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The efficiency of pesticide applications has become an important issue with the increasing amount of pesticide
usage in agriculture around the world. One of the most vital components of pesticide applications is the sprayer.
Sprayers are used to spray the pesticides over the target organism homogenously. The sprayer boom is a crucial
component of field sprayers in terms of spray homogeneity. To eliminate the yawn and roll moments on the
sprayer booms, the design of those components is crucial. For that reason, a telescopically foldable sprayer boom
consisting of 5 parts that hold 24 flat fan nozzles was designed. The materials used in the boom design were St-
37 square welded and St-52 bent sheet steels. The relative motion of the boom parts was provided by the wheels
that were beared on radial ball bearings. The propulsion was created with the rack-pinion mechanism and a DC
motor. In order to examine the strength of the design, statical structural analysis was carried out in the
Solidworks simulation module by using the Finite Element Method (FEM). All boom parts, wheels, and boom-
chassis support points are investigated individually. All forces affected on the boom parts on both the XY and YZ
planes were calculated with the help of the free-body diagrams. Support points, gravity, and external forces were
applied before the analysis is carried out. Then, meshes were created. After the mesh creation, the analysis was
carried out and Von-Mises stress and displacement graphs were created. According to the graphical results,
critical zones on the boom parts were identified and design improvements were performed when necessary.
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Diinya genelinde tarimda pestisit kullaniminin artmasiyla birlikte pestisit uygulamalarinin verimliligi de énemli
bir konu haline gelmistir. Pestisit uygulamalarinin en hayati bilesenlerinden biri piilverizatordiir. Piiskiirtme
bumu, piskiirtme homojenligi agisindan tarla piilverizatorlerinin 6nemli bir bilesenidir. Pilverizator
bumlarindaki esneme ve yuvarlanma momentlerini ortadan kaldirmak i¢in bu bilesenlerin tasarimi ¢ok
onemlidir. Bu nedenle, teleskopik olarak katlanabilen, 24 yelpaze hiizmeli piiskirtme memesini tasiyan 5
par¢adan olugan bir piilverizatér bumu tasarlanmistir. Bum tasariminda kullanilan malzemeler St-37 kare profil
ve St-52 biikiimlii sac levhadir. Bum par¢alarinin dogrusal hareketleri radyal bilyali rulmanlar ile yataklanmig
tekerlekler ile saglanmaktadir. Tahrik, kremayer-pinyon mekanizmasi ve bir DC motor ile miimkiin kilinmistir.
Tasarimin mukavemetini incelemek i¢in Solidworks Simulation modiiliinde Sonlu Elemanlar Yontemi (FEM)
kullanilarak statik yapisal analizler gerceklestirilmistir. Tiim bum parcalari, tekerlekler ve bum-sasi destek
noktalar1 ayr1 ayr1 incelenmistir. Bum pargalarina hem X-Y hem de Y-Z diizlemlerinde etki eden tiim kuvvetler
serbest cisim diyagramlari yardimiyla hesaplanmigtir. Analiz yapilmadan 6nce destek noktalari, yercekimi ve dis
kuvvetler uygulanmistir. Daha sonra meshler olusturup analizler yiiriitilerek Von-Mises gerilme ve yer
degistirme grafikleri olusturulmustur. Grafik sonuglarina goére, bum pargalar: tizerindeki kritik bolgeler
belirlenmis ve gerektiginde tasarim iyilestirmesi yapilmigtir.
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1. INTRODUCTION

Pesticide applications are vital in agriculture and rank among the foremost inputs following
mechanization (Demir and Celen, 2006). Globally, approximately 3 million liters of pesticides are
utilized, with Tiirkiye accounting for about 53,098 liters as of 2020 (Sik and Oyman, 2021). Among the
machinery used for plant protection in agriculture, tractor-mounted field sprayers stand as the most
preferred type (Bayat and Itmeg, 2018). Tiirkiye currently registers 365,171 PTO-triggered field
sprayers officially (TUIK, 2019).

These sprayers employ a system referred to as a 'spray bar,' 'sprayer booms," or simply 'boom,’
consisting of various foldable parts designed for transport convenience. Hydraulic actuators or manual
means are utilized to fold the middle and outer parts over the central boom frame for transport
purposes. Typically, these boom parts are constructed from square welded steel materials, which are
cut and welded together to form the boom structure (Fig. 1).
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Figure 1. Example of field sprayer booms (Badilli Agricultural Machinery)

The design and operational dynamics of the boom play a pivotal role in achieving spray uniformity
and preventing drift. Variations in the horizontal and vertical positions of the boom during spraying,
caused by vibrations due to uneven field terrain or contact of the tractor/sprayer with the ground,
significantly impact spray consistency (Ooms et al, 2003). During operation, the sprayer boom
undergoes roll and yaw moments along two axes, a well-documented occurrence in relevant literature
(Fig. 2). The influence of momentary forces on the horizontal axis can abruptly nullify the relative speed
between the sprayer's boom and the ground, potentially resulting in increased pesticide dosage on
specific treated areas (Matthews, 2008).
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Figure 2. (a) Roll moment, (b) Yaw moment (Bjornsonn et al., 2013)



Ozyurt, Celen, Tarim Makinalar: Bilimi Dergisi/Journal of Agricultural Machinery Science (2024) 20(1): 1-14

A prevailing issue with sprayers in Tirkiye stems from the small and irregularly shaped fields.
Operators have to readjust the sprayer boom when entering a field and then return it to the transport
position when the field work is completed, which requires frequent dismounting from the tractor. This
process is time-consuming. While the development of hydraulically foldable booms has alleviated this
issue, the preference for these booms among farmers is hindered by the costliness of hydraulic actuators
and hoses, which also add excess weight to the sprayer (Ozyurt et al., 2020).

Moreover, spray applications typically follow tramlines. In uneven or irregular areas, starting
spraying from a straight edge may result in unfinished tramlines or untargeted areas narrower than the
sprayer's working width. Additionally, certain field areas may contain obstacles like electrical poles,
telephone or natural gas pipeline markers, old wells, irrigation pump sites, trees, and bushes. These
obstacles could lead to overlapping spray or unintentional application on non-targets if all nozzles
remain open. In cases where pesticide rates are finely calibrated, an overdose might harm primary
plants or beneficial organisms within the field.

Research on field sprayer booms focuses on analyzing their behavior under dynamic conditions,
strain assessment in both dynamic and static settings, understanding the impact of design on spray
distribution, and exploring folding mechanisms. Fujita and Sugiyama (2012) conducted dynamic
analyses of sliding supports in telescopic cranes using the absolute node coordinate formulation,
highlighting that stress points and axes shift as the crane's length changes over time. Similarly,
Raftoyiannis and Michaltsos (2013) studied the dynamic behavior of telescopic crane arms, developing
amodel for their dynamic analysis. Their findings revealed minimal dynamic deformations in the moving
part during folding, substantially higher deformations during folding compared to the resting state, and
reduced deformations at higher folding speeds. In parallel, studies by Lupea et al. (2009) and Manea et
al. (2018) simulated the boom structure of field sprayers under dynamic conditions. Utilizing 3D models
and finite element analysis software, they examined boom behavior statically and dynamically,
optimizing its structure. Their simulations indicated vibrations at the boom tip with small wavelengths,
causing significant displacements. However, they found no risk of material failure or deformation, as the
Von Mises maximum equivalent stress remained below the yield strength of the boom parts.
Additionally, Zhang et al. (2019) determined natural frequency values under dynamic conditions,
identifying these as critical design parameters for future boom designs.

In this study, it is aimed to design a linear moving boom system with an alternative design and
folding mechanism to conventional booms, which can meet the application efficacy criteria and
expectations of farmers. In addition, static structural analyses were performed to achieve the most
resilient and lightweight design.

2. MATERIALS AND METHODS

In this study, a solution-oriented design for the boom section of a traditional field sprayer was
developed, addressing prevalent issues. The newly designed boom replaces the original one on a sprayer
featuring a chassis constructed by 60x60 mm welded squares and equipped with a 1000-liter
polyethylene tank. The original boom, consisting of 40x40 and 80x40 welded squares, is manually folded
into five parts along the horizontal axis. It supports 24 spray nozzles at 50 cm intervals, providing a total
working width of 12 meters for the sprayer. A diaphragm pump with a maximum pressure of 50 bar and
a flow rate of 200 1 min-! is attached to the sprayer.
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Commonly, modern sprayer manufacturers opt for steel materials due to their availability, cost-
effectiveness, and ease of processing (Khalifeh et al., 2018). For systems like sprayer booms, which
experience high effective moments at distant endpoints from support, additional materials and a robust
frame design are necessary to ensure durability. Although St37 (S]235), the prevalent structural steel in
agricultural machinery, has been the preferred choice, there has been a recent shift towards St52 (S]355)
due to its higher tensile strength, better machinability, and reduced cost, making it more affordable.
These two materials differ in their elemental compositions, resulting in distinct mechanical properties
as outlined in Table 1.

Table 1. Mechanical properties of St37 and St52 steels (Seitl et al., 2020)

Properties St37 (8235) St52 ($355)
Young Modulus (GPa) 208.2x4.1 205.4 7.4
Yield Strength (MPa) 276.87+0.31 381.94+6.22
Tensile Strength (MPa) 423.86x1.49 554.41+1.62
Elongation at break (%) 21.99+0.22 34.22 +1.54
Poisson ratio (-) 0.3 0.3

2.1. Materials Used in the Design

The designed sprayer boom utilizes St37 profiles and St52 steel sheet material as its primary
structural components. Comprising four outer boom parts—two on each side—and a central chassis
carrying these parts, the boom transitions between transport and field positions. During transport, the
outer boom parts fold onto the central chassis, while in the field position, they extend telescopically to
the sides. Facilitating telescopic movement, a gear driven by a position-controlled servoelectric motor
propels the rack gear, enabling linear movement of the boom part. A linear rail system, propelled by a
specially shaped ball bearing wheel, supports and guides this linear movement, ensuring a controlled
motion between the boom's parts. Each side of the boom hosts five nozzles, while the central chassis
holds six.

2.2. Method

The primary design criterion for the sprayer boom was to achieve 12 meters working width, aligning
with the preferred width in the Thrace region and accommodating 24 flat fan nozzles at 50 cm intervals.
St52 material, valued for its ductility, ease of bending, and high yield strength, was chosen for the bent
sheet metal used in the design. The Solidworks software facilitated the assembly of all boom parts and
fasteners. A telescopic design was incorporated, integrating linear rail and wheel configurations to
minimize friction between boom parts during movement. Careful selection of wheels and bearings was
based on radial load considerations, fatigue strength due to the boom's opening and closing frequency,
and material durability. Following the preliminary design, thorough static analysis using Solidworks'
Simulation module pinpointed critical stress areas in separate boom parts. Reinforcement and design
modifications were strategically implemented in these stress-exposed regions. Material removal from
non-stressed areas aimed to optimize the design, resulting in a robust yet lightweight configuration
based on the structural analyses conducted.

2.2.1. Telescopic Folding Mechanism
The folding mechanism of the boom operates on a telescopic structure that moves in a linear fashion,
employing machine components specifically crafted for linear motion. Electric motors situated close to
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the central frame drive this linear motion through a combination of spur gears and rack gears. This setup
facilitates relative movements among the boom sections, enabling smooth transitions between transport
and operational positions. To achieve this functionality, four servo electric motors, each responsible for
controlling a distinct part of the boom, are employed. These motors are adaptable for both manual and
automatic control from the driver's cabin. They were chosen for their compatibility with a 12V (5.2A)
battery voltage, a rotational speed of 60 rpm, and a cost-effectiveness akin to the wiper motors found in
cars. The rack gears, with specifications of n=3 module and a width of 20 mm, cover distances of
2800 mm on the central boom section and 2400 mm on the middle boom part. They are designed to stop
just before reaching the last tooth, ensuring precise control over the working width. Additionally, a linear
rail system has been integrated into the central frame and middle boom part using shaped sheets,
facilitating smooth linear movement and extending the lifespan of the motors. This system incorporates
four wheels, two positioned at the top and two at the bottom, which glide along these rails, allowing the
boom sections to move over each other seamlessly, similar to a drawer.

Moreover, to prevent deformation when the boom tips encounter obstacles or the ground, the outer
boom parts are constructed in two segments with a torsion spring mechanism between them (Fig. 3).
This design enables the outer boom parts to elongate upon contact with external forces, safeguarding
other components of the boom mechanism from potential damage.

Figure 3. Torsion spring

Solidworks software (Dassault Systems, 2018) served as the primary tool for designing, modifying,
and translating technical drawings for machine operators. Structural analyses, aiming for maximum
strength with minimal material usage, were conducted using Solidworks' simulation module. Firsty the
support points were determined, then the weight and external forces were defined. Von-Mises stresses
(Manea et al, 2018; Han et al., 2013) and displacement graphs were generated when the analyses were
carried out after the mesh creation process in Solidworks Simulation Module. According to the results
of the analyses, the regions with critical stresses were determined and design improvements were made
where necessary.

2.2.2. Load Calculations

The telescopic boom system faces two primary critical loadings: the weight of the boom parts and
the vertical accelerations encountered on rough terrain during field operations. Our study focused on
the statical load, which is gravity and all structural analysis is carried out on static forces. The static load
exert forces in both the X-Y and Y-Z planes, necessitating a free-body diagram to determine their
direction and magnitude. The analysis focuses on the working position, where the boom system
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experiences maximum stress. Mass distances from support points in the X-Y plane and wheel placements
are illustrated in Figure 4. Additionally, Figure 5 displays the outer boom, middle boom, and main frame,
respectively. Lastly, all the force and distance values are given in Table 2. Due to the symmetrical nature
of the right and left boom groups in the Y-Z plane, calculations performed for one direction in the force
analysis apply equally to the other side.
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Figure 4. The distance of the centre of gravity of the boom part from the support points on the X-Y
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Figure 5. Distance of the centre of gravity of the boom part from the support points and forces on
the Y-Z plane
Table 2. Force and distance values

Symbol Unit Value Symbol Unit Value
X1 mm 895.46 Zs mm 15
X2 mm 130 T1 mm 12
y1 mm 2072.5 T2 mm 56.89
Y2 mm 973.5 T3 mm 81.55

Y3 mm 165 Ta mm 36.06
Z1 mm 27.62 Ts mm 162
Z2 mm 15 M1 kg 20

Z3 mm 57.76 Mz kg 58
Zs mm 22.74 Ms kg 95
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3. RESULTS AND DISCUSSION

The main frame, situated centrally within the boom mechanism, remains fixed during both transport
and operational phases. Its design combines welded square and bent sheet metal elements. Welded
squares serve as support for carrying the middle and outer boom parts, forming a foundational
framework for the entire boom structure. Horizontal 50x50x4 mm welded squares, evenly spaced in the
vertical direction, support the top and bottom sections. Meanwhile, 4 mm-thick bent sheet metal, welded
to these profiles, reinforces the framework, preventing bending during operational and transport loads.
Sheet metal plates on the right and left sides further fortify this structure. Moving to the middle boom, it
achieves field position through linear movement along the main frame, while the third element carries
the outer boom. The middle boom, composed of spot-welded 4 mm sheet metal sheets shaped in a 'C,’
integrates wheels along its inner side for linear movement. Laser cutting removes low-stress sections,
reducing overall boom weight. Wheels, placed at 165 mm intervals on the upper and lower surfaces,
balance forces from the outer boom's weight. Two M12 bolts fasten each wheel. The outer boom,
positioned at the boom's end, also moves linearly on the middle boom. It comprises spot-welded 3 mm
sheet metal sheets, shaped similarly in a 'C,’ reducing load on the middle boom and minimizing extra
weight. Wheels on the inner side facilitate linear movement, placed at 130 mm intervals on the upper
and lower surfaces after laser cutting removes low-stress areas (Fig. 6).

Figure 6. 3D Modelling of the boom

3.1. Von-Misses Stress Analysis of the Outer Boom Part

The structural analysis focused on the outer boom part, employing a finite element method with
12,912 elements and 28,404 nodal points, as depicted in Figure 7. Green arrow indicators denote fixed
support locations, while the red arrow represents the center of gravity exerting a force of 196.2 N on the
boom. This analysis aims to assess stress distribution and structural behavior within the outer boom
section.

Figure 7. Meshes on the outer boom part
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During the simulation, Von-Mises stresses, depicted in Figure 8, were observed after establishing
supports, force, and mesh configurations. The color-coded diagram illustrates stress levels across the
structure. Predominantly, minimal stresses were evident throughout the boom, with a maximum stress
of 48 MPa identified. Notably, this value is 7.9 times lower than the yield strength of St52 Steel, which
stands at 381 MPa (Seitl et al., 2020). This calculation indicates a safety factor of 7.9 for the outer boom
part.
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Figure 8. Von Misses Stress Analysis of the outer Boom Part

The bending stress experienced on the outer boom caused slight deformation of the sheet metal, as
shown by displacement graphs in the analyses (Fig. 9). These displacements show increasing vertical
deviations from the support points toward the boom tip. The maximum measured displacement was
2.21 mm. Considering that the distance between the spraying nozzle tip and the top leaves of the plant
is 500 mm, this deformation appears negligible and does not pose a risk to spraying uniformity.

Figure 9. Displacement Analysis in the outer boom part

3.2. Von-Misses Stress Analysis of the Inner Boom Part

In the examination of the middle boom part, the boom was affixed to the wheel hub, considering
boom weight as an external load, and applying forces acting on the outer boom part's wheels to contact
points on the inner boom. Mesh creation resulted in 13,119 finite elements and 29,028 nodal points on
the outer boom part. Figure 10 displays the mesh configuration, support points, and external loads for
this analysis.

Figure 10. Meshes, support points, and external forces on the middle boom part
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In the analysis following the establishment of support points, forces, and mesh, Von-Mises stresses
were represented in the graph (Fig. 11). Although predominantly low stresses were observed across the
outer boom part, the maximum stress measured was 148 MPa. This value stands at 2.57 times lower

than the yield strength of St52 steel, specified at 381 MPa (Seitl et al., 2020). Consequently, the safety
factor calculated for the outer boom part is 2.57.
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Figure 11. Von Misses Stress Analysis of the middle boom part

The bending stress experienced on the middle boom part caused deformation of the sheet metal,
evident in the displacement graph (Fig. 12). These vertical displacements progressively increase from
the support points toward the boom tip. The maximum measured displacement was 1.6 mm on the
sheets where the outer boom part's wheels rest. Considering this value and its minimal impact on the
outer boom's linearity, along with a nozzle tip-to-plant-top distance of 500 mm in spraying applications,
this displacement remains inconsequential and poses no risk to spraying uniformity.

Figure 12. Displacement Analysis in the outer boom part

3.3. Von-Misses Stress Analysis of the Main Frame

During the examination of the primary boom frame, it was affixed to the sprayer chassis at specified
connection spots. External forces considered comprised the frame's weight and forces derived from the
middle boom parts, applied following free body diagrams. As a result, meshing generated 43,371 finite

elements and 87,375 nodal points across the main frame. Figure 13 depicts the mesh layout, support
junctures, and the weight load considered within this analysis.
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Figure 13. Meshes, support points, and external forces on the middle boom part

In Figure 13, components denoted by green arrows are designated as fixed supports in the
simulation. The red arrow signifies the boom's weight, measured at 931.95 N, while the pink arrows
represent the forces exerted on the middle boom part. Following the establishment of support points,
forces, and mesh, Von-Mises stresses are depicted in the graph (Fig. 14).
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Figure 14. Von Mises Stress Analysis of the main frame

In Figure 14, the simulation revealed significantly high stresses resulting from the forces acting on
the middle boom part, with a maximum stress calculated at 574 MPa. This tension, observed in the
St-37 profile, exceeds twice the yield strength of 276 MPa. Consequently, the current design of the main
frame is deemed structurally inadequate and susceptible to breakage in production. To address this
issue, initial design enhancements were proposed. One suggestion involves welding a 15 mm thick bar
on both sides of the upper horizontal profile and the junction of the middle vertical profile in the main
frame. Upon re-running the analysis with these modifications, stress distributions shown in Figure 15
are observed.
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Figure 15. Von Misses Stress Analysis of the main frame after two support plates added
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Figure 15 indicates a reduction in the maximum stress value (529 MPa); however, the area with the
highest stress persisted above the triangular bar, surpassing the yield strength. As a second design
alteration, two support profiles were introduced diagonally from the upper horizontal profile to the
lower horizontal profile to augment the inter-profile support. Moreover, enhancing the triangular
support plate's vertical dimensions aimed to diffuse stress concentration. Upon re-running the analysis
following these enhancements, the resulting stress distribution is depicted in Figure 16.
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Figure 16. Von-Mises Stress Analysis of the main frame after two bigger support plates and support
profiles added

In the depicted graph, following the implemented enhancements, the highest stress point, reaching
513 MPa, was identified at a support point external to the frame. Figure 17 illustrates the maximum
stress experienced by the frame itself.

Figure 17. Maximum stress area on the main frame

The graph illustrates that the recent enhancements resulted in a peak stress of 277 MPa within the
support frames. These frames, constructed from St52 material boasting a yield strength of 381 MPa, now
exhibit stress levels below the yield strength threshold. Additionally, the displacement graph resulting
from the analysis, displaying the integration of cross-support profiles as shown in Figure 18, aligns
closely with the expected outcomes.

11
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Figure 18. Displacement Analysis on the main frame

A displacement of 6.7 mm is within acceptable parameters for this design. However, further
enhancements can be considered once all the boom parts are assembled during the production phase,
specifically targeting improvements in the main frame.

4. CONCLUSION

The study introduces a telescopic foldable boom design tailored for field sprayers used in crop
protection. This system comprises five parts, boasting 12 meters working width and 24 fan spray nozzles
spaced at 50 cm intervals. The design allows for transport without surpassing the allowable working
width on public roads. Among these five parts, one serves as the central support for the remaining four,
organized in pairs on the right and left, capable of relative linear movement for transitioning between
operational and transport configurations. This telescopic folding boom system spans 11,702 mm in the
operational position and 2,800 mm while on the road, with a total mass of 275 kg. Despite a comparable
mass, this design showcases enhanced structural safety and stability compared to conventional sprayer
booms. Utilizing Solidworks' simulation module, static structural analyses were conducted employing
finite element methodology. The assessment involved determining forces acting on the boom and
support points through free-body diagrams, followed by integrating these forces into the analysis. The
analyses affirmed the safety of the outer and middle boom parts, whereas the initial design of the central
mainframe raised safety concerns. Subsequent enhancements, incorporating additional profiles and
support plates, resulted in a structurally sound boom. This innovative boom system offers several
advantages over conventional spraying equipment. Symmetrical opening and closing between transport
and working positions prevent shifts in the boom's center of gravity. Moreover, electronic control from
the tractor cabin allows the boom part facing potential collisions with obstacles like poles or trees to
move closer to the transport position, averting collisions. In contrast, conventional sprayers require the
tractor to maneuver around obstacles. Lastly, internal placement of the spray nozzles within the boom
frame shields them from external impacts.
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