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Abstract

This paper addresses deficiencies in existing spray carts and suspended sprayers regarding
operational scenarios, spray coverage, versatility, and wall film thickness adjustment by
designing a rail-mounted rotating nozzle application robot. Static analysis of the robot
frame verifies compliance with strength and stiffness requirements. Motor torque calcula-
tions ensure stable and reliable nozzle rotation. Geometric modeling derives optimal link
parameters for automated nozzle angle control. ANSYS Fluent simulations characterize
static spray coverage, analyzing quantitative relationships between nozzle height, angle,
and spray distance. SolidWorks Motion establishes a coupled model of nozzle rotation
and cart translation to obtain spray trajectories under varying speeds. Coupled Fluent
simulations further evaluate wall film thickness distribution patterns under dynamic spray-
ing conditions. The findings provide a theoretical foundation and technical reference for
structural optimization and precise spraying control in greenhouse spraying robot systems.

Keywords: static simulation; SolidWorks motion trajectory analysis; fluent fluid simulation;
rotating spray simulation; wall film thickness

1. Introduction
Greenhouse cultivation is a primary form of facility agriculture in China, widely

used for high-value crops such as fruits, vegetables, and flowers [1]. Unlike outdoor
environments, the enclosed nature and high humidity of greenhouses increase susceptibility
to pests and diseases, directly impacting yield and quality. Consequently, efficient, precise,
and environmentally friendly plant protection is crucial for ensuring stable production
and quality improvement [2]. Green development further necessitates pesticide reduction
and residue control, requiring application methods that balance precision and ecology.
Among greenhouse types, ground-planted dense planting is prevalent due to low input
costs and strong adaptability [3]. However, narrow inter-row passages and structural
constraints pose significant challenges for conventional pesticide application methods.
While early manual sprayers played an important role, they suffer from low efficiency, high
labor intensity, insufficient spray utilization and deposition uniformity, and high operator
exposure risk, failing to meet the modern facility agriculture demands for “high efficiency,
precision, and low residue” [4]. Consequently, spatially adaptable, precisely controlled,
and high-coverage-efficiency greenhouse pesticide application robots are urgently needed.

For greenhouses with larger row spacing, researchers have proposed various inter-row
operation robots. Abioye et al. integrated deep learning for disease identification and
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variable-rate control, improving targeting precision [5]. Fu et al. developed an improved
self-propelled precision sprayer, enhancing uniformity and stability through frame identifi-
cation and optimization [6]. Sammons et al. proposed a rail-walking row spraying platform
utilizing riser diverter sprinklers for crops on both sides. These solutions perform well
in elevated or spaced layouts, offering good maneuverability and accessibility. However,
in dense ground-planting scenarios, restricted inter-row passages lead to spraying blind
spots, nozzle interference with plants/structures, and inconsistent coverage (repeated or
missed spraying) [7]. Thus, effective pesticide application in dense planting spaces requires
alternative approaches and novel mechanisms.

To overcome inter-row constraints, some studies shifted the working position above
the plants. Li et al. proposed a CSG (Chinese solar greenhouse) double-track suspension
inter-row sprayer with fixed-arm and lifting spraying modes, moving east–west for parallel
spraying [8]. However, implementation challenges arise from shed column constraints,
stability and maintainability of long cantilevers, and limited adaptability to light long-span
greenhouses. Lin et al. designed a single-hanging rail autonomous air-assisted sprayer,
adjusting spraying distance via dual centrifugal fan power for up/down processing [9].
Nevertheless, insufficient deposition at the bottom and edges persisted. Zhang et al.
constructed an integrated solar greenhouse air supply and fine mist system, coupling air
duct supply with air-assisted atomization [10]. Measurements showed improved droplet
deposition uniformity under optimal parameters (e.g., 10 m/s wind speed, 135◦ direction
angle). However, fixed ceiling sprinklers face limitations in cleaning, disassembly, anti-
blocking, and parameter adaptation, struggling to maintain stable performance across
diverse greenhouse types, crops, and growth stages.

In summary, the application operation of ground-planted dense greenhouses faces
multiple challenges: on the one hand, due to the narrow spacing between crops and
the limited space between rows, it is difficult for traditional walking robots to achieve
effective passage and uniform spraying, which can easily lead to insufficient blind spots
and coverage consistency [11]; On the other hand, different greenhouse structure types
(e.g., central columns vs. light long-span) limit the layout and maintenance of row booms
and fixed sprinklers, reducing the adaptability and stability of the system [12]. At the
same time, there is a lack of systematic research on the effects of spray parameters and
airflow assistance on droplet deposition uniformity, coverage depth and droplet fallback
behavior in dynamic motion (e.g., robot translation and nozzle rotation or pitch adjustment
at the same time) [13]. In addition, the geometric design and dimensional parameters
of the current nozzle angle adjustment mechanism often rely on experience, and there
is a lack of generalizable optimization models and kinematic analysis methods, which
is difficult to support automatic adjustment and structural reuse in a variety of working
environments [14].

To address these problems, this paper proposes a hanging rail spray robot featur-
ing rotational motion and adjustable nozzle angles. The work and contributions include:
(1) Structural design and static analysis of the robot frame and hanging mechanism, veri-
fying strength and stiffness meet greenhouse operational demands [15]; (2) Motor torque
calculation and selection for the rotating nozzle drive chain, ensuring stable and reliable
rotation [16]; (3) Development of a geometric-kinematic model for nozzle angle adjustment,
deriving optimal nozzle position and link length to provide a theoretical basis for automatic
control; (4) Construction of a multi-domain simulation system: ANSYS Fluent characterizes
static spray coverage (relationships between height, angle, and maximum spray distance);
SolidWorks Motion obtains coupled rotation-translation trajectories; and coupled Fluent
simulations evaluate dynamic wall film thickness distribution under varying rotational
speeds, translational speeds, and pump pressures [17]. This study aims to provide a
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novel application approach with strong structural accessibility, adjustable parameters, and
verifiable coverage for dense-planting greenhouses, alongside a reusable framework for
precise spraying control and engineering optimization. Unlike prior dynamic spraying
studies—such as Chen’s electrostatic rotary bell model for trajectory optimization [18],
Xu’s wall-climbing robotic painter for ship coatings [19], and Wu’s hybrid robot focusing
on motion accuracy [20], which all simplify spray patterns as circular/annular areas—
this work employs SolidWorks and ANSYS Fluent to analyze deposition gradients along
curved paths. This approach captures authentic film thickness distributions in arc spraying,
providing more realistic simulations and technical references.

Key innovations distinguish this greenhouse sprayer from conventional linear
boom systems:

1. Replacement of linear nozzle arrays with a curved configuration, applying inverse
transformation methodology;

2. Implementation of position-adjustable nozzles enhancing environmental adaptability;
3. Height and atomization adjustability enabling multidimensional film thickness control.

These advances significantly improve versatility: angular adjustments accommodate
varying greenhouse widths, while off-center track installation avoids mid-structure col-
lisions. Unlike linear booms requiring dual-pass spraying around obstacles, this rotary
system completes full

2. Materials and Methods
The hanging rail spraying robot comprises a hanging rail travelling mechanism and

a rotary spraying mechanism. The travelling mechanism provides propulsion along the
rail, while the spraying mechanism performs the rotational spraying function. Coordinated
movement enables combined translation and rotation [21].

2.1. Hanging Rail Travelling Mechanism

The hanging rail travelling mechanism lifts and moves the spraying assembly, which
includes components like the pressure pump, power supply, chemical tank, and rotary
spray nozzle. As spraying requires stable, low-speed movement under load, a low-speed,
high-torque mechanism was needed. The JY-01 single-wheel transporter (Figure 1) was
bought, offering a load capacity of 250 kg and a maximum speed of 45 m/min (equivalent
to a slow walking pace). Remote control enables forward and reverse movement. For the
track section, purchase C-type tracks (Figure 2), chosen for simple installation, good sliding
performance, affordability, and high strength.

 

Figure 1. Single-wheel transporter.
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Figure 2. C-shaped hanging rail.

2.2. Spraying Execution Assembly

The spraying assembly includes the chemical tank, pressure pump, power supply,
and rotary spray nozzle. A hook-mounted outer frame houses these components. The
dimensions of these externally purchased appliances are shown in Table 1.

Table 1. Purchased Components Information Sheet.

Name Length (mm) Width (mm) Height (mm) Mass (kg)

Pressure Pump 180 300 180 7
Battery 140 110 70 3

Water Tank 520 300 200 3

To minimize weight while accommodating all devices, the outer frame dimensions
were set to 500 mm × 500 mm × 480 mm, constructed from 6063-O aluminum [22]. Four
small casters facilitate movement and transportation (Figure 3).

Figure 3. Outer frame assembly. 1—Water Tank, 2—Hook, 3—Plunger Pump, 4—Lithium Battery.

The rotary spray nozzle assembly is mounted on a track at the bottom of the outer
frame. Its position is adjustable by sliding the fixing bolt within the track. The 3D
structure of the self-designed rotating spray actuator is shown in Figure 4. The marked
parts are purchased components; the remaining parts and the overall structure are in-
dependently designed in this work. Rotational power is provided by a Small electric
motor (maximum speed: 222 RPM (Revolutions Per Minute), adjustable maximum torque:
55 kgf·cm ≈ 5.4 N·m). Power is transmitted via a timing belt to a high-pressure rotary



Appl. Syst. Innov. 2025, 8, 152 5 of 23

joint. Only the joint’s end rotates, while the rear section remains stationary, driving the
lower rotating nozzle. As synchronous pulleys are used, the nozzle speed matches the
motor speed.

Figure 4. Three-dimensional view of rotating spray nozzle assembly. 1—Track; 2—Water In-
let; 3—High-pressure Rotary Joint; 4—Nozzle; 5—Timing Belt Drive; 6—Small electric motor
(speed adjustable).

2.3. Critical Component Simulation and Structural-Functional Design

This section details the analyses performed: according to the top-down sequence of
the rotating spray system robot, static frame analysis to verify mechanical integrity, motor
torque calculation to ensure reliable rotation, kinematic derivation of optimal link length
for 0–90◦ nozzle angle adjustment without interference, and fluid simulations of static and
dynamic spraying to analyze wall film thickness distribution under various conditions.
These simulations aim to validate the robot’s functionality and performance, reducing the
need for extensive physical testing.

2.3.1. Static Load Analysis of Hanging Rail Frame

Static stress analysis of the aluminum outer frame was performed using SOLID-
WORKS Simulation under three conditions: stationary on ground, lifted state, and hook
tension state. Component masses were based on Table 1 and the estimated full water tank
mass. The outer frame has base dimensions of 500 mm (L) × 500 mm (W) × 480 mm (H) in
6063-O aluminum. With a maximum design load of 30 kg on the upper frame, the struc-
tural tubing specifications are as follows: U-shaped guard rails (∅14 mm), four support
columns (∅16 mm), perimeter tubing (∅10 mm), and transverse members (∅8 mm). Hooks
consist of ∅13 mm tubing and ∅4 mm rods cold-bent into 15 mm-diameter circular profiles.
This study will conduct static structural simulations based on these dimensions and load
conditions, subsequently optimizing wall thicknesses according to stress analysis results.

Stationary on Ground: The positions of the four small wheels were fixed. The lower
plane (supporting pump and battery) received a 100 N downward force (gravity). The upper
aluminum tube platform (supporting the full water tank) received a 350 N downward force.

Lifted State: Applied forces were identical to the stationary state. The fixed geometry
was the round tube connected to the hook assembly (constraining motion).
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Hook Tension (Lifted State): Each hook was subjected to a tensile load. The total
suspended mass (frame + full components) was estimated at ~55 kg. Therefore, each hook
carries approximately 275 N. Incorporating a safety factor, a tensile load of 300 N per hook
was applied.

2.3.2. Motor Torque Calculation for Rotating Nozzle

To ensure the stability and reliability of the rotational function, verifying and calcu-
lating the motor’s torque is essential. In the synchronous belt drive, the pulley radius r
is 0.023 m. Resistance primarily stems from the load, resulting in a total frictional force
(Ff riction) of approximately 10 N. The load corresponds to the section below the pulley, with
a total mass (m) of 1 kg. Since perfect alignment of the shaft axes cannot be guaranteed,
an eccentricity (e) of 0.002 m is assumed. The belt mass (mbelt) is 0.1 kg, and the friction
coefficient (µbelt) is taken as 0.3. Based on the operational requirements of the rotating
nozzle, the torques to be calculated include: load torque, gravitational torque, belt tension
torque, and the inertia torque of the entire load. The relevant calculation formulas are
as follows:

Load Torque [23] (Basic Friction):

Tload = Ff riction × r (1)

Ff riction: Tangential friction resistance (N), r: Radius of the drive wheel (m).
Gravitational torque [24] (eccentric load):

Tgravity = m·g·e (2)

m: Load mass (kg), e: Load center of gravity eccentricity (m), g = 9.81 m/s2.
Belt Tension Torque [25]:

Ttension = µbelt·mbelt·g × r (3)

mbelt: Belt weight (kg), µbelt: Coefficient of friction between belt and pulley (0.2~0.5).
Finally, for the total inertia torque Tacc when the pulley and the entire assem-

bly rotate together, calculations are performed for acceleration from t = 0.5 s to
ω = 180RPM. When the nozzle remains horizontal, the distance (R) from the noz-
zle’s farthest end to the center axis is 0.3 m. The drive pulley mass (mpulley1) is
0.135 kg, Rinside1 = 0.006 m, Routside1 = 0.046 m, and the driven pulley mass (mpulley2) is
0.1 kg, Rinside2 = 0.022 m, Routside2 = 0.046 m.

Therefore, the formula for the inertia torque of the entire load [26] is:

Tacc = Jtotal ·α (4)

Jtotal = Jload + Jpulley1 + Jpulley2 (5)

α =
∆ω

∆t
(6)

Jload =
1
2
·m·R2 (7)

Jpulley =
1
2
·mpulley·

(
R2

inside + R2
outside

)
(8)

Jtotal : Total system moment of inertia (kg·m2), Jload: Load moment of inertia (kg·m2),
Jpulley: Pulley moment of inertia (kg·m2); Rinside: Pulley inner radius (m), Routside: Pulley
outer radius (m), α: Angular acceleration (rad/s2).
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Finally, with transmission efficiency η = 0.9 and a safety factor (SF) of 2, the total
torque [27] is:

Tmotor =
(
Tload + Tgravity + Ttension + Tacc

)
× SF × 1

η
(9)

The calculation flowchart for motor torque is shown in Figure 5.

Figure 5. Motor Torque Calculation Flowchart.

2.3.3. Kinematic Derivation of Nozzle Angle Adjustment Link

The structural function for adjusting the angle of the rotating spray system robot is
crucial for enabling its universal application across greenhouses of varying widths and
its suitability for column-supported structures. Therefore, detailed theoretical derivation
and design calculations are required for this structural function. Adjustment of the nozzle
angle is achieved by altering the number of mating holes between the two connecting rods,
thereby changing the center distance. The link lengths are derived using trigonometric
formulas and interference analysis during mechanical assembly [28], specifically the length
of segment BC in Figure 6. To prevent interference during movement and assembly, the
horizontal distance between points A and B is set to 42 mm and the vertical distance to
23 mm, establishing segments AB and CD along with ∠ABC as known conditions. The
position of point C requires determination. Point C lies on the horizontal line BC. When
the nozzle angle forms a 90◦ angle with the normal line, its position is indicated by the
red line in the figure. When the nozzle is adjusted to a 0◦ angle with the normal line, the
positions of all points are shown by the blue line in the figure. To facilitate angle adjustment
and ensure an appropriate adjustment range, segment BC should represent the combined
length of two linkages when the angle is 90◦, while segment AC’ should be the length of a
single linkage when the angle is 0◦, i.e., BC’ = 1

2 BC. Based on the above known conditions,
the following derivation and calculation are performed:

List the known conditions and define the unknown parameters: CD = 23, ∠CAC’ =
DAD’ = 90◦, AC’ = AC. Let segment BC = X. For subsequent derivations, define l1 =

AB =
√

422 + 232,∠ABC = θ, sin θ = 23√
422+232 , cos θ= 42√

422+232 ,∠BAC’ = β,∠BAC = γ.
First, in △ABC, segment AC can be expressed as an algebraic expression containing X

using the cosine rule for ∠ABC.

cos θ =
AB2 + BC2 − AC2

2AB × BC
=

l12 + x2 − AC2

2 × l1x
(10)
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Therefore, we can conclude that:

AC2 = l12 + x2 − 2 × cos θ×l1x (11)

Then we need to find the algebraic expression for segment BC’ in △ABC’ in terms of
X. At this point, it is readily apparent that since ∠CAC’ = 90◦, therefore

sin γ = sin(90◦ + β) = cos β (12)

Then in △ABC, by the sine formula, we have x
sin(90◦+β)

= AC
sin θ , that is:

cos β= sin(90◦ + β) =
xsin θ

AC
(13)

From △ABC’, using the cosine formula for ∠β: cos β = AB2+AC2−BC’2
2×AB×AC we can solve

the simultaneous equations to obtain the following:

l12 + AC2 − BC’2

2 × l1 × AC
=

xsin θ

AC
(14)

Therefore
BC’2 = l12 + AC2 − 2 × l1 × sin θ·x (15)

Since the initially defined optimal rod length relationship is BC’ = 1
2 BC, we set

BC’ = 1
2 x, at this point. Substituting this into Equation (11) along with other known

constants yields the equation:

3
4

x2 − 2 ×
√

422 + 232 ×
(

23√
422 + 232

+
42√

422 + 232

)
x + 2 ×

(
422 + 232

)
= 0

The two roots of the equation can be found as:

x1 =
260

3
+

2
√

2
√

1571
3

x2 =
260
3

− 2
√

2
√

1571
3

Figure 6. Linkage geometry for angle adjustment derivation.

The derivation flowchart for the connecting rod length is shown in Figure 7. Kinematic
analysis at point C yields the position equation x = 260

3 + 2
√

2
√

1571
3 approximated to

124 mm after rounding. This results in a theoretical single linkage length of 62 mm.
However, SolidWorks 2021 assembly simulations revealed that this dimension causes



Appl. Syst. Innov. 2025, 8, 152 9 of 23

excessive elongation of the purple conduit (Figure 4), creating potential collision risks
during motion. Iterative reduction in the linkage length established 52 mm as the optimal
solution: it positions the mechanism precisely at its angular limit while minimizing conduit
length, thereby eliminating interference risks and preventing collisions with greenhouse
support columns during operation. Consequently, the linkage pair length was adjusted
from 124 mm to 104 mm (BC = 104 mm), fulfilling all functional requirements for robotic
angular adjustment.

 

Figure 7. Flowchart of the Derivation Process.

2.3.4. Static Spray Simulation of Single Nozzle

ANSYS Fluent 2023 R1 was used to simulate the static spray pattern of a single
nozzle representative of the physical design (approximated as a conical nozzle, inlet di-
ameter 8 mm, outlet diameter 2.20 mm—switchable outlet implied). The flow domain
was a cylindrical air volume (radius 300 mm, height 4200 mm) under normal atmospheric
pressure (Figure 8).

Figure 8. Fluid simulation model setup (Single Nozzle).

The Eulerian multiphase model (water dispersed in air) and k-ω SST turbulence model
were employed for transient simulation [29]. Gravity acted downwards. Based on the
plunger pump specifications, the water inlet velocity was set to 4 m/s. The simulation ran
for 1000 timesteps of 0.001 s each (total simulated time: 1 s).

2.3.5. Static Spray Simulation of Rotating Nozzle Assembly

Prior to simulation, the theoretical relationship between maximum spray distance CD
(L), AC represents the height H between point A on the spray nozzle structure and the
plant being sprayed. This height is also convenient for manual measurement during actual
spraying operations. and nozzle angle relative to normal (φ) was analyzed (Figure 9).
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Figure 9. Geometry for spray height (H) and distance (L) calculation.

As shown in the figure, AC = AB + BC, and both AB and BC can be calculated using
trigonometric functions, as follows:

AB =
300

sin φ
(16)

BC =
CD

tan φ
=

L
tan φ

(17)

Therefore, the length of AC can be determined, where H represents the height between
the spray nozzle and the plant being sprayed:

H =
L

tan φ
+

300
sin φ

(18)

After simplification, we obtain:

L =
H × sin φ − 300

cos φ
(19)

Among these three parameters, knowing any two allows calculation of the third. Both
L and H are parameters related to greenhouse dimensions. For a given greenhouse, its
width (W) and height (h) are fixed. Common greenhouse dimensions range from 6 to
12 m in width and 2.5 to 6 m in height. The height of the overhead track spray robot is
approximately 1.1 m. Adjusting the nozzle height can be achieved by altering the length of
the connecting pipe between the high-pressure swivel joint and the one-in-four-out valve.
For greenhouses with adjustable overhead tracks, the height can be modified accordingly,
though the available adjustment range is constrained by the greenhouse’s maximum height.
Therefore, when calculating the H value using Formula (19), it is necessary to select an
appropriate angle φ to prevent the H value from exceeding the installable range.

After performing theoretical calculations for the H value, static simulation spraying
with the rotating nozzle can commence. First, to ensure the spray coverage fully spans the
greenhouse width, the L should be half the W, i.e.:

L =
1
2

W (20)

Therefore, based on Equations (19) and (20), the corresponding H values for different
greenhouse widths at the maximum nozzle angle were calculated, as shown in Table 2.
Subsequently, static simulation spraying was conducted at this height using rotating nozzles
to test whether the spray coverage could encompass the corresponding greenhouse width
and to analyze the resulting wall film thickness.
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Table 2. Required Nozzle Height (H) for Different Greenhouse Widths (W) at φ.

Nozzle Angle φ (◦) Greenhouse Width W (m) Required Height H (m)

80.82
6 0.78
8 0.95

2.3.6. Dynamic Spray Simulation Under Rotation and Translation

After simulating the spraying range of the rotating nozzle and the thickness of the
spray wall film, it became apparent that, due to the influence of the nozzle range and the
variation in the angle of incidence between the liquid and the wall, the thickness of the
wall film changes to varying extents. To adjust the thickness of the wall film, it is essential
to first consider the factors that influence its thickness:

1. Spray Coverage: The thickness is higher within the effective spray range and lower
near or beyond the boundary. The thickness within the range can be reduced by
decreasing the pump output (thus reducing flow/range) or increased by using a
higher-power pump.

2. Nozzle Angle: This affects the impact angle and distance (H). A smaller angle (φ),
which corresponds to a steeper downward angle at a fixed distance, generally in-
creases deposition density near the base of the sprayer. Conversely, a larger angle (φ)
spreads the droplets over a wider area, potentially reducing the local thickness.

3. Dynamic Parameters: The rotational speed (RPM) and translational speed (m/s)
determine the droplet spatial density. Lower speeds increase the dwell time per unit
area, thereby increasing the thickness.

Therefore, it is necessary to analyze the spray behavior of the rotating nozzle under
dynamic conditions. First, the spray trajectory of the rotating nozzle during both rotational
and translational motion was derived. A coupled motion model of nozzle rotation and cart
translation was established using SolidWorks Motion. A rectangular block, attached to the
nozzle, represented the spray liquid flow. The tip trajectories were solved for various combi-
nations of rotational speeds (60, 120, and 180 RPM) and translational velocities (0.2, 0.5, and
1.0 m/s) [30]. Rotational speed selection (60/120/180 RPM): These values span the medium-
to-high operating range for rotary nozzles (industry-typical range: 100–600 RPM) [31], with
a deliberately broad range (60→180 RPM) enabling comprehensive analysis of spraying
performance variations. Travel speed configuration (0.2–1.0 m/s):0.2–0.6 m/s: Based on the
operational velocity range of overhead rail pesticide application robots (standard industry
values) [32,33]; 1.0 m/s: An extended parameter specifically matched to 180 RPM for
high-speed performance exploration. Subsequently, spray simulations were conducted in
ANSYS Fluent, employing user-defined functions (UDFs) to define the nozzle’s rotation
and translation [34]. At atmospheric pressure, the flow field was modeled as a rectangular
greenhouse. Transient solutions were obtained using the Eulerian multiphase flow model
and the k-ω turbulence model. The wall film thickness was calculated using the Eulerian
wall film model. The inlet above the rotating nozzle was set as a velocity inlet with a
flow velocity of 4 m/s. Rotation and translation speeds were adjusted via the UDF, and
variations in wall film thickness were observed from the simulation results. Finally, the
optimal settings for adjusting the wall film thickness were determined to meet the spray
requirements of different greenhouses.

3. Results
3.1. Static Analysis Results

Static stress and displacement analyses confirmed the frame’s integrity under
operational loads.
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Stationary on Ground (Figure 10): Maximum von Mises stress: 45.28 MPa, Maximum
displacement: 0.226 mm. Both values are well below the yield strength of 6063-O aluminum
(~55 MPa) and acceptable for stiffness.

  
(a) (b) 

Figure 10. Static analysis of frame on ground. (a) static stress analysis, (b) static displacement.

Lifted State (Frame Analysis) (Figure 11): Maximum stress: 33.12 MPa, Maximum
displacement: 0.299 mm. No yielding occurred.

  
(a) (b) 

Figure 11. Static analysis of frame in lifted state. (a) static stress analysis, (b) static displacement.

Lifted State (Hook Analysis) (Figure 12): Maximum hook stress: 42.88 MPa, Maximum
displacement: 0.032 mm. Stress is below yield, displacement negligible.

  
(a) (b) 

Figure 12. Static analysis of hook in lifted state. (a) static stress analysis, (b) static displacement.

3.2. Motor Torque Result

Using the formula in Section 2.3.2 and substituting values, the following partial torques
and total torque were calculated:

Load Torque: Tload = 10 × 0.023 = 0.23 N·m
Gravitational Torque: Tgravity = 1 × 9.81 × 0.002 = 0.01962 N·m
Belt Tension Torque: Ttension = 0.3 × 0.1 × 9.81 × 0.023 = 0.0067689 N·m
Load Mass Moment of Inertia: Jload = 1

2 ·m·R2 = 1
2 × 1 × 0.32 = 0.045 kg·m2

Driven Wheel Mass Moment of Inertia: Jpulley1 = 1
2 × 0.135 ×

(
0.0062 + 0.0462) =

0.000036315 kg·m2
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Driven Wheel Mass Moment of Inertia: Jpulley2 = 1
2 × 0.1 ×

(
0.0222 + 0.0462) =

0.0000325 kg·m2

Total Mass Moment of Inertia: Jtotal = Jload + Jpulley1 + Jpulley2 = 0.04527526 kg·m2

Angular Acceleration: α = 6π
0.5 = 12π rad/s2

Inertia Torque: Tacc = 0.04527526 × 12π = 1.70 N·m
Total Torque: Tmotor = (0.23 + 0.01962 + 0.0067689 + 1.7)× 2 × 1

0.9 = 4.35 N·m
Calculations indicate that at a maximum rotational speed of 180 RPM, the required

torque is 4.35 N·m. The Small electric motor delivers a maximum torque of 55 kgf·cm,
equivalent to 5.3955 N·m, sufficient to drive its rotation and satisfy the rotational movement
of the spray nozzle.

3.3. Link Length and Angle Relationship

In Section 2.3.3, the link length was derived as 52 mm. Therefore, the center distance
between the left and right end holes of the link is set to 55 mm, with a 5 mm spacing
between adjacent holes. A total of 12 holes is provided. When the number of aligned
holes is 2, the angle to the normal is 92.55◦ (Figure 13), and the mutual angle between
nozzles is 119.8◦ (Figure 14), maintaining a fundamentally horizontal orientation. For each
additional pair of holes on the lower connecting rod, the center distance decreases by 5 mm,
and the angle between the three nozzles adjusts by approximately 10◦. Meanwhile, the
angle between the nozzles and the normal can be adjusted by 6–12◦. The adjustment range
between nozzles spans from 119.8◦ to 3.35◦, while the angle adjustment range relative to
the normal line ranges from 92.55◦ to 1.94◦, effectively allowing replacement within the
0–90◦ range. When the number of paired holes reaches 12, further angle adjustments can be
made using a single connecting rod. Two special cases where additional angle adjustments
remain possible are as follows, along with the corresponding angles:

Figure 13. Nozzle angle relative to normal (θ).

Figure 14. Angle between adjacent nozzles.

Center distance: 50 mm, nozzle-to-nozzle angle: 13.72◦, nozzle-to-normal angle: 7.93◦.
Center distance: 45 mm, nozzle-to-nozzle angle: 3.35◦, nozzle-to-normal angle: 1.94◦.
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At the limit position (Figure 15), the nozzles are essentially parallel to the normal. The
specific correspondence between the number of paired holes (center distance) and angles is
shown in Table 3.

Table 3. Link Center Distance vs. Nozzle Angles.

Hole Pairs Center Distance (mm) Nozzle-to-Nozzle Angle (◦) Nozzle-to-Normal Angle θ (◦)

2 105 119.80 92.55
3 100 117.51 80.82
4 95 109.87 70.93
5 90 99.94 62.15
6 85 89.13 54.12
7 80 78.07 46.65
8 75 67.01 39.60
9 70 56.07 32.87
10 65 45.28 26.39
11 60 34.64 20.10
12 55 24.13 13.97

Special1 50 13.72 7.93
Special2 45 3.35 1.94

Figure 15. Nozzle angle at limit position.

Adjusting the center distance enables θ variation from ~92.5◦ to ~1.9◦, providing
significant versatility for different greenhouse widths and crop heights without custom
multi-row heads. Figures 16 and 17 show the 3D assembly and physical prototype.

Figure 16. Three-dimensional Assembly Model.
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Figure 17. Physical Prototype.

3.4. Single Nozzle Static Spray Result

The simulation contour (Figure 18) shows wall film thickness after 1 s. Gravity causes
higher deposition on the lower wall section. The effective spray range under the given
conditions (4 m/s inlet) is approximately 4 m.

Figure 18. Static spray simulation contour (Single Nozzle).

3.5. Rotating Nozzle Static Spray Results

W = 6 m, H = 0.78 m, φ _max ≈ 80.82◦ (Figure 19): Spray coverage extends to the edge
of the 6 m width. The average wall film thickness is approximately 3.50 × 10−3 mm.

Figure 19. Spray coverage for W = 6 m.
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W = 8 m, H = 0.95 m, φ _max ≈ 80.82◦ (Figure 20): Coverage did not fully extend
to the edge of the 8 m width. The average wall film thickness was lower (approximately
9.42 × 10−4 mm).

Figure 20. Spray coverage for W = 8 m.

Thus, this pump/nozzle combination is suitable for greenhouses ≤8 m wide. For
smaller widths or specific spray requirements, select an appropriate nozzle angle using
Equations (19) and (20) to calculate the corresponding height H for spraying. However,
some greenhouses may not allow height adjustment of rotating nozzles while still requiring
spray range modification. This section simulates gradually decreasing the nozzle angle in
an 8 m wide greenhouse to observe changes in simulated spray coverage and wall film
thickness at a constant height.

H = 0.95 m, φ = 70.93◦ (Figure 21): The spray range narrows, yet coverage remains
within 8 m. The wall film thickness increases compared to the φ _max value.

Figure 21. Spray coverage for φ = 70.93◦.

H = 0.95 m, φ = 62.15◦ (Figure 22): The spray range further narrows, coverage still
maintained within 8 m. The wall film thickness continues to increase.
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Figure 22. Spray coverage for φ = 62.15◦.

3.6. Dynamic Spray Results Under Rotation and Translation
3.6.1. Spray Trajectory Lines (SolidWorks Motion)

Comparing the trajectory lines (Figures 23–25) reveals: when rotational speed remains
constant and movement speed decreases, the degree of intersection between trajectory
lines becomes denser; conversely, when movement speed remains constant and rotational
speed increases, the degree of intersection also becomes denser. Conversely, the degree of
intersection between trajectory lines becomes sparser.

  
(a) (b) (c) 

Figure 23. Trajectory lines at ω = 60 RPM. (a) V = 0.2 m/s; (b) V = 0.5 m/s; (c) V = 1.0 m/s.

  
(a) (b) (c) 

Figure 24. Trajectory lines at ω = 120 RPM (a) V = 0.2 m/s; (b) V = 0.5 m/s; (c) V = 1.0 m/s.

  
(a) (b) (c) 

Figure 25. Trajectory lines at ω = 180 RPM (a) V = 0.2 m/s; (b) V = 0.5 m/s; (c) V = 1.0 m/s.

Therefore, it can be hypothesized that the rotational speed of the spray nozzle and the
movement speed of the single-wheel transporter influence both the spray coverage area
and the thickness of the deposited coating. The following section will conduct dynamic
spraying simulations in ANSYS-Fluent, combining rotation with movement, to verify
this hypothesis.
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3.6.2. Dynamic Spray Fluid Simulation Results (ANSYS Fluent)

Analysis of the simulation results for rotational and translational spraying.
Effect of Translation Speed (Constant RPM = 180):
Speed = 0.5 m/s (Figure 26): Trajectory pattern near-circular. Average film

thickness higher.

 

Figure 26. ω = 180 RPM, V = 0.5 m/s, t = 0.5 s.

Speed = 1.0 m/s (Figure 27): Trajectory pattern elliptical. Average film thickness lower.

 

Figure 27. ω = 180 RPM, V = 1.0 m/s, t = 0.5 s.

Effect of Rotational Speed (Constant Speed = 1.0 m/s):
RPM = 180 (Figure 28): Lower trajectory density. Average film thickness lower.

 

Figure 28. ω = 180 RPM, V = 1.0 m/s, t = 1.0 s.

RPM = 120 (Figure 29): Higher trajectory density. Average film thickness higher.
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Figure 29. ω = 120 RPM, V = 1.0 m/s, t = 1.0 s.

Reducing translation speed or rotational speed increases the dwell time per unit area,
allowing more droplets to deposit, thus increasing wall film thickness. Increasing either
speed decreases dwell time, reducing thickness. Reducing translation speed from 1.0 m/s
to 0.5 m/s (50% reduction) at 180 RPM increased average film thickness by 8–9%. Reducing
rotational speed from 180 RPM to 120 RPM (33% reduction) at 1.0 m/s increased average
film thickness by 8–9%.

Therefore, wall film thickness can be adjusted within operational limits (speed:
0.2–1.0 m/s, RPM: 60–180) by changing either the rotational speed or the translation speed.
Increasing either speed decreases thickness; decreasing either speed increases thickness.
Both methods offer comparable relative adjustment capability.

4. Discussion
This paper designs a suspended rail rotary spraying robot, primarily composed of

a suspended rail travel mechanism and a rotary spraying mechanism. A 3D model was
constructed using SolidWorks, and its performance was validated through theoretical
derivation and simulation. First, the load-bearing capacity of the rail frame was analyzed
in both flat and elevated states to validate its transport performance. Subsequently, motor
torque requirements for the rotating spray nozzle were calculated based on motor inertia
torque principles. Next, using trigonometric functions and mechanical assembly principles,
the link length and mounting position for adjusting the spray nozzle angle were derived.
This ensures interference-free operation within the 0–90◦ adjustment range, providing theo-
retical support for automated angle adjustment. Finally, SolidWorks-Motion and ANSYS
Fluent were employed for spray trajectory coupling and fluid simulation, respectively.
Analysis of spray film thickness variations under different rotational and translational
speeds revealed controllability through adjusting nozzle rotation and movement speeds.

Compared to linear spray nozzles, rotating spray nozzles offer the
following advantages:

1. High versatility: Rotating nozzles adaptively adjust spray angles within an 8 m wide
greenhouse, accommodating varying greenhouse widths and enhancing universal-
ity. Linear nozzles can only alter spray coverage by adjusting nozzle quantity or
fixed rods.

2. Broad applicability: For greenhouses with support columns, rotary nozzles enable
zero-zone-division operation by deploying tracks offset from the centerline, offering
superior adaptability. In-line nozzles require dividing the greenhouse into multiple
zones, increasing operational complexity. The rotary applicator’s critical components
use pesticide-compatible materials, adapting to common agricultural formulations.
Both systems demonstrate equivalent chemical resistance.
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3. Flexible wall film thickness adjustment: Rotating nozzles not only alter film thick-
ness by adjusting pump output and nozzle diameter like linear nozzles but also
offer greater flexibility through variable rotation and translation speeds, enhancing
adjustment effectiveness.

Beyond prior comparisons, both systems present additional trade-offs:
Cleaning: Linear booms permit direct flushing but consume more water (due to

multiple nozzles/long tubing prone to water retention). Rotary sprayers feature quick-
connect couplings enabling segmented cleaning, reducing water use while preventing clogs
and ensuring thoroughness.

Maintenance: Linear booms require leak vigilance at connections. Rotary systems
focus on drive system seal integrity; their polyurethane timing belts and water-isolating
seals provide long life, low load, and less frequent maintenance.

Complexity: Rotary sprayers have greater mechanical complexity from added driv-
etrain parts. However, this does not raise maintenance costs or clogging risk, instead
improving portability and operational ease.

Compared to inline nozzles, rotary spray nozzles represent significant advancement,
yet automation capabilities can be further optimized through approaches such as:

1. Implementing electric actuators for precise automated angle adjustment. The stroke
and installation of electric actuators can reference Section 2.3.3 of this paper, which
details the determination of linkage positions and length derivation.

2. Height adjustment between the nozzle and treated plants. Currently, height in-
creases/decreases are achieved manually by adding connecting tubes between the
high-pressure rotary joint and the one-in-four-out valve. A compact lifting mechanism
between the hanging cabinet frame and the rotating spray gun could enable more
portable height adjustment.

3. Incorporate liquid level monitoring and emergency braking. When the liquid level
reaches the warning threshold, the application robot immediately powers down and
halts operation while recording its current position. After the user refills the liquid,
the robot can return to the previously recorded location and resume the unfinished
application task.

4. Increase the maximum spray range of the rotating spray system. While ≤8 m green-
houses dominate due to superior space efficiency (lower costs, energy use, precise
climate control, faster return on investment), larger farms require >8 m structures.
The rotary sprayer’s ≤8 m range limit stems from plunger pump pressure/flow con-
straints. Extending coverage requires upgrading to higher-pressure/flow pumps,
enhancing nozzle projection and atomization.

Feasibility & Cost Assessment:
Feasibility: Calculated linear actuator positioning/stroke requires minimal thrust;

layout adapts via nozzle adjustment. The central lead screw lifting mechanism enables
motor-driven rail adjustment. Capacitive sensors plus a microcontroller will monitor liquid
levels. Range extension uses commercially available higher-power pressure pumps for
increased pressure/flow. Frame reinforcement, dependent on final specs, is planned.

Cost & Impact: Optimizations will significantly boost automation and performance.
Costs are estimated at ~2x current, justified by enabling remote control and enhanced au-
tomation. Total rotary system cost remains comparable to linear booms (nozzles are minor
cost components), offering small-scale farmers comprehensive functionality at reasonable
prices. Future models will provide selectable automation levels. The differences between
the current system and the linked spray application system under various metrics are
detailed in Table 4.
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Table 4. Differences Between Rotating Spray Application and Concurrent Application.

Indicator Rotary Spray System Inked Spray System

Versatility
Suitable for greenhouses and
spraying areas within 8 m in width
without special customization.

Requires special customization for
greenhouses and spraying areas of
different widths.

Adaptability
Applicable to large greenhouses with
central columns, requiring only one
operation cycle.

For greenhouses with central
columns, forced to be divided into
multiple workspaces, increasing
spraying cycles.

Spray film thickness adjustment
Adjustable via pressure pump
output, nozzle knob, rotary nozzle
speed, and movement speed.

Only adjustable via pressure pump
output and nozzle knob.

Mechanical complexity

Relatively complex structure with
more transmission components, yet
no increase in maintenance cost or
clogging risk; instead, improved
portability and operability.

Simpler mechanical structure with
inline linear spraying and no power
transmission components.

Cleaning ease
Segmented disassembly enables
thorough cleaning with low water
consumption.

High water consumption for
cleaning; long pipelines prone to
water accumulation.

Clog resistance

Key components are selected for
pesticide resistance, ensuring
compatibility with various
farmer-used pesticide formulations,
thus minimizing clogging risk during
operation.

Compatible with various
farmer-used pesticide formulations,
with low clogging risk during
operation.

Durability

Most rotary nozzles are made of
stainless steel and aluminum alloy,
resistant to weak acid-alkali
environments in greenhouse
pesticide application, offering high
durability.

Mostly made of stainless steel and
aluminum alloy, also exhibiting high
durability.

Overall maintenance

Maintenance focuses on the sealing
of power transmission parts, which
adopt polyurethane timing belts and
waterproof sealing design, featuring
long service life, low load, and low
maintenance frequency.

Key maintenance focus on
preventing interface water leakage.

5. Conclusions
This paper innovatively applies the “straight-to-curve” design concept to spraying

systems, replacing traditional linearly arranged nozzles with an arc-curved, rotating nozzle
configuration featuring adjustable angles and coating thickness. The research encompasses
the following: establishing the system’s 3D model using SolidWorks; performing static
simulation (via SolidWorks Simulation) on critical load-bearing components; selecting
and calculating specifications for a small electric motor; designing the angle adjustment
mechanism and deriving its theoretical basis; conducting trajectory coupling analysis for the
rotating nozzle using SolidWorks Motion; and employing ANSYS Fluent for fluid dynamics
simulation of spray coating thickness under combined rotational and translational motion.
The feasibility and integrity of this rotary spraying system were ultimately validated
through physical assembly and testing.
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The innovations and conclusions of this paper are as follows:
Design Concept Innovation: The proposed “straight-to-curve” approach provides a

case study in reverse thinking for analogous problems.
Research Methodology Innovation: The trajectory coupling analysis method using

SolidWorks Motion and the fluid simulation method for combined rotational-translational
motion using ANSYS Fluent offer novel perspectives and references for related research.

Strong Product Practicality: The developed rotary spraying robot covers a maximum
spraying range suitable for greenhouses within 8 m. Adjustable spraying angles and
coating thickness grant it excellent versatility and adaptability, coupled with low cost. This
system aligns perfectly with the needs of farmers, as small-to-medium scale cultivation
predominantly utilizes 8 m greenhouses (offering moderate space for efficient humidity and
temperature regulation, avoiding energy waste associated with large-scale greenhouses;
low construction cost ensures high investment return).

Development Potential: The study concurrently proposes optimization schemes for
enhanced automation and expanded spraying range (>8 m), providing an upgrade path to
meet diverse farmer requirements concerning varying levels of automation.
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