig. 5. The friction collector and its components.

The following describes the areas of the friction

collector according to what is shown in Fig. 5.
1) Attack zone: This component is the one that makes

the first contact with the FOD. It must have a
certain angle known as the attack angle to ensure
that the FOD is collected and rises smoothly to the
next component. Additionally, the attack zone
defines the space in which the collector can
operate.
Transfer zone: This component serves the function
of moving the FOD to an area where it will not be
affected by the vibrations caused by the movement
of the collector. The transfer zone must have the
necessary length to ensure that the FOD enters the
area known as storage.
Storage zone: This component is where the FOD
is stored after being collected and transferred by
the previous components. The storage zone has an
oval shape that prevents the FOD from exiting
once it has entered due to vibrations.
Delimiting zone: This component temporarily
prevents the FOD from falling out of the collector
until it reaches the storage zone.

2)

3)

4)
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IV. STUDY VARIABLES AND CONFIGURATION OF THE
TEST SETUP

In this chapter, the study variables of each component
of the collector are presented, including an overview of the
testing methodology and the design and configuration of
the test setup. The objective of the tests is to determine the
best values for the study variables of the collector when it
operates in the extraction of FOD.

To simulate zone 1 of the runway, a BETA-C10SB type
belt is used, designed to reach speeds of up to 15 km/h to
replicate the impact of moving FOD on the collector,
which is secured by accessories that prevent movement
during the operation of the belt. The mentioned
accessories also give the collector the ability to rotate
about the rear axis to conduct tests with different
parameters. The test setup is shown in Fig. 6.

Fastening
Component

Bar Clamp

Conveyor
Belt

Bar Clamp

Fig. 6. Test setup of the experiment.

On the other hand, a variable is defined that affects all
others related to the design of the collector, making it
predominant. The operating speed is a variable that
appears in the functioning of the collector and, together
with the type of runway, causes the vibrations experienced
by the collector. It is studied to determine the speed range
where the efficiency of the collector is maximized. For this,
speeds from 0 to 15 km/h are considered, and subsequently,
cubic interpolation and extrapolation are performed to find
the optimal speeds for each type of runway. Cubic
interpolation is used because it models the performance
variability of the tested materials in a smooth and
continuous manner. This method, by fitting cubic
polynomials between discrete data points, minimizes
interpolation error and captures complex variations in the
results. With the description of the environment and the
predominant variable defined, the collector can be
designed by components.

A. Attack Zone

The study variable of this component is defined as the
attack angle. The attack angle is formed between the
friction plane, which is the lower plane that makes
constant contact with the runway surface, and the transfer
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plane, which is the one that makes contact with the FOD
(review Fig. 7).

Transfer Plan

o|duy

/

Friction Plane —
Fig. 7. Attack zone of the collector.

In the experimental methodology to study the attack
angle, a 2 mm thick metal sheet is used along with the
previously described test setup. The objective is to count
the number of FOD that manage to rise onto the sheet after
operating the treadmill at different speeds and causing the
FOD to impact the metal sheet secured at different angles
on the treadmill.

B.  Transfer Zone and Storage Zone

The study variables of these components are defined as
the return distance and the anti-return depth. The return
distance is the distance that a FOD travels after entering
the collector before it either returns or stays there (see
Fig. 8(a)). The anti-return depth is the depth that the
storage zone must have to prevent the FOD from returning
or falling out once the return distance is reached, which is
where the storage zone begins (see Fig. 8(b)).

In the experimental methodology to determine the
return distance, the collector must be operated at the
previously determined attack angle and at different speeds
to see how much the FOD rises before returning. The data
is interpolated using the same method as in the previous
test, resulting in a behavioral trend for this parameter.

For the anti-return depth, experiments are conducted
using the previously calculated variables, and Pmax is
defined as the maximum depth that the storage zone can
have at the studied angle and return distance. To achieve
this, the FOD is placed inside the container, and the
treadmill is activated to observe whether, after the
vibratory movements caused by friction, the FOD stays in
the storage zone. Table I summarizes the study variables
of the collector.

Speed

Distance
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Backstop
Depth

Pmax

Return

Distance

i

Fig. 8. Transfer and storage zone of the picker.

TABLE I. STUDY VARIABLES OF THE COLLECTOR

Variable
Attack angle
Return distance
Anti-return depth

Unit
degrees (°)
centimeter (cm)
millimeter (mm)

Component
Attack zone

Transfer zone
Storage zone

V. EXPERIMENTAL EVALUATION OF THE STUDY
VARIABLES OF THE COLLECTOR

This section addresses the need to evaluate the
collection and retention properties of the collector in an
effort to define and adjust its design characteristics for
future use.

A. Attack Zone

The experimental evaluation consists of operating the
treadmill with the metal sheet placed on top and secured
to the accessories. Initially, the belt is in operation, and the
FOD are released at the beginning so that they gain speed
and simulate the contact between the FOD and the
collector correctly. The objective of the test is to count the
number of FOD that manages to climb the sheet. As the
tests are conducted, the attack angle varies between 2° and
18°, and the operating speed ranges from 0 to 15 km/h.
Thus, this test finds the relationship between speed and
attack angle, using the resulting efficiency for each test
and for each different type of FOD, which includes waste
such as plastics, metals, and paper as indicators. It is
noteworthy that tests were performed with seven data
points for each variable to later conduct cubic interpolation.

After conducting the tests, the results shown in Fig. 9
were obtained. The experimental results demonstrate that
as the angle increases, efficiency tends to decrease,
primarily due to the impact between the FOD and the
inclined surface, which prevents the FOD from climbing
the surface. For all types of FOD, it is observed that the
slope of the efficiency and speed curves is greater at lower
speeds and then decreases until reaching 0 when efficiency
reaches 100%. This indicates that, in the case of certain
lightweight items, not reaching 100% at 15 km/h will
require a considerable increase in speed to achieve it;
based on this assumption, the data is extrapolated,
showing that the speed to achieve maximum efficiency
with these items would be 19 km/h.

On the other hand, speed is a factor with very evident
behavior, as it increases, efficiency also increases until it
reaches a maximum of 100% and then remains at that peak,
meaning that the attack angle remains unchanged. Once a
minimum operating speed is reached, the collection of
FOD is guaranteed. It is evident that there is a range of
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speeds and attack angles where efficiency remains stable
after reaching 100%; this range differs for each type of
FOD and is presented in Table II. It is shown that some
FOD, such as plastics, are easier to collect and require less
speed, while others, like metals, require more effort.
However, it is important to note that this does not indicate
that angles outside the mentioned range will not achieve
maximum efficiency; on the contrary, they do, but they
require much more speed. Additionally, their behavior in
some cases is difficult to visualize, as the slope mentioned
earlier varies irregularly at these angles.

TABLE II. PARAMETERS TO ACHIEVE MAXIMUM AND STABLE
COLLECTION EFFICIENCY FOR EACH TYPE OF FOD

FOD Attack angle (°) Speed (km/h)
Bolts <10 >8
Nuts <10 >11
Washers 4-8 >19
Tire shreds <11 >13
Deformed wires <9 >13
Asphalt <12 >7

In this context, the definition of “efficiency” refers to
the proportion of FOD that is successfully collected
compared to the total amount released. A standardized
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procedure was used to measure this efficiency, including
manual counts and video recordings to verify the results.
This approach ensures the validity of the obtained data.

The impact of the attack angle on efficiency can be
attributed to the dynamics of FOD flow, where a steeper
angle increases the risk of debris bouncing instead of
adhering to the surface. It was also considered that
consistency in executing the tests was crucial to ensure the
repeatability of the results. Comparing these findings with
previous studies shows a consistency in efficiency trends,
providing a broader context for the results obtained.
Finally, the practical implications of this study are relevant
for optimizing the design of FOD collection systems in
industrial environments, suggesting that adjustments in
speed and angle could significantly enhance operational
effectiveness.

This helps us understand the individual behavior of each
type of FOD and indicates where greater attention should
be focused. That said, it is evident that attention is directed
toward achieving the collection of lightweight items,
which have a very limited stability range. By ensuring the
collection of these items, the collection of other FOD types
is also guaranteed. To illustrate this, Fig. 10 is graphed to
show the efficiency behavior at different angles and speeds.

NUTS TESTING

Efficiency (%)
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Fig. 9. Relationship between operating speed and angle of attack for different types of FOD. (a) Bolt testing; (b) Nuts testing; (c) Washers testing; (d)
Tire shreds testing; (¢) Deformed wires testing; (f) Asphalt testing.
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Fig. 10. Behavior of lightweight items at different attack angles and speeds. (a) Efficiency vs speed; (b) Efficiency vs angle of attack.

In Fig. 10(a), it is evident that speeds greater than 15
km/h are needed to achieve maximum efficiency, and that
the curves at angles different from 6° exhibit irregular
variations in their slope. On the other hand, Fig. 10(b)
shows that angles below 4° and above 8° in tests with
lightweight items cause a notable delay in reaching higher
efficiencies, suggesting an optimal operating range. This
acknowledges a key range of angles that should be
addressed in subsequent tests; however, before analyzing
further information about the collector, these results were
first compared to the efficiency behavior when collecting
different types of FOD simultaneously, which presents a
more realistic scenario, and the results are graphed in
Fig. 11.
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Fig. 11. Results of the tests for calculating the attack angle.

Due to the mix of FOD, a better efficiency is perceived
at angles below 8°, and the speeds required to achieve
maximum efficiency change from what was expected with
lightweight items. It may seem that the results are
unrelated, but this is due to the mix of FOD, as the
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lightweight items were only 1/6 of the total FOD in the
tests, and in a real environment, the proportion of FOD on
the runway is unknown. To ensure the validity of the
results, conditions during the tests were controlled,
ensuring that the treadmill surface and the consistency in
releasing the FOD were uniform. Therefore, an optimal
efficiency threshold of 90% was used for analysis, as
indicated in FAA circulars, which incorporates a range of
possible failure. With this in mind, the graphs are
expanded with key values to pinpoint values in our curves,
as shown in Fig. 12.

After analyzing and evaluating the curves in Fig. 12(a)
for different values, it was determined that the optimal
range of attack angles remains between 4° and 8°, leading
to the decision to use an angle of 6°. The speed analyzed
at that angle, according to the curve in Fig. 12(b), indicates
that the minimum required speed to achieve 90%
efficiency when working with all combined FOD is 12.24
km/h. Finally, if different angles are desired in our
collector, Fig. 12(c) shows the relationship between angles
and speeds to maintain stable efficiencies. For example,
the speed to reach the green curve, representing 90%
efficiency with an attack angle of 6°, requires 12.24 km/h,
and to achieve 100%, represented by the black curve,
13.79 km/h is needed.

An analytical approach was used to validate the results,
including statistical significance analyses to evaluate data
variability. The practical implications of using the
identified optimal range of angles are relevant for the
design of collection systems, suggesting that adjustments
in speed and angle could significantly improve operational
effectiveness. Additionally, a detailed understanding of
the behavior of different FOD is considered essential for
optimizing performance under real conditions. The graphs
not only reflect quantitative results but also provide a clear
view of how different parameters interact, which is crucial
for future applications in the field of FOD collection.
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Fig. 12. Behavior of collection efficiency at different speeds and attack angles. (a) Efficiency vs angle of attack; (b) Efficiency vs speed; (
¢) Speed vs angle of attack.

B.  Transfer Zone

For this experimental procedure, the treadmill will be
operated in the same manner as in the evaluation of the
attack zone. The objective of the test is to obtain the most
frequent return distances for each type of FOD by only
varying the speed of the treadmill, with the following
values: 2.5, 5, 7.5, 10, 12.2, and 15 km/h. The
experimental conditions were designed to capture a
representative range of trajectories, with a segmentation of
return distances between 0 and 60 cm, allowing for the
evaluation of the dispersion dynamics of the materials in
simulated scenarios.

This procedure aims to determine the maximum return
distance and the optimal operating speeds needed to
achieve 80% efficiency, thus enabling the appropriate
dimensioning of the friction collector before designing it.

The selection of variables was based on technical and
practical criteria, with the segmentation of the return
distance allowing for the capture of representative
trajectories considering factors such as variability in
materials and the kinetic energy generated by the impact.

To extend the experimental results to speeds above 15
km/h, a linear regression was performed based on the
means and standard deviations of the return distances
obtained in the experimental range (2.5 to 15 km/h). This
method allowed for the prediction of both the means and
standard deviations of return distances at speeds of 17.4,
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20,22.3, 25, and 27.3 km/h. The linear regression equation
used for each material took the form y = mx + b, where y
represents the mean or standard deviation, x is the speed
in km/h, m is the slope of the line, and b is the y-intercept,
which are represented in Fig. 13. The specific results of
the linear regressions for each type of FOD were as
follows:
1. Bolts
Mean: y = 3.0661x—8.2871, R = 0.9473
Standard deviation: y = 0.915x-0.4724, R> = 0.8339
2. Nuts

Media: y = 2.8364x—8.1481, R = 0.9573
Standard deviation: y = 1.2564x—2.7654, R* =
0.9699

Washers:
Media: y = 1.6129x—5.0588, R? = 0.9304
Standard deviation: y = 0.6699x—1.695, R? = 0.7822
4. Tire shreds:

Media: y = 2.8219x—7.9056, R? = 0.9304

Standard deviation: y = 0.7472x—0.8875, R =

0.9474
5. Deformed wires:

Media: y = 2.6791x—7.6061, R? = 0.959

Standard deviation: y = 1.382x—4.2719, R? = 0.8938
6. Asphalt:

Media: y = 2.1351x—3.2737, R*=0.9577

Standard deviation: y = 1.1263x—2.1142, R? =

0.9292

3.
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Fig. 13. Scatter plots with trend lines for data extrapolation above 15 km/h. (a) Bolt; (b) Nuts; (c) Washers; (d) Tire Shred;
(e) Deformed Wires; (f) Asphalt.

After obtaining the experimental data, an analysis of the
data was conducted, visualized in Fig. 14 and Table III.
For bolts, the mean displacement significantly increases
with speed, going from 2.23 cm at 2.5 km/h to 75.42 cm at
27.3 km/h. This increase can be explained by the higher
mass and rigidity of the material, which responds more
efficiently to applied forces at high speeds. However, this
increase in displacements is accompanied by a
considerable rise in the standard deviation, from 1.66 cm
at 2.5 km/h to 24.51 cm at 27.3 km/h. This behavior
reflects greater dispersion in the data, likely due to the
accumulation of kinetic energy affecting the material’s
response.

The standard errors also support this observation,
starting at 0.303 cm and increasing to 4.475 cm at
27.3 km/h, indicating that measurements become less
precise at higher speeds. This increase in uncertainty may
be attributed to variations in the material’s behavior as
speed increases.

Nuts exhibit similar behavior to that of bolts, with mean
displacements increasing from 1.05 cm at 2.5 km/h to
69.29 cm at 27.3 km/h. However, the more compact shape
of the nuts allows for a somewhat more controlled
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displacement compared to bolts. Despite this, the standard
deviation continues to rise considerably from 0.89 cm at
2.5 km/h to 31.53 cm at 27.3 km/h, indicating a greater
degree of dispersion in the data as speed increases.

Standard errors also follow the same trend, starting at
0.162 cm and reaching 5.757 cm at 27.3 km/h, reflecting
lower reliability of measurements at higher speeds, likely
due to the more erratic behavior of nuts under greater
kinetic energy.

For lightweight items, mean displacements also
increase with speed, but the increase is more moderate.
From 1.36 cm at 2.5 km/h, they reach 38.97 cm at 27.3
km/h. This behavior may be attributed to the lower density
of the material and its greater resistance to displacement.
The standard deviation also rises, from 0.74 c¢cm at 2.5
km/h to 16.59 cm at 27.3 km/h, but less pronounced than
in the other FODs, suggesting a more controlled response
at higher speeds.

Standard errors remain relatively low compared to other
materials, starting at 0.135 cm at 2.5 km/h and reaching
3.029 cm at 27.3 kmv/h. This indicates that measurements
are more consistent for lightweight items, even at high
speeds.



International Journal of Mechanical Engineering and Robotics Research, Vol. 14, No. 5, 2025

(a)BOLT TESTING (b)NUTS TESTING
0.25
—— 2.5km/m —— 2.5km/h
—— s5.0km/h ok —— s5.0km/
020 7.5 km/h ) 7.5 km/h
10.0 km/h 10.0 km/h
= 12.2 km/h Zo3 12.2 km/h
2 015 15.0 km/h 2 15.0 km/h
& 17.4 km/h 8 17.4 km/h
2z 20.0 km/h 2z 20.0 km/h
3 o010 22.3 km/h 302 22.3 km/h
3 ---- 25.0 km/h 3 ---- 25.0 km/h
& --=- 27.3km/h £ --- 27.3km/h
0.05 01
0.00 - 0.0
° 20 40 6 80 100 ° 20 40 ) 80 100
Distance (cm) Distance (cm)
(c) WASHERS TESTING (d) TIRE SHREDS TESTING
T
H —— 2.5km/h 025 —— 2.5km/h
05 —— 5.0km/h —— 5.0km/h
7.5 km/h 7.5 km/h
10.0 km/h 20 10.0 km/h
2 12.2 km/h > - 12.2 km/h
2 15.0 km/h Z 15.0 km/h
S $ 015
Sos 17.4 km/h 2 17.4 km/h
2 20.0 km/h 2 20.0 km/h
3 22.3 km/h -] 22.3 km/h
o2 ---- 25.0km/h gow -- 25.0 km/h
£ -- 27.3km/h & -- 27.3km/h
01 0.05
- 52395099500,
o0 —mmmnocInmARIRRS 0.00
0 20 40 60 80 100 o 20 40 60 80 100
Distancie (cm) Distancie (cm)
(e) DEFORMED WIRES TESTING (f) ASPHALT TESTING
63 —— 2.5km/m —— 2.5km/h
—— s5.0km/h 030 —— s5.0km/h
7.5 km/h 7.5 km/h
025 10.0 km/h 025 10.0 km/h
5 12.2 km/h 5 12.2 km/h
g 020 15.0 km/h 2 020 15.0 km/h
g 17.4 km/h ] 17.4 km/h
> 20.0 km/h > 20.0 km/h
£ 015 = o015
3 22.3 km/h Z 22.3 km/h
§ --=- 25.0 km/h § ---- 25.0 km/h
& 010 -- 27.3km/h £ o0 --=- 27.3km/h
0.05 0.05
\ — =~ IE/\
000 e ee————— SR e —— 000 —ee—eeesssmee SRS ———
° 20 40 6 80 100 ° 20 40 ) 80 100
Distancie (cm) Distancie (cm)

Fig. 14. Relationship between operating speed and return distance for each different type of FOD. (a) Bolt Testing; (b) Nuts Testing; (c) Washers
Testing; (d) Tire Shred Testing; (e) Deformed Wires Testing; (f) Asphalt Testing.

TABLE III. CALCULATION OF MEAN, STANDARD DEVIATION, AND STANDARD ERROR

Speed Bolt Nuts Washers
(I(})lflih) Mean Standard Standard  Mean Standard Standard  Mean Standard Standard
(cm) deviation error (cm) deviation error (cm) deviation error
2.5 2.23 1.66 0.303 1.05 0.89 0.162 1.36 0.74 0.135
5.0 5.48 3.88 0.708 4.12 3.16 0.577 245 0.89 0.162
7.5 9.2 5.58 1.019 10.55 5.15 0.94 5.6 4.42 0.807
10.0 25.37 12.06 2.202 24.13 11.28 2.059 8.83 2.10 0.383
12.2 31.38 8.31 1.517 23.79 12.93 2.361 13.8 8.08 1.475
15.0 36.67 13.44 2.454 35.53 15.58 2.845 21.8 8.57 1.565
17.4 45.06 1545 2.821 41.21 19.1 3.487 23.01 9.96 1.818
20.0 53.03 17.83 3.255 48.58 22.36 4.082 27.20 11.70 2.136
22.3 60.09 19.93 3.639 55.1 25.25 4.610 30.91 13.24 2417
25.0 68.37 22.4 4.09 62.76 28.64 5.229 35.26 15.05 2.748
27.3 75.42 24.51 4.475 69.29 31.53 5.757 38.97 16.59 3.029
Speed Tire shreds Deformed Wires Asphalt
(I(})lflih) Mean Standard Standard  Mean Standard Standard  Mean Standard Standard
(cm) deviation error (cm) deviation error (cm) deviation error
2.5 2.1 1.61 0.294 1.61 1.28 0.234 1.82 1.23 0.225
5.0 7.3 3.28 0.599 6.51 2.51 0.458 7.6 435 0.794
7.5 9.47 3.33 0.608 8.13 2.93 0.535 10.52 5.06 0.924
10.0 15.09 5.97 1.09 17.6 10.41 1.901 21.97 9.22 1.683
12.2 28.91 8.69 1.587 25.76 10.62 1.939 22.15 9.58 1.749
15.0 37.00 10.80 1.972 34.60 18.76 3.425 27.75 16.67 3.044
17.4 41.2 12.11 2.211 39.01 19.77 3.609 33.88 17.48 3.191
20.0 48.53 14.06 2.567 45.98 23.37 4.267 39.43 20.41 3.726
22.3 55.02 15.78 2.881 52.14 26.55 4.847 44.34 23.00 4.199
25.0 62.64 17.79 3.248 59.37 30.28 5.528 50.1 26.04 4.754
27.3 69.13 19.51 3.562 65.53 33.46 6.109 55.01 28.63 5.227
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In tire pieces, the mean displacements increase
significantly, from 2.10 cm at 2.5 km/h to 69.13 cm at
27.3 km/h. This increase can be explained by the
material’s elasticity and deformation capacity, which
responds more dramatically to impact at high speeds.
However, this increase in displacements is accompanied
by a rise in standard deviation, from 1.61 cm at 2.5 km/h
to 19.51 cm at 27.3 km/h. This behavior reflects greater
dispersion in the data, possibly due to the irregular shape
of the tire pieces, leading to more erratic movement.

The analysis of standard errors reinforces this
conclusion, with values ranging from 0.294 cm at 2.5 km/h
to 3.562 cm at 27.3 km/h. This indicates lower precision
in measurements at high speeds, likely due to disorder and
variability in the movement of the individual pieces.

For deformed wires, the means also increase
significantly, going from 1.61 cm at 2.5 km/h to 65.53 cm
at 27.3 km/h. However, due to their greater rigidity and
irregular shape, the displacements are more erratic. The
standard deviation increases from 1.28 cm at 2.5 km/h to
33.46 cm at 27.3 km/h, indicating that data dispersion is
greater due to variations in the orientation and contact of
the wires at the moment of impact.

Standard errors follow this trend, starting at 0.234 cm
and increasing to 6.109 cm at 27.3 km/h. This reflects that
measurements are less reliable at higher speeds, with
greater data dispersion, possibly attributed to the
flexibility and uneven shape of the wires.

The behavior of asphalt is more stable compared to the
other materials. The mean displacements range from
1.82 cm at 2.5 km/h to 55.01 cm at 27.3 km/h, showing a
moderate increase compared to the other FODs. This can
be attributed to the greater rigidity of asphalt, which
dissipates impact energy more evenly. The standard
deviation also increases with speed, but to a lesser extent,
from 1.23 cm to 28.63 cm.

Regarding standard errors, the values start low, from
0.225 cm at 2.5 km/h, and increase to 5.227 cm at
27.3 km/h, but to a lesser degree than with other materials.
This suggests that measurements of asphalt are more
reliable even at higher speeds.

The joint analysis of means, standard deviations, and
standard errors reveals how the properties and geometry of
each material influence their behavior at different speeds.
Overall, both the mean and standard deviation of return
distances increase with speed, suggesting that additional
kinetic energy at higher speeds significantly impacts the
dispersion of materials. Tire pieces and deformed wires
exhibit more erratic behavior, with greater displacements
and dispersion due to their elasticity and irregular shapes.
In contrast, bolts and nuts present a more controlled
response, although they also experience greater variations
at high speeds, reflected in higher standard deviations and
standard errors.

Asphalt, being more rigid and homogeneous, shows the
most stable behavior, with lower dispersion and greater
reliability in measurements at high speeds. This analysis
highlights the importance of understanding each
material’s characteristics, as differences in their response
can have crucial implications in applications where speed
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and impact play an essential role in the design and safety
of systems.

In Fig. 14(a), for bolts, it is observed that at low speeds
(2.5 km/h), return distances vary from 0 to 5 cm. When the
speed increases to 5 km/h, the return distance increases,
ranging from 1 to 11 cm. At 7.5 km/h, the distances
oscillate between 2 and 18 cm, while at 10 km/h, they
reach up to 40 cm. The highest speeds, such as 12.2 and
15 km/h, show a significant increase, with distances
reaching up to 60 and 90 cm, respectively. From the
previous analysis, we see that bolts with a maximum return
distance of 16 cm and speeds above 15 km/h ensure the
passage of FOD to the storage zone, where collection will
be secured.

In Fig. 14(d), it can be observed that tire pieces at
2.5 km/h exhibit return distances ranging from 0.5 to 5 cm.
At speeds of 5 km/h, the distances oscillate between 6 and
10 cm. At 7.5 km/h, the distances reach up to 11 cm. At
10 km/h, the return distances increase significantly,
varying between 11.3 and 14.8 cm. At speeds of 12.2 km/h,
the distances reach up to 40 cm, and at 15 km/h, the highest
observed return distances are up to 57.8 cm. The general
trend suggests that speed significantly increases the return
distances of tire pieces due to kinetic energy and the
material’s possible elasticity, which is why a maximum
guaranteed return distance of 16 cm should be maintained,
operating at speeds greater than 17.4 km/h.

In Fig. 14(e), we can see that metal pieces at 2.5 km/h
generally exhibit low return distances, between 0 and 3 cm.
At 5 km/h, the distances vary between 1 and 10.5 cm. At
7.5 km/h, the return distances reach up to 11.5 cm. At
10 km/h, the distances increase significantly, ranging from
1 to 30 cm. At speeds of 12.2 km/h, the distances reach up
to 43.8 cm, and at 15 km/h, the return distances reach up
to 57.8 cm.

The trend of increasing return distance with speed is
evident, suggesting that metal pieces are significantly
affected by kinetic energy, implying a need for a
maximum return distance of 16 cm and speeds exceeding
15 km/h.

In Fig. 14(f), it is observed that asphalt pieces at
2.5 km/h exhibit return distances ranging from 1 to 4 cm.
At speeds of 5 km/h, the distances reach up to 14.2 cm. At
7.5 km/h, return distances vary considerably from 3 to
19.3 cm. At 10 km/h, the return distances are higher,
reaching up to 40.7 cm. At 12.2 km/h, the maximum
observed distances are 38.7 cm, and at 15 km/h, the return
distances reach up to 58.7 cm. The relationship between
speed and return distance for asphalt pieces demonstrates
a constant increase, indicating that kinetic energy at higher
speeds significantly affects the return distance of this
material. Therefore, to ensure collection, the collector
must operate at more than 17.4 km/h and have a maximum
return distance of 16 cm.

After analyzing the graphs, it can be seen that all the
analyzed components show a clear pattern of increasing
return distance with increasing speed. This behavior is
primarily due to the increase in kinetic energy that each
component acquires at higher speeds. Bolts and nuts,
while similar in behavior, present variations in their return
distances, likely due to differences in their shape and mass.
Lightweight items and tire pieces show greater return
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distances at high speeds, which may be related to the
elastic properties of these materials. Metal and asphalt
pieces, although stiffer, also exhibit significant increases
in return distances with speed, highlighting the
predominant influence of kinetic energy in these results.
To ensure the collection of more than 80%, it is
necessary to have a maximum return distance of 16 cm and
operate at speeds exceeding 15 km/h. Additionally, a high
frequency of FOD with return distances from 0 to 5 cm
indicates a large group of FOD that cannot scale the attack
angle. To address this, it is necessary to implement a
system that increases the kinetic energy of these items to
improve the collection efficiency of the proposed system.

C. Storage Zone

In this experimental procedure, the treadmill was
operated in the same manner as in previous evaluations to
determine the efficiency of the storage zone by measuring
its capacity to maintain the FOD once reached. In other
words, in this methodology, the location of the storage
zone is tested, and its efficiency is evaluated. Note that
when testing the location of the storage zone, the
efficiency of the transfer zone is tested. This test was
performed at 6 speeds: 2.2, 5, 7.5, 10, 12.2, and 15 km/h,
10 FOD of each of the 6 types under study were used, 5
tests are performed for each type of FOD, resulting in 180
tests, which means that 1800 times the FOD were thrown
on the treadmill. The picker was designed with the
parameters presented in Table IV and is graphically
illustrated in Fig. 15 for better visualization. It can be
noticed that the front width is larger than the rear one,
which is done in order to achieve a larger action area at the
time of picking up. Note that the storage area is profiled
considering the profile of the shovels of the front loaders
used in earthmoving, since they have the same collection
capacity. Purpose as the picker being designed. In addition,
it is important to mention that the storage area was not
constructed to a greater depth because it was limited to a
thickness below. After performing the experiments, the
results are presented in Fig. 16, which presents the results
for the location of the storage area, and Table V presents
the efficiency of the storage area. When analyzing the
location of the storage zone, the efficiency of the transfer
zone at different operating speeds was observed. As before,
the same behavior was observed, and the higher the speed,
the greater the efficiency.

TABLE IV. DIMENSIONS OF THE PICKER DESIGN

No Name Dimension
A Dimensions of the picker design 390 mm
. From the attack zone to
B Transfer zone Fig. 16(b) 160 mm
C Angle of attack Fig. 16(c) 6°
D Profile of the storage area Fig. 16(d) With a height of 48.2 mm
. Located 40 mm from the
E Rear wall Fig. 16(¢) start of the transfer zone
Location of the center of the At 40.6 mm from the
F circumference of the storage zone beginning of the transfer
profile Fig. 16(f) area
G Depth of the storage zone Fig. 16(g) 11.817 mm
H Rear width Fig. 16(h) 307.4 mm
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Fig. 15. Picker design.

Fig. 16. Dimensions of the printed picker. (a) front width; (b) transfer
zone; (c) angle of attack; (d) profile of the storage area; (e) rear wall; (f)
storage zone profile; (g) depth of the storage zone; (h) rear width.
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Fig. 17. Test results for the location of the storage area.

It should be noted that in these tests, interference of the
storage zone profile was observed in the arrival of the FOD
to the storage zone; i.c., of the 1800 FOD launched, 127
bounced off the rear wall, preventing them from entering
the storage zone, representing 7% of the total. This implies
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that the profile of the storage zone must be modified,
which is a task performed in the next test. The results
(Fig. 17) show that from 6 km/h the efficiency increases
rapidly, reaching 66.45% at 7.5km/h. The trend shows that
at 11.9 km/h, the efficiency reaches 90%, which means
that from that speed onwards, the operation becomes
allowed by international circulars.

Complementing this result and the idea that the higher
the speed, the higher the efficiency, it appears in this graph
that the margin of separation between the efficiencies of
different FODs decreases as the speed increases. This
generates safe knowledge from different friction picker
use approaches. Since it is now assured that the location of
the storage area is ideal, the behavior and efficiency of the
FOD retention function can be analyzed. Here, Pmax is
calculated as the maximum depth at which the storage area
of the picker can be 16.817 mm. After this result, 5 mm is
left as the bottom thickness of the storage area to support
the friction loads of the picker, leaving the depth of the
storage area at a distance of 11.817 mm. Table V presents
the results of the tests.

It can be observed that the efficiency of the storage area
is 100% or very close to this, which means that the depth
provided to the storage area is ideal, considering that these
data simulate a runway with a category 5 concrete surface.

In this way, the laboratory experiments were completed
with the study parameters of each zone that made up the
friction trough. This allows us to know the behavior of the
friction trough.

TABLE V. STORAGE AREA EFFICIENCY

Speed (km/h) Efficiency (%)
2.5 100
5 100
7.5 100
10 98
12.5 97
15 98

VI. EXPERIMENTAL EVALUATIONS IN A REAL
ENVIRONMENT

In this section, the conjunction of all the design
variables summarized in Table VI is carried out,
evaluating the final picker in the real environment shown
in Fig. 18, that is, in a runway evaluated as category 5
concrete. This environment coming from the tracks of the
campus of the Universidad Nacional de San Agustin de
Arequipa is delimited using safety cones with a distance
of 300 m long by 3 m wide to drive a vehicle that serves
as a movement to a mechanical assembly that holds the
printed picker shown in Fig. 19. This vehicle, after pulling
the dustpan by means of the mechanical assembly, passes
over an area of 3 by 3 m, which is where the FODs used
for this test are located (10 of each type of FOD under
study), obtaining the results, i.e., the efficiency of the
dustpan collection. It is important to highlight that for the
tests, the FAA circular 150/5210-24 is applied to the
environment but not to the speed suggestion because in the
laboratory tests, maximum speeds of 15 km/h are reached,

568

and in the real environment tests, the same restriction is
maintained.

TABLE VI. IMPORTANT PARAMETERS OF THE FRICTION PICKER

Parameter Value Description
Angle at which the picker impacts
Angle of attack °
ngle of attac 6 the FOD
Return distance 16em Distance at which the storage zone
starts
Depth of 11.817 Depth that ensures high
storage zone mm containment of the FOD inside
Material of .
ateriat o TPU Throughout its structure
manufacture
Ideal percentage to maintain an
Percentage of 40% elastic shape and avoid the
filler ‘ hardness and brittleness of a higher
percentage
Printing . This direction is used to avoid
L Vertical .
direction massive wear at the angle of attack

The pickup is printed in 4 pieces and bonded

Printing details with Loctite 495 ethyl adhesive.

Fig. 18. Description of test area in real environment.

Fig. 20 shows the actual printed dustpan in its final form.
With respect to the design of the printed dustpan, it is
important to point out that the material used to print it is
commercially available in the market, and it is used with
the purpose of observing its durability when working
under the friction loads caused by its operation. There is
no experimental methodology for this material; it is only
being put under observation.

The results are shown in Table VII, showing an
efficiency of 93.6% for the friction scraper as a cleaning
system. In which there is a high efficiency in the collection
of tire and asphalt pieces, on the contrary case for the flips
where there is a low efficiency compared to the other FOD.
This may be due to its flat morphology, which causes little
contact between the attack zone of the picker and the FOD,
causing it to be necessary to take other options for a correct
collection of the flips.
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TABLE VII. TEST RESULT IN A REAL ENVIRONMENT

FOD Speed (km/h) Total Efficiency
15 15 15 15 15 15
Bolts 10 9 10 10 10 58 96.7%
Nuts 10 8 10 10 10 57 95%
Washers 7 7 8 8 7 7 44 73.3%
Tire shreds 10 10 10 10 10 10 60 100%
Asphalt 10 9 9 10 10 10 58 96.7%
Total 57 53 57 58 55 57 562  93.6%

Efficiency 95% 88.3% 95% 96.7% 91.7% 95% 93.6% Average

The prototype’s limitations include its working
environment. Temperatures on runways can reach 40 °C
to 90 °C. Since no experimental methodology exists for
the collector material, working under constant friction
loads not only causes wear in the impact area, but also
overheats, causing the phenomenon of “thermal softening”
when in contact with high-temperature surfaces. The
working environment also presents small deformations or
irregularities, such as elevations or openings, which
prevent the collector from operating at its maximum
efficiency.

Fig. 20. Real friction picker.

VII. CONCLUSIONS

In this experimental study on the design of a friction
collector for runway cleaning, the collector was divided
into four zones: attack zone, transfer zone, storage zone,
and delimiting zone. These zones were designed to ensure
that Foreign Object Debris (FOD) effectively enters and
remains stored within the collector after impact. The study
variables were derived from each zone, except for the
delimiting zone, which was based on bucket profiles used
in earth-moving operations. The experimentation
methodologies followed the guidelines outlined in the
FAA advisory circular on FOD management. Following
these guidelines, six common FOD types were selected for
testing: bolts, nuts, washers, deformed wires, tire
fragments, and asphalt pieces.
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The design and test apparatus were built according to
the FAA advisory circular for aerodrome pavement
surface qualification at Air Base No. 4 of the FAP. The
runway evaluation identified three distinct zones: category
5 concrete at the threshold, category 4 asphalt in the
middle section, and category 3 asphalt in the final section.

A BETA-C10SB belt was used to simulate the
collector’s contact with the first zone surface. This belt,
reaching speeds of up to 15 km/h, facilitated FOD impact
testing while the collector was mounted on components
providing rigidity and variable mobility.

For the attack angle variable, results showed that most
FOD types require a low-angle approach to minimize
resistance and facilitate upward movement. However,
washers, being flat objects, require an angle between 4°
and 8° for optimal collection efficiency, as the collector’s
thickness acts as a potential barrier. With an optimal attack
angle of 6°, the minimum speed required to achieve a
collection efficiency above 90% was determined to be
12.24 km/h.

Findings on the return distance variable revealed that,
in general, higher speed improved collection efficiency for
most FOD types. However, at speeds above 16 km/h,
greater dispersion was observed, especially with
deformable materials such as tire fragments and asphalt
pieces, as well as with washers, which tend to bounce and
resist collection due to their flat shape. To improve
performance at higher speeds, design adjustments
focusing on minimizing bounce and improving the
guidance of problematic FOD toward the storage zone
would be beneficial, possibly through additional damping
elements or modifications to the collector’s internal
geometry.

The analysis of the storage zone, located 16 cm from the
collector’s leading edge, established that a minimum
speed of 11.9 km/h is required to achieve 90% collection
efficiency. Tests on the anti-return depth parameter
revealed that a value of 11.817 mm offers nearly 100%
efficiency, as the vibrations generated on category 5
concrete runways are insufficient to cause FOD to exit the
storage zone once captured.

The prototype built based on these findings was tested
in an environment similar to the study conditions,
successfully maintaining the efficiency levels during
preliminary testing. Overall, the collector demonstrated an
average collection efficiency of 93.6%, meeting FAA
recommendations.

Future research will focus on integrating this collector
into a functional prototype for FOD removal at Air Base
N° 4, complying with FAA regulations.
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